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Abstract

Faecal metabarcoding is widely used for mammalian diet analysis. However, most extraction protocols are designed to
target high molecular weight genomic DNA and not the short DNA sequences associated with digested prey items. To
examine the prey composition in southern right whale (Fubalaena australis) faccal samples we used a phosphate buffer
DNA extraction method along with two commercial extraction kits (QIAamp Fast DNA Stool Mini and QIAGEN DNEasy
PowerSoil) with the following variations: (1) incubation time in a phosphate buffer (1 and 24 h); (2) processing both pel-
let and supernatant from the phosphate buffer incubations; and (3) two different concentrations of DNA binding buffer.
We found that the choice of extraction protocol influenced the richness, diversity and composition of eukaryotes (18S
rDNA) and crustaceans (Crust16S mtDNA) in the faecal samples. The PowerSoil protocol performed well for both mark-
ers, delivering the highest target richness for 18S rDNA and highest diversity for Crust16S mtDNA, with the pellet of the
phosphate buffer also performing comparably. Taxonomic composition in the phosphate buffer supernatant was influenced
by the incubation period and concentration of binding buffer and differed from its corresponding pellet. To maximise
taxonomic coverage, we recommend combining the extracts from both the supernatant and pellet. In faecal studies, our
findings reinforce the importance of defining the community attributes (richness versus diversity versus composition) of
key interest prior to performing DNA extraction, as the inference of these variables is likely to be altered by the choice
of extraction protocol.

Keywords Faecal metabarcoding - Southern right whale - Phosphate buffer extraction - PowerSoil - QlAamp fast DNA
stool mini kit

Introduction al. 2021). This includes shifting prey dynamics which have

consequences on predator health and reproduction (Agrelo

Ocean environments are rapidly changing (Doney et al.
2012; Halpern et al. 2008), with marine predators being sub-
jected to a range of pressures, such as the increasing effects
of climate change (Harcourt et al. 2019; van den Berg et
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et al. 2021; Gavrilchuk et al. 2021). Characterising predator
diets is then essential to monitor changes in trophic ecol-
ogy and inform species’ conservation (Bestley et al. 2020).
For wide-ranging marine predators such as baleen whales,
determining diet can present unique challenges due to the
opportunistic nature of direct observation and sample col-
lection (Hunt et al. 2013). Traditional approaches for study-
ing baleen whale diet include: stomach content analysis
(Sigurjonsson et al. 2000); morphological identification of
faecal prey remains (D’Agostino et al. 2016); and stable
isotope analysis (van den Berg et al. 2021). While these
methods yield valuable insights, each has limitations. For
example, stomach content analysis is restricted to deceased
individuals, while faecal analysis of prey remains are inher-
ently biased due to differential digestion (Deagle et al. 2007;
Meynier et al. 2008; Takahashi et al. 2022). Both depend
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on morphological identification, which may overrepresent
hard-bodied prey, and can be time-consuming and reliant on
taxonomic expertise and the existence of regional prey data-
bases (Packer et al. 2009; Sheppard and Harwood 2005).
While stable isotope analysis can provide a broad view of
the trophic level and diet partitioning of prey, this approach
lacks taxonomic resolution (Bradshaw et al. 2003).

More recently, faecal DNA metabarcoding, a form of
environmental DNA (eDNA), has emerged as a powerful
tool for dietary studies (Deagle et al. 2007). While also reli-
ant upon reference databases, this approach can be highly
efficient for identifying digested prey, potentially to the spe-
cies level, without the requirement of taxonomic expertise
(Carroll et al. 2019; Reidy et al. 2022; Zhang et al. 2023).
The metabarcoding process involves the extraction and tar-
geted amplification of degraded prey DNA, followed by
high throughput sequencing and bioinformatics process-
ing (Taberlet et al. 2012a). Employing an appropriate DNA
extraction protocol is crucial for any metabarcoding study,
however its influence on the sequencing results are often
overlooked (Pansu et al. 2021). In a review of faccal metab-
arcoding studies, Ando et al. (2020), found that the most
common method (36% of studies) for DNA extraction was
the QIAamp Fast DNA Stool Mini Kit (QIAGEN, Hilden,
Germany), with other common methods including the
DNeasy Blood and Tissue Kit (QITAGEN), the DNeasy Plant
Kit (QIAGEN), and the PowerSoil DNA Isolation Kit (for-
merly MO BIO Laboratories, now QIAGEN). These four
kits are all founded on a similar approach, i.e. the adsorption
of DNA onto a silica column. The main differences are that
the Stool kit protocol includes the addition of an inhibitor-
removal buffer, the Plant kit includes steps for disrupting/
grinding plant cells, and the PowerSoil kit includes the use
of beads for mechanical lysis (MO BIO Laboratories Inc,
2016; QIAGEN, 2020a, 2020b, 2020c). Common to these
and other methods is that they are tailored to target high
molecular weight genomic DNA, typically 100 to 15,000
kilobases (Ochman and Caro-Quintero 2016), either micro-
bial or from the host organism (MO BIO Laboratories Inc,
2016; QIAGEN, 2020a, 2020b, 2020c). In contrast, prey
DNA from faeces is of poor quality, broken down into small
fragments by host digestive processes, and present in low
concentrations relative to host and microbial DNA (Berry
et al. 2017; Ochman and Caro-Quintero 2016; Thuo et al.
2019).

The general principle behind DNA extraction involves
the disruption of cell and nuclear membranes, isolation of
DNA from other components, and purification. Over time,
many different approaches have been developed to achieve
these steps (Dairawan and Shetty 2020). These approaches
include the phenol-chloroform method (Chomczynski and
Sacchi 2006), alkaline extraction (Birnboim and Doly
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1979), Cetyltrimethylammonium bromide (CTAB) extrac-
tion (Murray and Thompson 1980), magnetic bead based
nucleic acid purification (Berensmeier 2006), and the use of
silica matrices (Esser et al. 2006), among many others (Tan
and Yiap 2009). A number of faecal metabarcoding studies
comparing commercial silica column extraction kits have
shown that differences are largely to do with how a sample
is prepared for the silica column (e.g., Ferrand et al. 2014,
Gryp et al. 2020; Maksimov et al. 2017). While these kits
generally take similar approaches, there is a lack of trans-
parency with respect to the reagents and their ingredients,
making direct comparisons challenging (QIAGEN, 2020a,
2020b, 2020c). Some studies have compared completely
different approaches for faecal DNA extraction, e.g. CTAB
or phenol-chloroform extraction and silica column-based
commercial kits (Espinosa et al. 2015; Tang et al. 2008).
However, even subtle modifications to a standard protocol
such as phenol-chloroform (Janabi et al. 2016) or silica col-
umn approaches (Dabney et al. 2013; Rohland and Hofreiter
2007; Yang et al. 1998) can produce significantly different
metabarcoding results.

One modification which has been introduced to silica
column extraction protocols to optimise the extraction of
degraded DNA involves increasing the concentration of
chaotropic salt to aid in the binding of DNA to the silica
matrix (Glocke and Meyer 2017). This approach has recov-
ered DNA fragments as short as 25 bp whilst doubling
the yield of longer fragments (Glocke and Meyer 2017).
Another modification which has been developed for pro-
cessing large volume soil and sediment samples involves
incubating samples in a saturated phosphate buffer to cap-
ture extracellular DNA prior to loading onto a silica column
(Pansu et al. 2021; Taberlet et al. 2012b; Zinger et al. 2016).
This approach is optimised for extracting short fragments of
extracellular DNA which have a high affinity for particulate
adsorption (Ogram et al. 1994), and consequently may be
suited for the extraction of digested prey DNA (de Sousa et
al. 2019).

Southern right whales (Eubalaena australis; SRWs)
are large baleen whales which feed primarily on krill and
copepods based on traditional methods used to study their
diet (D’Agostino et al. 2016; Hamner et al. 1988; Tor-
mosov et al. 1998). Recently, SRW foraging has been shift-
ing towards lower latitudes due to climate-driven changes
in krill distribution, and stable isotope analysis suggests a
greater diversity of prey in these regions (van den Berg et
al. 2021). With the health and reproduction of SRW popula-
tions being impacted by such changes (Agrelo et al. 2021),
a clear understanding of their diet is essential for effective
management. Extracting prey DNA from SRW faeces has
been challenging because of low concentrations (E. Carroll,
unpublished data), and it is yet to be determined whether the



Conservation Genetics Resources (2026) 18:25

Page30of 14 25

method of DNA extraction influences the detection of prey
from faecal samples.

In this study, we used two of the most common com-
mercial extraction kits for faecal samples, the QIAamp Fast
DNA Stool Mini Kit and the QIAGEN DNEasy Power-
Soil kit, along with a phosphate buffer incubation protocol
which is used in combination with the NucleoSpin Soil Kit
(Macherey-Nagel, Diiren, Germany; Zinger et al. 2016). We
introduced modifications to the manufacturer’s instructions
of these three silica column extraction methods, aimed at
optimising for the extraction of digested low-concentration
DNA. Specifically, we modified the amount of soluble or
extracellular DNA available via different phosphate buffer
incubations (Taberlet et al. 2012b) and tested the affinity of
DNA to the silica column by increasing the concentration of
chaotropic salt for binding (Glocke and Meyer 2017). We
investigated whether the choice of DNA extraction method
influenced dietary metabarcoding by comparing twelve
unique extraction protocols (each derived from one of these
three extraction methods) on SRW faecal samples collected
from South Africa and New Zealand. The aim of this study
was to compare these extraction protocols based on their
performance within two specific marker sets targeting prey
DNA. We hypothesised that the choice of extraction proto-
col would influence the outcome of metabarcode sequenc-
ing, and that one or more methods would demonstrate a
higher efficacy, assessed in terms of the capture of targeted
reads and greater richness and diversity. We further hypothe-
sised that the composition of species obtained from different
protocols would differ. We envisage that our findings will
assist in the optimization of eDNA metabarcoding-based

Biological sample (5)

Extraction replicate

approaches for mammal diets, thereby aiding future research
on their trophic ecology.

Methods

Three SRW faecal samples were collected from St. Helena
Bay, South Africa between 1992 and 2006 and two faecal
samples were collected from the Auckland Islands, New
Zealand in 2017 (Table S1). All samples were collected
opportunistically from live whales after defecation. Sam-
ples from South Africa were stored in ethanol and subjected
to an ethanol removal step which involved centrifuging the
samples, transferring the ethanol supernatant to a new tube,
precipitating any DNA retained in the supernatant with a
3 M sodium acetate solution, and performing two ethanol
washes on the pellet (Ficetola et al. 2008). New Zealand
samples were stored frozen and were thawed at 4 °C prior
to extraction. Each extract utilised 200 mg of faecal starting
material.

Experimental design for DNA extraction protocols

We tested twelve unique extraction protocols (Fig. 1). These
included variations of extraction via incubation in a saturated
phosphate buffer and two commercial extraction kits, with
two different concentrations of DNA binding buffer tested
for each. Biological samples were extracted in triplicate for
each extraction protocol as follows. For the first set of proto-
cols, samples were incubated in a saturated phosphate buffer
and then processed using the NucleoSpin Soil Kit. Faecal
samples were incubated in up to 2 mL of phosphate buffer

5 x SRW faecal samples: 3 South African, 2 New Zealand

|

3 x extraction replicates per sample

Gx5=19 /]\

1 hr incubation in 24 hrs incubation in QIAGEN QIAamp Fast DNA

phosphate buffer phosphate buffer PowerSoil Kit Stool Mini Kit
Protocol (Phl) (Ph24) (Soil) (Stool)

15x4 =60
(15x ) ! !
Centrifuge Centrifuge
-~ ~ -~ ~

(15x 6 =90) Pellet (P) Supernatant (S) Pellet (P) Supernatant (S)
Binding buffer 1x 2x 1x 2x 1x 2x 1x 2x 1x 2x 1x 2x
(90x2=180) (1B) (2B) (1B) (2B) (1B) (2B) (1B) (2B) (1B) (2B) (1B) (2B)
Protocol Phl1P. PhlP. Ph1S. PhiS. Ph24P. Ph24P. Ph24S. Ph24S. Soil. Soil. Stool.  Stool.
abbreviation 1B 2B 1B 2B 1B 2B 1B 2B 1B 2B 1B 2B

Fig. 1 An overview of the 12 different extraction protocols tested on five biological samples with three extraction replicates each, resulting in 180
DNA extracts; with each DNA extract further having three PCR replicates amplified via two metabarcoding markers
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(prepared by dissolving 0.985 g of NaH:PO4 and 7.35 g of
Na:HPOs in 500 mL of DNA-free water) at room tempera-
ture on a shaker for either 1 h (Phl) or 24 h (Ph24). After
incubation, samples were centrifuged at 12,000 g for 10 min.
While traditionally only the supernatant is retained, here, to
minimize the loss of DNA the resulting pellet and superna-
tant were separated into two tubes and extracted separately
using the NucleoSpin Soil Kit. For the pellet (protocols:
Ph1P and Ph24P), the NucleoSpin protocol was followed
from start to finish, while for the supernatant (protocols:
Ph1S and Ph24S), the same protocol was followed from
step 6 of the manufacturer’s instructions onwards, skipping
the cell lysis steps (Taberlet et al. 2012b). The remaining
protocols utilised the two QIAGEN extraction kits — the
Soil kit and the Stool kit. In all the protocols, a modifica-
tion was made to the manufacturer’s instructions during the
addition of the binding buffer (which contains chaotropic
salts, although the precise ingredients are specific to each
extraction kit) to the silica column. Samples were divided in
half and subjected to either 1x or 2x the volume of binding
buffer suggested in the manufacturer’s instructions (Fig. 1).

DNA barcodes, PCRs and sequencing

Two metabarcoding regions were targeted for the amplifi-
cation of prey from the extracted DNA. For eukaryotes, a
universal primer set coding for a 140-200 bp long region of
the 18 S V9 rDNA gene was used (EukB: TGATCCTTCT
GCAGGTTCACCTAC (Medlin et al. 1988); 18S _v9 Con:
CCCTTTGTACACACCGCCC (O’Rorke et al. 2012). For
crustaceans, a specific primer set (Crust16S) was employed
to target only crustaceans via a 210 bp long region of the
mitochondrial 16 S rRNA gene (Crust16S_F: GGGACGA
TAAGACCCTATA; Crustl6S_R: ATTACGCTGTTATCC
CTAAAG (Berry et al. 2017). Forward and reverse primers
for each PCR reaction included a unique 8-nucleotide label
(differing by at least 5 nucleotides) at the 5" ends of both
for multiplexing (Taberlet et al. 2018; Valentini et al. 2016).
PCRs were performed in triplicate for each primer set, with
PCR conditions provided in Table S2. PCR products were
examined via agarose gel electrophoreses and quantified
with a Qubit 3.0 Fluorometer (Thermo Fisher Scientific,
United States). Both amplicons were purified and concen-
trated using AMPure XP beads (Beckman-Coulter) at a ratio
of 1:1.8 (sample to beads) and then quantified on a Qubit
again. The final library at a concentration of 50 ng/puL was
sequenced at Ramaciotti Centre for Genomics (University
of New South Wales, Australia) using a PCR-free approach,
with sequencing performed on an Illumina MiSeq Genome
Sequencer (2 x 250 bp paired-end).

@ Springer

Bioinformatics and dataset cleaning

Bioinformatics processing was performed using the Green-
field Hybrid Analysis Pipeline (GHAP) separately for 18 S
rDNA and Crust16S mtDNA amplicons (Greenfield 2017).
Within the GHAP pipeline, USEARCH (Zhou et al. 2024)
and RDP classifier (Wang and Cole James 2024) were used
for classifying sequences. Reads were demultiplexed and
trimmed to 90—400 bp for 18 S rDNA and to 100—420 bp for
Crust16S mtDNA. For both datasets, zero-radius sequences
(zOTUs, i.e. 100% clustering), were matched to the top 50
database matches using NCBI BLAST (Basic Local Align-
ment Search Tool), and the corresponding alignments of the
query plus 50 match sequences were processed in MEGAN
(MEGAN Community Edition, version 6.24.23; Huson et
al. 2007) to match each OTU to different taxonomic lev-
els. Taxonomic information for OTUs was then joined to
a sample-wise occurrence matrix generated by GHAP. The
resulting datasets were cleaned based on contamination
from the positive control, with reads from any sample with
a proportion lower than the proportion of positive contami-
nation in that sample as well as reads with a proportion less
than 0.0001 deleted (Parikh et al. 2024). Any OTUs with 0
reads across all samples were then discarded.

Statistical analyses

All statistical analyses were performed in R (R version
4.3.1, R Core Team (2023) and the associated R scripts can
be found online (https://doi.org/10.5281/zenodo.138652
33). zOTUs were classified into either “target” (potential
prey) or “non-target” (everything else) based on their clas-
sification at higher taxonomic levels. In the 18 S dataset, all
free-floating marine metazoans (i.e. potential zooplankton
at any life-cycle stage) were the targeted organisms, while
within the Crust16S dataset all crustacean taxa were target
(see Table S3 for details). The total reads for target and non-
target organisms from each protocol was summarised in
Fig. 2, and non-target taxa for both datasets were removed
from further analyses.

zOTU richness detected by each protocol was examined
via a linear mixed effects model (LMM) using R package
ImerTest (Kuznetsova et al. 2017), with richness as the
response variable, extraction protocol as the explanatory
variable, and biological samples with extraction replicates
nested within them as random effects to account for differ-
ences in sample age and preservation. A pairwise Tukey test
was performed for the different protocols in the model using
the glht() function (generalised linear hypothesis) from the
multcomp package (Hothorn et al. 2008). Shannon diversity
was also assessed against extraction protocol using the same
LMM model described for richness. To assess the effect of
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Fig.2 Total reads of target (zooplankton/crustacean) and non-target organisms detected by each extraction protocol for a 18 SrDNA and b Crust16S

mtDNA amplicons

extraction protocol on prey community composition, a mul-
tivariate generalized linear model (manyGLM) was imple-
mented in the mvabund R package (Wang et al. 2022) using
a negative binomial distribution to account for over dis-
persed count data. The model included extraction protocol
and biological sample as fixed effects (as manyGLM does
not support random effects), and a log-transformed offset
for sequencing depth to correct for varying library sizes.
Permutations were restricted by extraction protocol using
the how() and shuffleSet() functions in permute (Simpson
2024). A similar multivariate model was also run for the
species matrix with reads converted to presence-absence
format. All plots were generated using ggplot2 (Wickham
2016).

Results

The raw dataset for 18 S rDNA contained a total of 711,488
reads comprised of 835 OTUs. After cleaning, the data-
set contained 467,160 reads and 181 OTUs. There were
100,118 reads (21.4%) from target organisms and 367,042
reads (78.6%) from non-target. The extraction protocol
Soil.2B corresponded to the highest number of reads from
target (hereafter, zooplankton) taxa, and protocol Ph24S.1B
(phosphate 24 h supernatant) the least (Fig. 2a; see Fig. 1 for
protocol name abbreviations).

The raw Crust16S mtDNA dataset contained 1,811,063
reads and 202 OTUs. After cleaning, 1,423,961 reads and
63 OTUs remained. In total, 1,387,357 reads (97.5%) were
from target organisms and 34,632 reads (2.5%) from non-
target. The greatest number of target (hereafter, crustacean)
reads were from the protocol Ph1P.1B (phosphate 1 h pel-
let) and the lowest from protocol Ph24S.1B (phosphate 24 h
supernatant; Fig. 2b).

Since the purpose of this study was to compare the repre-
sentation of prey DNA from different extraction protocols,
only target taxa (zooplankton and crustacean) were consid-
ered in the following analyses, while non-target organisms
were removed from both datasets. However, the full 18 S
rDNA and Crust16S mtDNA datasets (including non-target
taxa) are available online (https://datadryad.org/dataset/do
i:https://doi.org/10.5061/dryad.9s4mw6mrx) and results of
the following richness, diversity and compositional analy-
ses on the full datasets are provided in Figs. S5-S7 and
Tables S14-S23.

zOTU richness

Zooplankton zOTU richness derived from the 18 S rDNA
amplicon differed significantly among extraction proto-
cols (ANOVA: F=4.79, P<0.001). The Soil.2B protocol
yielded the highest median richness (4.7 £ 4.4) and protocol
Ph24S.1B (phosphate 24 h supernatant) the lowest (2.6 £

@ Springer
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Fig. 3 Comparison of target (zooplankton/crustacean) zOTU richness as obtained from the different extraction protocols in the a 18 S rDNA and

b Crust16S mtDNA datasets

Table 1 Significance (P-values)
for pairwise comparisons
(Tukey’s HSD) between the
phosphate buffer protocols with
different incubations (1-24 h),
based on analyses for zOTU
richness, Shannon diversity and
taxonomic composition

Table 2 Significance (P-values)
for pairwise comparisons
(Tukey’s HSD) between each
otherwise identical protocol at 1x
and 2x concentration of binding
buffer based on analyses for
zOTU richness, Shannon diver-
sity and taxonomic composition

Protocol name abbreviations:
Ph1P=1 h phosphate incubation;
Ph24P=24 h phosphate incuba-
tion; P=pellet; S=supernatant;
Soil=DNEasy PowerSoil kit;
Stool=QIAamp Fast DNA Stool
Mini Kit; 1B=1x binding buffer;
2B=2x binding buffer. *P < 0.05

3.5; Fig. 3a; Tables S4, S5). From post hoc pairwise com-
parisons (Tukey’s HSD), the phosphate buffer pellet (Ph1P
and Ph24P), Soil and Stool protocols all captured similar
richness (P>0.05 in all cases; Tables S4, S5). The dura-

Dataset Protocols being Richness  Diversity =~ Composition Composition
compared (abundance) (presence-absence)
18 SrDNA PhIP.1B vs. Ph24P.1B  0.99 1 0.16 0.95
Ph1P.2B vs. Ph24P2B  0.99 0.99 0.06 0.84
Phi1S.1B vs. Ph24S.1B  0.99 0.64 0.7 0.95
Ph1S.2B vs. Ph24S.2B 1 0.99 0.83 0.95
Crust16S Ph1P.1B vs. Ph24P.1B 1 0.83 0.21 0.1
mtDNA
Ph1P.2B vs. Ph24P.2B  0.98 0.99 0.4 0.3
Ph1S.1B vs. Ph24S.1B  0.94 0.96 0.14 0.05*
Ph1S.2B vs. Ph24S.2B  0.78 0.99 0.2 0.08

Protocol name abbreviations: Ph1P=1 h phosphate incubation; Ph24P =24 h phosphate incubation; P=pel-
let; S=supernatant; 1B=1x binding buffer; 2B=2x binding buffer. *P < 0.05

Dataset Protocols being compared Richness  Diversity =~ Composition Composition
(abundance) (presence-absence)
18 STDNA  PhIP.1B vs. Ph1P.2B 1 0.99 0.62 0.95
Ph1S.1B vs. Ph1S.2B 1 0.52 0.71 0.95
Ph24P.1B vs. Ph24P2B 1 1 0.71 0.95
Ph24S.1B vs. Ph24S.2B  0.94 0.99 0.17 0.95
Soil.1B vs. Soil.2B 1 1 0.83 0.95
Stool.1B vs. Stool.2B 0.27 0.99 0.49 0.87
Crust16S Ph1P.1B vs. Ph1P.2B 0.8 0.9 0.74 0.12
mtDNA
Ph1S.1B vs. Ph1S.2B 0.5 1 0.05% 0.08
Ph24P.1B vs. Ph24P2B 1 0.99 0.21 0.12
Ph24S.1B vs. Ph24S.2B  0.75 0.89 0.05* 0.04*
Soil.1B vs. Soil.2B 1 0.1 0.74 0.13
Stool.1B vs. Stool.2B 0.99 1 0.2 0.47

tion of incubation in phosphate buffer (1-24 h) and the

@ Springer

concentration of DNA binding buffer used (1x or 2x) did
not have any significant effects on richness (Tables 1 and 2).
The pellet and the supernatant derived from 24 h phosphate
buffer incubation with 1x binding buffer demonstrated a



Conservation Genetics Resources (2026) 18:25

Page 7 of 14 25

significantly different richness, i.e. protocols Ph24P.1B and
Ph24S.1B (P=0.02; Table 3).

Crustacean zOTU richness as derived from Crustl16S
mtDNA was significantly different among extraction proto-
cols (ANOVA: F=4.42, P<0.001). The protocol Ph1P.1B
(phosphate 1 h pellet) had the highest median richness (8.3
+ 5) and Ph24S.1B (phosphate 24 h supernatant) the low-
est (3.8 £ 3.7; Fig. 3b; Tables S6, S7). From the post hoc
test, the pellet and Soil protocols captured similar rich-
ness, as did the Soil and Stool protocols (Tables S6, S7).
Similar to 18 S rDNA, the duration of incubation in phos-
phate buffer and the concentration of DNA binding buffer
did not have any significant effects on richness (Tables 1
and 2), however, the pellet and supernatant from protocols
Ph24P.1B and Ph24S.1B had a significantly different rich-
ness (P<0.01; Table 3).

Shannon diversity

Shannon diversity in 18 S rDNA was significantly different
among extraction protocols (ANOVA: F'=4.01, P<0.001).
All statistically significant differences were observed
between the phosphate buffer supernatant (i.e. Ph1S and
Ph24S protocols) and the Stool kit protocols (Table S8),
while other protocols had a similar diversity. The highest
median diversity was observed in Stool.1B and the lowest
in Ph1S.2B (phosphate 1 h supernatant; Fig. S1; Table S8).

Crust16S mtDNA diversity differed between extraction
protocols (ANOVA: F=3.38, P<0.001), with the observed
differences being between the Soil protocols and phosphate
buffer pellet (Ph1P, Ph24P) and Stool protocols (Table
S9). The remaining protocols captured similar diversities
(P>0.05). Protocol Soil.1B had the greatest diversity and
Ph24P.2B (phosphate 24 h pellet) the lowest (Fig. S2; Table
S9).

Taxonomic composition

Taxonomic composition in both datasets was assessed
based on abundance as well as presence-absence. The influ-
ence of extraction protocol on composition was significant
(P<0.001) for both models (i.e. abundance and presence)
in both 18 S rDNA and Crust16S mtDNA datasets. Figure 4
provides a snapshot into the proportional differences in taxa
as detected within the results of each protocol.

In the 18 S rDNA dataset, the two protocols that pro-
duced the most differing compositions derived from both
abundance and presence-absence data were Ph24S.1B
(phosphate 24 h supernatant) and Stool.1B (P=0.005 for
abundance and P=0.02 for presence-absence; Tables S10,
S11). Pairwise differences in abundance composition were
observed between many of the protocols (Table S10), while
presence-absence composition only differed between the
phosphate 24 h supernatant compared to the Stool and Soil
protocols (Table S11). Incubation in phosphate buffer for
1-24 h did not influence the composition of species detected
in either set of results, neither did the concentration of DNA
binding buffer (1x or 2x; Tables 1 and 2). Pellet and super-
natant from phosphate buffer incubation both also produced
statistically similar compositions (Table 3).

In the Crustl6S mtDNA dataset the protocols Ph1P.1B
(phosphate 1 h pellet) and Ph24S.1B (phosphate 24 h super-
natant) had the most distinct compositions based on abun-
dance (P=0.005), while protocols Ph1P.1B (phosphate 1 h
pellet) and Ph1S.1B (phosphate 1 h supernatant) were most
distinct from presence-absence (P=0.005; Tables S12, S13).
In both sets of results, the phosphate pellet and Soil proto-
cols had the most similar compositions, while the remaining
protocols demonstrated many pairwise differences (Tukey’s
HSD). Species composition in the phosphate buffer super-
natant protocols (Ph1S and Ph24S) was influenced by the
duration of incubation in phosphate buffer as well as the
concentration of binding buffer, while other protocols were
not. The 1 h and 24 h incubation supernatants (Ph1S.1B
and Ph24S.1B) had markedly different presence-absence

Table 3 Significance (P-values) Dataset Protocols being compared  Richness  Diversity Composition ~ Composition
for pairwise comparisons (abundance)  (presence-
(Tukey’s HSD) between pro- absence)
tocols utilizing the pelict and I8SDNA ___ PhIP.IB vs. PhiS.IB 0.88 1 0.15 0.85
f;:)iefg;ﬁgs;ﬁztelu%fgﬁ‘;& Ph1P.2B vs. Ph1S.2B 0.99 0.07 0.17 0.87
on analyses for ZOTU richness, Ph24P.1B vs. Ph24S.1B  0.02* 0.25 0.06 0.5
Shannon diversity and taxonomic Ph24P.2B vs. Ph24S.2B 0.67 0.96 0.1 0.8
composition Crust16S Ph1P.1B vs. Ph1S.1B 0.11 1 0.005** 0.005%*
mtDNA
Ph1P.2B vs. Ph1S.2B 0.98 0.99 0.205 0.12
Ph24P.1B vs. Ph24S.1B <0.01%* 1 0.005** 0.02*
Ph24P.2B vs. Ph24S.2B 0.77 0.13 0.005%* 0.03*

Protocol name abbreviations: Ph1P=1 h phosphate incubation; Ph24P =24 h phosphate incubation; P=pel-
let; S=supernatant; 1B=1x binding buffer; 2B =2x binding buffer. *P < 0.05, **P < 0.01
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Fig. 4 Proportion of reads of
target (zooplankton/crustacean)
organisms at finest taxonomic
resolution found within each
extraction protocol for a 18 S

a. 18S rDNA

rDNA and b Crust16S mtDNA
datasets
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compositions (P=0.05; Table 1). The effect of binding buf-
fer was seen in the abundance composition from 1 h super-
natant protocols Ph1S.1B and Ph1S.2B (P=0.05) and in the
abundance as well as presence-absence composition from
the 24 h supernatant protocols Ph24S.1B and Ph24S.2B
(P=0.04; Table 2), The phosphate buffer pellet and super-
natant in almost all Tukey’s pairwise comparisons (except
Ph1P.2B and Ph1S.2B, 1 h incubation with 2x binding buf-
fer) captured significantly different compositions based on
both abundance and presence-absence (P between 0.03 and
0.005; Table 3).

@ Springer

Discussion

Prey DNA as obtained from faecal samples can be highly
degraded, comprising of short, differentially digested frag-
ments (Deagle et al. 2006; Ramon-Laca et al. 2015). Here,
we tested different silica column DNA extraction approaches
with modifications aimed at optimising the extraction of
digested prey DNA from SRW faeces. We found the read
counts, richness, diversity and composition of taxa detected
by two metabarcoding markers (18 S rDNA and Crust16S
mtDNA) to be substantively influenced by the choice of
extraction protocol. Our results demonstrate that the choice
of extraction protocol can significantly influence the results
of a metabarcoding study, and hence the ecological interpre-
tation, highlighting the importance of appropriate extraction
protocol selection based on the aims of a study.
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We found that across both datasets, the PowerSoil kit
performed relatively well under all the criteria assessed,
with the pellet obtained from the phosphate buffer extrac-
tions performing comparably. This was in contrast to the
phosphate buffer supernatant, which produced low read
counts, richness and diversity of prey taxa. The 18 S rDNA
results were generally unaffected by the protocol variations,
i.e. duration of incubation in phosphate buffer, extraction of
pellet and supernatant and different concentrations of DNA
binding buffer; although this may be a side-effect of the
lower taxonomic resolution offered by a universal marker
(Casey et al. 2021). Within Crust16S mtDNA, which targets
less diversity but with a higher taxonomic resolution (de
Bruyn et al. 2021), most protocols were similarly unaffected
by these variations. However, in the case of the phosphate
buffer supernatant, taxonomic composition was influenced
by the incubation duration and the concentration of bind-
ing buffer. Since the differences were compositional, it can-
not be said that the any option was superior, but rather that
these variations have the potential to alter the composition
of detected taxa in the standard phosphate buffer extraction
which utilises only the supernatant (Taberlet et al. 2018;
Zinger et al. 2016). Thus, care must be exercised when
following this protocol as subtle changes can influence
taxonomic composition, reducing the capacity to directly
compare results with other studies (Kennedy et al. 2014;
Mateus-Barros et al. 2019).

Based on Soviet whaling records, SRWs are thought
to feed on euphausiids below 50°S and copepods above
40°S (Tormosov et al. 1998). Two of the samples in this
study originated from the Auckland Islands, New Zea-
land (~50°S) and three from St Helena Bay, South Africa
(~30°S). The diet of SRWs around St Helena Bay is thought
to be dominated by copepods (Van Zyl 2023), but there is no
existing data from the Auckland Islands. Based on the 18 S
rDNA, our findings show that prey composition from all the
tested extraction protocols were dominated by copepods.
The Crust16S results demonstrated a broader spectrum of
prey including krill, but also relatively high proportions of
crabs and shrimp (likely in larval stages) which have not
been previously known to dominate the diet of this spe-
cies. Surprisingly, there were no copepods detected in the
Crust16S dataset, suggesting a marker bias and highlighting
the importance of using multiple markers in metabarcoding
studies (Parikh et al. 2024). Collectively, our results provide
a novel glimpse into the fine-scale diet of SRWs in these
regions as the limited data we have currently is restricted
to stomach content analysis, visual observations and stable
isotope analysis (Derville et al. 2022; Hamner et al. 1988;
Tormosov et al. 1998; van den Berg et al. 2021).

Phosphate buffer protocols

The phosphate buffer incubation protocol was developed
for extracting extracellular DNA from large volume soil
samples (Taberlet et al. 2012b). Extracellular DNA gener-
ally originates from cell lysis, and along with cellular DNA,
constitutes the total DNA in soil (Pietramellara et al. 2009).
The weak performance of the phosphate buffer supernatant
protocols in this study suggests that, contrary to our initial
prediction, extracellular DNA do not form a significant pro-
portion of the total prey DNA in SRW faeces. It should be
noted that due to limited faecal material and for consistency
with the requirements of the commercial kits, small vol-
umes of sample were used (200 mg), and this protocol is
intended for processing larger volumes (15 g of soil; Taber-
let et al. 2012b).

DNA extraction protocols typically process the superna-
tant, which contains dissolved (here, extracellular) DNA,
and discard the corresponding pellet, which contains cellular
debris and other impurities (Dairawan and Shetty 2020). To
minimize the loss of DNA, extractions were also performed
on the pellets from the phosphate buffer, unanticipatedly
producing results similar to the PowerSoil protocols. In
common with the PowerSoil kit, the NucleoSpin Soil kit
used to process the pellet included a bead-beating step,
which has been shown to produce higher faccal DNA yields
(Cullen et al. 2022; Gryp et al. 2020). Extracting crustacean
DNA from whale faeces is challenging due to their chitin-
ous exoskeletons (Athanasio et al. 2016; Routtu et al. 2014).
Mechanical lysis via bead beating is an effective measure
for promoting the release of DNA from chitinous carapaces
(Athanasio et al. 2016). Furthermore, the density of digested
crustaceans (Chen et al. 2008) may have also benefited from
the protocol’s post incubation centrifugation step, which in
the case of the pellet, may have favoured the precipitation
of crustacean remains.

The particularly high number of crustacean reads
observed in protocol Phl1P.1B likely reflects an optimal
combination of DNA retention and preservation. The pel-
let retains particulate-associated DNA, including partially
digested crustacean tissues and chitinous fragments, which
are more likely to contain intracellular DNA (Athanasio et
al. 2016; Pietramellara et al. 2009). A shorter (1 h) phos-
phate buffer incubation may have limited DNA degradation
and loss relative to longer incubations, while still allowing
sufficient separation of soluble material (Pietramellara et al.
2009; Taberlet et al. 2012b). In combination with bead-beat-
ing, this likely maximised the recovery of crustacean DNA.
In contrast, in the 24 h supernatant protocol which produced
the lowest crustacean reads (Ph24S.1B), the extended incu-
bation may have contributed to reduced DNA recovery due
to an increase in PCR inhibitors (Taberlet et al. 2012b).
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This, alongside already low volumes of extracellular DNA
in the supernatant likely resulted in lower read counts.

As evident by compositional differences between the
pellet and supernatant, each extracted matrix contained
unique crustacean taxa. Differences in eukaryotic commu-
nities extracted from phosphate buffer (supernatant) and
the PowerSoil Max DNA extraction kits (similar to the
phosphate buffer pellet) have also been observed in sedi-
ment samples (Pansu et al. 2021). To maximise taxonomic
coverage and diversity and ensure that both cellular and
extracellular DNA are captured, we recommend extracting
DNA from both the pellet and supernatant and then com-
bining the extracts in equimolar ratios prior to amplifica-
tion. While we are unaware of phosphate buffer extractions
being used in other diet studies, our results suggest that the
co-extraction of the pellet and supernatant will maximise
prey alpha diversity when applying this approach to faecal
metabarcoding studies.

QIAGEN extraction kits

QIAGEN’s PowerSoil extraction kit (formerly MO BIO) is
a relatively common choice for DNA extraction from whale
faeces for microbial work. The kit has been used to study
the gut microbiome of Globicephala macrorhynchus, Kogia
sp., Megaptera novaeangliae, Peponocephala electra and
other cetacean species (Bai et al. 2021, 2022; Denison et al.
2020; Erwin et al. 2017; Sanders et al. 2015). Few studies,
however, have used this kit for cetacean diets (e.g., Giinther
et al. 2022), and we found that of the protocols tested in
this study, the PowerSoil kit performed comparatively well
for examining whale diet. As noted above, the bead beating
step included in this protocol makes it particularly suited for
maximising the extraction of crustacean DNA (Athanasio et
al. 2016), which comprise the key prey of many ocean pred-
ators (Fiedler et al. 1998; Lowther et al. 2020; Martensson
et al. 1994; Takahashi et al. 2022). Conversely, the absence
of a mechanical lysis (bead beating) step may have hindered
the suitability of the QIAamp FAST DNA Stool Mini Kit.
Our results found that in comparison to the phosphate buf-
fer pellet and PowerSoil kit, the Stool kit produced mixed
results. The Stool kit it is the most widely employed extrac-
tion method for faecal metabarcoding diet studies (Ando et
al. 2020). In cetacean studies, it has been used to examine
the diet of Balaenoptera brydei, M. novaeangliae, Neopho-
caena phocaenoides, Orcinus orca, Sousa chinensis, among
others (Carroll et al. 2019; Ford et al. 2016; Reidy et al.
2022; Zhang et al. 2023). It has also been used in gut micro-
biome studies for Balaenoptera musculus, B. physalus, E.
australis, Physeter catodon and P. macrocephalus (Guass
et al. 2016; Li et al. 2019; Marangi et al. 2021; Maroén et
al. 2019). Despite its wide use, based on the results of this
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study, the Stool kit does not appear to be optimal for exam-
ining the prey of baleen whales, and possibly other marine
predator diets.

Conclusion

This study clearly demonstrates that the choice of extrac-
tion protocol significantly influences the read counts, rich-
ness, diversity and composition obtained from metabarcode
sequencing. Consequently, the choice of DNA extraction
protocol has the capacity to alter the ecological inter-
pretations of a study. For an efficient and straightforward
extraction protocol that provides high read counts, rich-
ness and diversity of digested prey, we recommend using
the QTAGEN DNEasy PowerSoil kit. For studies which aim
to characterise diet composition at a fine scale and where
taxonomic coverage is of primary interest, we recommend
using a combination of the supernatant and pellet extracts
obtained from the phosphate buffer incubation protocol. We
reiterate the importance of having a priori a clear research
question, hypothesis and statistical design in order to derive
sound conclusions of ecological relevance (Popovic et al.
2024; Zinger et al. 2019). Hence, not only do the statistical
and experimental design influence of the ecological inter-
pretation of a study, but also the laboratory protocols (Zaiko
et al. 2022). Undoubtedly, eDNA metabarcoding provides a
comprehensive and non-invasive approach for mammalian
dietary studies (Carroll et al. 2019; Reidy et al. 2022; Zhang
et al. 2023), however, in order to effectively use molecular
approaches for species management, it is pertinent to take
into consideration the artefacts and biases associated with
their methods.
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