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ABSTRACT
DNA metabarcoding combines DNA barcoding with Next-Generation sequencing,
enabling the rapid identification of species in an environmental sample by comparing
sequences against a database of known species. One use of this is dietary analysis by the
identification of species present in faeces. The DNA in faeces is degraded, so finding a
suitable barcode locus is challenging. In Cameroon, cacao is grown amongst shade trees,
which, if managed correctly, can support a diversity of animal species. This biodiversity
can provide ecosystem services that benefit cocoa yield, such as pest control by bats.
Analysing bat diet can be used to show which shade tree species support these bats. A
previous study analysing bat diet used the rbcL locus, but it provided very low taxonomic
resolution. Therefore, this study aimed to find alternative metabarcoding loci to improve
taxonomic resolution. The loci trnL and ITS1 were selected, and both provided higher
taxonomic resolution than rbcL. trnL also had higher amplification success, suggesting it
is the most suitable locus for bat dietary analysis. However, variation in the diet depending
on the locus used showed that no locus is ideal. Nevertheless, testing these loci provided
information about bat diet. This included similarities and differences between plant taxa
detected in the faeces of insectivorous and frugivorous bats. Also, detecting cacao in
insectivorous bat faeces suggests a possible link between bats and cacao pests. In general,
this study identified new loci and demonstrated they are effective in analysing bat diet to
identify important shade tree species.
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1 INTRODUCTION
1.1 DNA barcoding
1.1.1 What is DNA barcoding?
DNA barcoding consists of sequencing a short region of DNA, called a barcode locus, of a
taxonomically identified specimen (Hebert et al., 2003; Liu et al., 2018). Locus sequences
are often added to a database (DeSalle et al., 2005; Hollingsworth et al., 2011a). There are
public global databases: BOLD (Barcode of Life Database), launched by the Consortium
for the Barcode Of Life (CBOL), and Genbank (Ratnasingham and Hebert, 2007;
Valentini et al., 2008; Sayers et al., 2019), which scientists all over the planet contribute
to. Hence, DNA barcoding is a molecular method of recording the biodiversity of species
across the planet.
Locus sequences in the barcode database must be distinct, so they can distinguish between
species (Parmentier et al., 2013). Therefore, barcode loci are selected for their high
interspecific variation, but low intraspecific variation, so they are variable enough to
distinguish between taxa, while being diagnostic of individual species (Luo et al., 2011;
Besnard et al., 2014; Li et al., 2015). Barcode loci must also have conserved flanking
regions for primers to bind to so the loci can be amplified by PCR (Hollingsworth et al.,
2009). This enables loci to be amplified for sequencing, so the locus sequence of each
individual species can be recorded.
Originally, the aim of CBOL was to use a single universal locus for barcoding all species
in a kingdom (Ratnasingham and Hebert, 2007; CBOL Plant Working Group, 2009; Li et
al., 2015). These core loci should be standardised and universally agreed to enable
barcode data to be shared (Hebert and Gregory, 2005; Hollingsworth et al., 2011a; Liu et
al., 2018). For animals, the cytochrome c oxidase I mitochondrial gene (COI) is the core
universal locus, as it is sufficiently variable to distinguish between most, although not all,
species (Hebert et al., 2003). For plants, no single barcode exists that can distinguish a
large range of taxa (CBOL Plant Working Group, 2009; China Plant BOL Group et al.,
2011). Instead, several possible loci have been proposed, including chloroplast loci matK,
rbcL and trnH-psbA, and the ribosomal internal transcribed spacer (ITS) (Cowan et al.,
2006; Newmaster et al., 2008; CBOL Plant Working Group, 2009; Tan et al., 2018). Twolocus combinations are often used for plants, for sufficient taxonomic coverage and
resolution (CBOL Plant Working Group et al., 2009; Li et al., 2015). The CBOL Plant
Working Group (2009) proposed a 2-locus barcode of rbcL and matK. rbcL has high
universality and high sequence quality, but low discriminatory power, and matK has high
discriminatory power but is less universal (CBOL Plant Working Group et al., 2009),
2009). Core locus sequences are added to the database, which can then be used for species
identification.

1.1.2 Barcoding for species identification
DNA barcode databases are frequently used for species identification (Hebert et al., 2003;
DeSalle et al., 2005; Hebert and Gregory, 2005; Ratnasingham and Hebert, 2007).
Barcode loci of unknown species are sequenced, and compared with locus sequences in
the database, so they can be identified (Taberlet et al., 2012b; Liu et al., 2018; Tan et al.,
2018). This is useful for species that cannot be identified by morphology, or when only
small plant fragments are available (Liu et al., 2018). However, barcoding cannot always
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identify specimens to species level. Major limitations in using barcodes for species
identification are the availability of database sequences and if the barcode locus has
sufficient variability between species (Parmentier et al., 2013). The existence, and
continued improvement of barcoding databases, as well as advancements in molecular
genetic techniques, have led to the development of DNA metabarcoding.

1.2 DNA metabarcoding
1.2.1 What is DNA metabarcoding?
DNA metabarcoding combines traditional DNA barcoding with Next-Generation
Sequencing (Taberlet et al., 2012b; Clare et al., 2016; Yang et al., 2016). Next-Generation
Sequencing is low cost and enables the sequencing of millions of DNA fragments in a
single sequencing run (Shendure and Ji, 2008; Taberlet et al., 2012b). Using NextGeneration sequencing, barcode loci from hundreds of species in a sample can be
sequenced at once (Nichols et al., 2016). Using metabarcoding, all species in a sample,
such as soil, water or faeces, can be identified by comparison to a barcoding database
(Taberlet et al., 2012a; Bohmann et al., 2014). Therefore, metabarcoding can be used to
describe the species composition of environmental DNA (Deagle et al., 2014).
Metabarcoding has a number of applications. Andersen et al., (2012) demonstrated that
the DNA present in soil accurately reflects the taxonomic richness and relative biomass of
the individual species in that area. Therefore, identification of which species the DNA in
the soil is from, by metabarcoding, can be used to estimate the biodiversity in an area.
Metabarcoding can also be used to detect trophic interactions at the species level
(Bohmann et al., 2014; Clare, 2014a). For example, analysis of faeces, or rumen content
or stomach content can be used to find out about the diet of a species (Clare et al., 2009;
Soininen et al., 2013; Gebremedhin et al., 2016; Yang et al., 2016). Environmental
samples are relatively easy to collect and analyse, by repeating this, the biodiversity of an
area to be monitored over time (Bohmann et al., 2014). Therefore, metabarcoding enables
a deeper understanding of natural processes, such as the structure of ecosystems.

1.2.2 Plant metabarcoding challenges
There are several challenges in plant barcoding, that do not arise with animals. These
problems therefore also occur in plant metabarcoding. The main problem in plant
barcoding is the lack of a universal locus (CBOL Plant Working Group, 2009;
Hollingsworth et al., 2011a). Also, plant species can hybridise, so recognising distinct
species is less clear cut. Discriminating between species or hybrids is very difficult or
impossible, especially if their barcode locus sequences are very similar (Newmaster et al.,
2008; Coissac et al., 2016). Similar species, especially those that have diverged recently,
also have low sequence divergence, therefore low interspecific variability, making them
hard to distinguish by barcoding (Dong et al., 2012; Tan et al., 2018). Therefore, this
results in the species resolution achieved in plant metabarcoding studies being generally
lower than that achieved in animal metabarcoding studies.

1.2.3 Basic process of metabarcoding
Metabarcoding has a similar basic process to species identification by traditional
barcoding, but occurs on a much larger scale (Murray et al., 2012; Yang et al., 2016). The
main steps involved are as follows. DNA is extracted from the environmental sample.
Then, a barcode locus and primers are selected, and these primers are used to amplify the
locus sequences of all species in the sample by PCR (Hibert et al., 2013). A single pool,
8

containing locus sequences for all species in the sample that were amplified, is produced
and sequenced. Sequencing produces a large dataset, which is analysed by bioinformatics,
involving quality control and error removal, clustering into Molecular Operational
Taxonomic Units (MOTUs), and finally taxonomic assignment (Kopylova et al., 2016).

1.3 Key considerations in metabarcoding
1.3.1 Locus and primer choice
The initial and crucial decision in a metabarcoding study is the choice of barcoding locus
and primers (Alberdi et al., 2018; Omelchenko et al., 2019; Pinol et al., 2019). Loci are
often chosen depending on database coverage (Alberdi et al., 2018). It is important to
select a locus for which there are database records that overlap with species analysed in a
sample (Yang et al., 2016; Alberdi et al., 2018). There will always be taxa that are not in a
database, but selecting a core barcode will maximise database coverage (Alberdi et al.,
2018).
Some barcoding and metabarcoding studies have compared the effectiveness of different
loci, using several determining factors (e.g. CBOL Plant Working Group, 2009;
Parmentier et al., 2013; Yang et al., 2016). Loci are selected based on their universality,
production of high quality sequences and species discrimination (CBOL Plant Working
Group, 2009; Bell et al., 2016), although not all metabarcoding studies need species-level
discrimination (Alberdi et al., 2019). A single locus can be amplified by different primer
pairs, so the most suitable primers must be selected to amplify a chosen barcode locus
(Alberdi et al., 2018).
For a locus to be considered ‘universal’, primers must be available that are able to bind
and amplify the region in a large range of taxa (CBOL Plant Working Group, 2009). In
metabarcoding, the composition of species in a sample is usually unknown, so a universal
locus is important, to ensure sequences are obtained from all taxa in the sample
(Pompanon et al., 2012; Cheng et al., 2016). However, ‘universal’ primers never perfectly
match the targeted region in all species, so they may not be completely universal (Deagle
et al., 2014; Alberdi et al., 2018). Certain primers may successfully amplify more the
locus sequences of more species than others in a particular study (Cheng et al., 2016).
Also, some primers are designed to amplify the DNA of species from particular families.
These can be used in addition to a ‘universal’ locus to increase the resolution of taxonomic
assignments for taxa that have low variation in the ‘universal’ locus region (Hibert et al.,
2013; de Barba et al., 2014; Liu et al., 2018). Some loci may have primer binding regions
that are divergent between taxa, and hence taxa specific, rather than universal, primers
must be used (Cheng et al., 2016; Omelchenko et al., 2019). Therefore, the choice of
primers is as important as the choice of locus, and locus choice can be influenced by
primer availability.

1.3.2 Primer bias
The variation in the extent of mismatches between primers and primer binding regions
between species leads to primer bias (Alberdi et al., 2018). In some cases, the primer
binding regions may be highly diverged, preventing primers from binding completely, so
these taxa will be missing from the dataset (Omelchenko et al., 2019). Taxa with fewer
mismatches in their primer binding regions are preferentially amplified and sequenced
over those with fewer mismatches (Lobo et al., 2017). This results in some species in the
sample being over-represented (Bellemain et al., 2010; Gebremedhin et al., 2016; Pinol et
9

al., 2019). Therefore, because of the potential of mismatches, using a single primer set is
likely to always introduce bias. Using more than one locus can help minimise this bias, as
well as increasing taxonomic resolution (Alberdi et al., 2018).

1.3.3 Discrimination
Taxonomic discrimination (i.e. resolution) must also be considered when choosing a
suitable locus. Species discrimination is a measure of how well a locus can resolve to
species level (Liu et al., 2018). Some loci are only able to resolve taxa to family or genus
level, and not species level (Pompanon et al., 2012). Loci with higher interspecific
variability have better species discrimination (Luo et al., 2011). The interspecific
variability of a locus also varies between taxa. For example, the families Poaceae and
Asteraceae have low variability in the trnL locus region (de Barba et al., 2014).
Consequently, species discrimination varies both depending on the barcode locus, and on
the species analysed in the study (Li et al., 2015; Liu et al., 2018).
An effective barcode locus has broadly universal primers and good taxonomic
discrimination. However, there is a trade-off between these factors. Loci with more
universal primers tend to be in less variable regions, therefore have lower species
discrimination (CBOL Plant Working Group, 2009; Pompanon et al., 2012). Therefore, no
locus is completely ideal for a barcoding study, but it is important to find the most
effective locus, which may depend on the aim of the study. To minimise the effect of this
trade-off, a combination of two loci can be used, to combine universality and taxonomic
resolution. For example, matK and rbcL are often used together for standard plant
barcoding, and trnL and ITS1 are sometimes used together in diet metabarcoding studies
(CBOL Plant Working Group, 2009; de Barba et al., 2014).

1.3.4 Quality filtering
Erroneous sequences (artefacts) are often produced as a result of errors in PCR and
sequencing (Brown et al., 2015). For example, chimeras, which are sequences of different
species joined together, can be generated during PCR (Smyth et al., 2010). Steps must be
taken to remove erroneous sequences, to avoid false sequence diversity in analysis (Kunin
et al., 2010; Salinas-Ramos et al., 2015). False sequences are assumed to be rare, so
singletons or sequences of low copy number may be filtered out (Murray et al., 2012;
Alberdi et al., 2018). Bioinformatics are also used for quality filtering (Nichols et al.,
2016). For example, chimeras can be detected using algorithms such as UCHIME (Edgar
et al., 2011). The stringency of both quality filtering and MOTU clustering (which occurs
after quality filtering) can impact the measurement of diversity in the sample (Flynn et al.,
2015; Clare et al., 2016). Quality filtered sequences are then clustered into MOTUs
(Brown et al., 2015).

1.3.5 MOTU clustering
One of the main challenges in metabarcoding is MOTU clustering (Clare et al., 2016).
Sequences are clustered into MOTUs using a similarity threshold (the ‘clustering
threshold’) that is based on the interspecific divergence of the locus in the taxa in
question. The aim of this is for each MOTU to represent an individual species, although
this is rarely the case (Brown et al., 2015; Clare et al., 2016; Alberdi et al., 2018). There is
variability in the locus sequences of individuals of the same species, and even between
loci copies in a single individual (Flynn et al., 2015). Therefore, sequences are clustered
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into with an aim of obtaining an comparable estimate for the number of species in the
sample (Clare et al., 2016).
There are three methods for MOTU clustering. ‘De novo’ is the where sequences are
clustered without the use of a reference database and ‘closed-reference’ involves the use
of a database. ‘Open-reference’ is a combination of the two, where sequences that do not
match the reference database are clustered by the ‘de novo’ method (Kopylova et al.,
2016; Schloss, 2016). In this study, ‘de novo’ clustering was used. The advantage of the
‘de novo’ method is clustering can be carried out without the need for database coverage.
This is useful in metabarcoding studies, where there is a large range of unknown taxa
which may not all have matches to the database (Schloss, 2016).
The clustering threshold used has a large impact on the number of MOTUs produced. In
metabarcoding, the number of species is unknown, and therefore it is not possible to
determine which clustering threshold produces the most accurate number of MOTUs
(Brown et al., 2015). A commonly used MOTU clustering threshold is 97%, as the
minimum divergence between species for most loci is 3% (Hebert et al., 2003; Vetrovsky
and Baldrian, 2013; Brown et al., 2015; Alberdi et al., 2018) However, this does vary in
different taxa and loci (Brown et al., 2015; Alberdi et al., 2018). Therefore, finding the
appropriate clustering threshold is a challenge, especially as metabarcoding studies
involve samples containing a large range of unknown species, which will vary in the
genetic divergence of their locus sequences.
A lower threshold gives a lower and more conservative estimate of the number of
MOTUS (Salinas-Ramos et al., 2015; Clare et al., 2016). Studies may use this more
conservative estimate to reduce the chance of the over-estimation of diversity caused by
sequencing and PCR errors (Salinas-Ramos et al., 2015). However, a lower estimate can
result in under-splitting, where more than one species is represented by a single MOTU. A
higher threshold, i.e. closer to 100%, can result in over-splitting and the production of
artificial MOTUs, due to single species being represented by more than one MOTU
(Brown et al., 2015; Salinas-Ramos et al., 2015).
Several studies have demonstrated the impact of varying the clustering threshold on the
results of a metabarcoding study. Alberdi et al., (2018), in a study of bat diet, showed that
increasing the clustering threshold from 94% to 100% tripled the number of species. The
filtering method used prior to MOTU clustering also impacts the results of a
metabarcoding study. Clare et al. (2016), in a dietary overlap study, altered the filtering
and clustering parameters, to give 176 different estimates for the number of MOTUs.
However, while these estimates gave different measurements of dietary overlap, the
general conclusion, of an overlap in the use of food resources by two species, remained
the same. Flynn et al. (2015) used a mock zooplankton community to assess differences in
filtering and clustering methods. The estimate of the number of MOTUs varied from 60,
when the most stringent parameters were used, up to 5068, when the most relaxed
parameters were used. However, this had a small impact on the number of species
generated from the MOTUs, which ranged between 40 and 42.
While finding a single MOTU clustering threshold that produces the correct number of
species is difficult or impossible, the studies discussed here have shown that varying
MOTU numbers can have a minor effect on the results of an experiment.
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An advantage of clustering sequences into MOTUs is that it is possible to roughly
estimate the diversity of species in a sample without having a complete reference database
(Blaxter et al., 2005). Known and unknown taxa can be analysed together, or MOTUs can
be left as unknowns, for statistical analyses to be carried out (Clare et al., 2016). However,
this is not particularly useful in that the data is not comparable with other studies (Evans et
al., 2016).

1.3.6 Reference database bias
MOTU sequences are matched to reference databases, such as Genbank (Sayers et al.,
2019), to identify the species they represent (Bohmann et al., 2011; Mata et al., 2018). A
MOTU will not be identified to species level, or may be identified incorrectly, if its
corresponding matching sequence is not in the database (Bohmann et al., 2011;
Richardson et al., 2015a). Therefore, an incomplete database can limit taxonomic
resolution in some species or families (Kesanakurti et al., 2011). Also, only MOTUs that
are resolved to a suitable taxonomic level will be used in the analysis of a study.
Therefore, the results will be bias towards taxa that have been identified, and MOTUs that
are not identified to any taxonomic level will be missing from the results (Bohmann et al.,
2011). Consequently, depending on database coverage, a metabarcoding study will not
always give an accurate representation of the species composition of an environmental
sample.

1.4 Plant metabarcoding applications
Metabarcoding, the identification of species in a sample by DNA sequencing, has proved
to be useful in providing more precise details about biological and ecological processes.
Kartzinel et al., (2015) used metabarcoding to analyse the faeces of large mammalian
herbivores, to find out about dietary niche partitioning. Previous studies of dietary niche
partitioning used stable isotope analysis, and showed how diet varied along a continuum
between browsers and grazers, and also between ruminants and non-ruminants (Cerling et
al., 2003; Codron et al., 2007). This study used the trnL-P6 locus due to its conserved
primer sites and high interspecific variation. Metabarcoding also showed the broad diet
differences shown using stable isotope analysis. However, it also provided much more
precise information about the diet, showing how diet different between individual species,
even those that were grazers of the same size and digestive physiology.
Raye et al., (2011) used the trnL-P6 locus to study the diet of the alpine chamois. Using
metabarcoding identified diet items to a high taxonomic resolution. This enabled the diets
of individuals to be distinguished, and how they varied throughout the year.
Richardson et al., (2015a) used metabarcoding in a novel way, to identify the pollen
collected by bees in an agricultural landscape. The ITS2 locus was used, with the aim of
genus level identification. In comparison to the more traditional method of microscopic
identification of pollen, using metabarcoding revealed a much greater diversity of plant
genera, and was especially useful at detecting pollen that is difficult to identify
microscopically. However, metabarcoding identified some plant species that were unlikely
to be present in the landscape, and it is possible that this was due to PCR or sequencing
errors, or misidentifications due to an incomplete reference database. Despite these
limitations, using metabarcoding still gave more precise information about the taxonomic
identities of pollen collected by the bees.
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Overall, these examples have shown how metabarcoding enables the taxa in
environmental samples to be identified to much greater taxonomic resolution than
previously, giving more precise details about ecological processes.

1.5 Dietary analysis
As demonstrated by Raye et al., (2011) and Kartzinel et al., (2015), DNA metabarcoding
can be used to analyse diet, and provide greater taxonomic detail than other methods of
dietary analysis. Understanding the diet of a species has many different uses. These
include showing how the species fits into the food web (Valentini et al., 2009), suggesting
how resource availability might impact species abundance (Ambrose and DeNiro, 1986)
and showing if an animal is an agricultural pest (Korine et al., 1999). As well as DNA
metabarcoding, there are a few other methods of diet analysis.
Direct observation is perhaps the most obvious method of dietary analysis, and it can be
useful if the subject species and what they are feeding on are both easily identified. Perrin
and Brereton-Stiles, (1999) and Kleynhans et al., (2011) both used direct observation to
study resource partitioning in large African savannah herbivores. It was an effective
method in this case because the animals were feeding in an open space in the day time, so
were easily observable. However, direct observation is time and labour intensive, and diet
items are not always identifiable (Garnick et al., 2018). Also, for small, secretive or
nocturnal animals, direct observation is difficult or impossible, so other dietary analysis
methods must be used (Ambrose and DeNiro, 1986; Korine et al., 1999).
The stable isotope ratios of tissues or faeces correspond to diet composition. Carbon
isotope ratios can distinguish between browsers and grazers. The 13C /12C ratio is more
pronounced in C3, which are browsed plants (trees and shrubs) than C4 plants, which are
grazed plants (grass) (Ambrose and DeNiro, 1986; Codron et al., 2007). The ratio of 15N
to 14N isotopes can be used to distinguish between herbivores and carnivores, as the
concentration of 15N increases up the trophic level (Ambrose and DeNiro, 1986). Stable
isotope analysis is very useful for looking at energy flow through and between
ecosystems. An advantage over metabarcoding is that stable isotope analysis can give long
term diet information, by measuring isotope levels in bone collagen (Pompanon et al.,
2012). Metabarcoding can only show what an individual has eaten in recent days or hours.
However, the taxonomic resolution achieved using stable isotope is very low (Pompanon
et al., 2012).
Microhistological analysis is the identification of food remains in stomach contents or
faeces using a microscope (Forsyth and Davis, 2011). A reference collection is used to
compare samples to for identification (Forsyth and Davis, 2011; Nichols et al., 2016).
Microhistology is very accurate and particularly useful, as it can give a much more
reliable quantitative estimation of diet than metabarcoding can (Garnick et al., 2018).
However, it is labour intensive and requires taxonomic expertise (Soininen et al., 2009;
Nichols et al., 2016). Diet items become unidentifiable with digestion, so bias can be
towards more easily identifiable fragments, which are usually those that are less easily
digested (Baamrane et al., 2012).
Studies that have compared metabarcoding with other forms of dietary analysis, such as
microhistology, have shown that metabarcoding gives much higher taxonomic resolution

13

and detects a larger diversity of species (Raye et al., 2011; Baamrane et al., 2012; Nichols
et al., 2016; Deagle et al., 2019). Diet items that are too degraded for identification by
microhistology can still be identified using DNA metabarcoding (Nichols et al., 2016). A
main advantage of metabarcoding is that hundreds of samples can be sequenced at once,
allowing identification of species in the diets of hundreds of individuals at once (de Barba
et al., 2014; Kartzinel et al., 2015; Lopes et al., 2015; Galan et al., 2018). Therefore
metabarcoding is a useful form of dietary analysis when the priority is identifying to
species in hundreds of samples at once, to a high taxonomic resolution.
However, metabarcoding does have some disadvantages as a method of dietary analysis.
General metabarcoding limitations, such as the determining the correct MOTU clustering
threshold, can have a large impact on the results (Stein et al., 2014; Alberdi et al., 2018).
Also, quantitative estimation of diet is perhaps less reliable than if microhistological
analysis was used (Elbrecht and Leese, 2015; Pinol et al., 2019).

1.6 Key considerations in diet metabarcoding
1.6.1 Degradation of samples
The DNA in faeces and stomach contents is degraded, and this can cause problems in
metabarcoding for dietary analysis (Deagle et al., 2006; Pompanon et al., 2012; Bohmann
et al., 2014). DNA becomes damaged during digestion, which means the majority of DNA
fragments in faeces will be of short length (Deagle et al., 2006). Therefore, longer loci
have lower amplification success in degraded samples, as longer lengths of DNA are rarer
(Pompanon et al., 2012; Deiner et al., 2017). Amplification success is a measure of the
number or percentage, of samples that are successfully amplified using a particular set of
primers. The fragment length that can be amplified in degraded samples varies between
species, but on average, it is suggested that lengths of <250bp are suitable for amplifying
degraded DNA (Deagle et al., 2006; Meusnier et al., 2008; Valentini et al., 2008;
Pompanon et al., 2012; Nichols et al., 2018). In general, there is an inverse relationship
between amplification success and amplicon length (Deiner et al., 2017).
However, longer fragments can be amplified in degraded samples. For example, Erickson
et al., (2017) used a 379bp fragment of rbcL to study the diet of white-tailed deer.
However, it is likely that using a longer locus results in missing information from the
species whose DNA is too degraded to amplify when using this locus (Deagle et al.,
2006).
Variation in amplicon length is also a source of bias. Shorter length amplicons are
preferentially amplified and sequenced over longer amplicons and therefore overrepresented (Wang et al., 2015; Gebremedhin et al., 2016; Deiner et al., 2017).
This suggests that, in general, short loci will give a more accurate idea of the diet of a
species. However, shorter loci tend to have lower interspecific variability, most simply
because there are less possible variations in base pair sequence. This means shorter loci
have lower taxonomic resolution (CBOL Plant Working Group, 2009; Pompanon et al.,
2012; Clare et al., 2014; Deiner et al., 2017). The choice of locus is therefore very
important in diet metabarcoding. A locus must be short enough to be amplified in
degraded samples, but also have high interspecific variation to distinguish between
species. This is an additional complication to the trade-off between interspecific
variability and universality that occurs in standard barcoding (Li et al., 2015). A
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metabarcoding locus needs universal primers, as the species composition of the sample
analysed is often unknown and very diverse (Meusnier et al., 2008).
High interspecific variability is not always related to length. Taberlet et al., (2007)
compared the taxonomic resolution of the 10-143bp trnL P6 and 91-98 bp rbcL. There is
no obvious length variation between these loci, but trnL still had higher taxonomic
resolution than rbcL, with 24% of sequences to species level, compared to 16% for rbcL.
This suggests that trnL is a more variable locus than rbcL in general.
Traditional barcoding loci such as matK and rbcL are usually around 500bp or longer,
therefore are unsuitable for degraded DNA (Valentini et al., 2008; Murray et al., 2012).
So, other loci must be selected, or different primers used to amplify shorter fragments.
Primer choice influences the amplicon length, and therefore can affect amplification
success. So, primers could be selected to amplify a short region, suitable for degraded
DNA, of a locus with high interspecific variation. For example, the chloroplast locus trnL
has high interspecific variation, and primers g and h can be used to amplify a short region
of it, the 10-143bp P6 loop (Taberlet et al., 2007; Murray et al., 2012). Murray et al.,
(2012), in a study of ancient faeces DNA, successfully amplified this P6 loop, but had no
success in amplifying the full length trnL locus.
Both locus length and position are important for species discrimination (Hajibabaei et al.,
2006). Although short loci have limited taxonomic resolution (Zeale et al., 2010), some
can still discriminate to species level to a certain extent (Taberlet et al., 2007; Valentini et
al., 2009; Kartzinel et al., 2015). For example, using trnL P6, Gebremedhin et al., (2016)
resolved 29.8% of sequences to species level, and Pegard et al., (2009) resolved 24.4%.
Also, although longer loci have low amplification success, they can still be used. They are
unlikely to amplify in all samples, so short core locus with universal primers may be used
in addition, to ensure all species are amplified (Meusnier et al., 2008; Pompanon et al.,
2012). The locus ITS1, which can be up to 500bp (Wang et al., 2015), has been used in
addition to a core barcode, to increase taxonomic resolution. For example, Hibert et al.,
(2013), in a study of tapir diet, designed a family specific ITS1 reverse primer for the
Sapotaceae family, as it is a common family in the study site and the tapir diet. Baamrane
et al., (2012) used ITS1 specifically to increase taxonomic resolution in the Poaceae and
Asteraceae families, as these have low sequence variation in the core barcode trnL.
Therefore, there are many factors to consider when selecting loci for diet metabarcoding,
and often no locus is ideal, due to trade-offs between amplification success and taxonomic
resolution.

1.6.2 Quantitative diet estimates
When using metabarcoding for dietary analysis, ideally, the number of sequences
corresponding to each diet item should reflect the actual abundance of that diet item that
was consumed (Bohmann et al., 2014; Pinol et al., 2019). This relationship must remain
after PCR amplification and through other steps in the metabarcoding process (Pompanon
et al., 2012), but there are several factors that prevent this.
The extent of mismatches in the primer binding regions of loci varies between species
(Elbrecht and Leese, 2015). Some species are preferentially amplified over others, due to
having less mismatches in their primer binding regions (Pinol et al., 2019). There will be a
higher number of sequences present for these preferentially amplified species, resulting in
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them appearing to contribute to a higher proportion of the diet than is true (Pompanon et
al., 2012; Nichols et al., 2016; Pinol et al., 2019).
Pinol et al., (2019) showed that in some primer pairs, there is a significant linear
relationship between the abundance of species before and after PCR. However, this
correlation is only reliable when the exact species composition is known. Therefore,
metabarcoding may be quantitative depending on the primer pair used. A way of
minimising primer bias is to select primers for which there is low variance in the number
of mismatches between different species (Pinol et al., 2019).
Length related bias also affects the ability to make a quantitative estimate of diet (Wang et
al., 2015; Cheng et al., 2016), particularly if the length of a locus varies between species.
Shorter loci are preferentially amplified over longer loci, so there will be more sequences
amplified for species of shorter loci, resulting in them appearing more abundant than they
actually are (Raye et al., 2011; Pompanon et al., 2012) Selecting primers with minimal
length variation may help prevent this amplicon length bias (Pompanon et al., 2012).
Variation in primer mismatches and locus length mean some sequences are preferentially
amplified by PCR over others. Therefore, several studies have proposed avoiding PCR to
avoid this amplification bias (Zhou et al., 2013; Elbrecht and Leese, 2015; Pinol et al.,
2019). Instead, samples could be directly sequenced, or whole mitochondrial genome
sequencing could be used (Bista et al., 2018). However, this is not possible in diet
metabarcoding, because samples are degraded, so long fragments cannot be sequenced,
and often DNA is in low concentration and therefore needs to be amplified by PCR before
it can be sequenced (Deagle et al., 2006; Pinol et al., 2019). There are also other sources
of error in addition to amplification bias.
Metabarcoding of faeces adds the additional problem of variability in digestion rates, that
prevents metabarcoding from being quantitative. If one diet item is less digested than
another, it will be more intact in faeces, more easily detected, and therefore overrepresented in the results (Deagle and Tollit, 2007; Pompanon et al., 2012). Presumably,
larger and harder diet items will remain more intact after digestion (Clare et al., 2009),
which suggests their DNA will be less degraded, easier to amplify, resulting in them being
over represented.
Occasionally, quantitative data is used in metabarcoding, and has produced what appear to
be reliable results. For example, Nichols et al., (2016) found a significant correlation
between the log proportion of DNA reads and the log proportion of macroscopic weight,
suggesting metabarcoding could be quantitative. However, in most cases, it is suggested
that metabarcoding cannot be used for quantitative assessment of species.
It is possible to estimate diet in a semi-quantitative way when metabarcoding the diet of a
large number of individuals of the same species, by using frequency of occurrence (Raye
et al., 2011). Detecting a particular diet item in a large proportion of the individual
samples would suggest it forms a large proportion of the diet of that particular species.
This method uses presence-absence data. In most situations, it is preferable to use
presence-absence data, as it is more reliable than sequence abundance data (Elbrecht and
Leese, 2015).
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1.7 Dietary analysis to construct food webs
Understanding how species interact is vital to find out about the structure and function of
ecosystems (Evans et al., 2016). Knowing about the diet of a species shows where it fits
into the food web, which in turn may enable understanding of its ecological function, such
as if it provides an ecosystem service such as pest control (Korine et al., 1999; Pompanon
et al., 2012; Jedlicka et al., 2017). Using molecular methods, such as DNA
metabarcoding, to analyse species interactions, is easier and more precise than direct
observation or morphological identification, particularly for interactions that are difficult
to observe (Pompanon et al., 2012; Evans et al., 2016). In metabarcoding, locus sequences
are pooled for a single sequencing run. However, loci can be tagged with unique
sequences, so specific interaction data can be gathered, such as distinguishing the diet of
different individuals (Evans et al., 2016). Knowing the ecological functions of species and
how they interact also means it is possible to identify keystone species, which interact
with and support many other species, and are therefore vital for conservation (Jordan,
2009).

1.8 Ecosystem services
Maintaining biodiversity is important because it is the source of ecosystem services, such
as pollination or pest control, which provide huge benefits to agricultural production
(Fischer et al., 2008, 2014; Cardinale et al., 2012; Naeem et al., 2012). Tropical forests
are particularly biodiverse (Harvey et al., 2006; Gardner et al., 2009). However, the
clearing of tropical forests due to conversion to agricultural land results in a loss of
biodiversity and the ecosystem services it provides (Foley et al., 2005; De Beenhouwer et
al., 2013). Therefore, there is a need to balance biodiversity and agricultural production, to
maintain ecosystem services and conserve species (Fischer et al., 2008).
Tropical crops, such as cacao, can be grown amongst a diversity of native trees, in a
system of agroforestry (Sonwa et al., 2007; Mbolo et al., 2016). This tree diversity
supports a wealth of animal diversity (Harvey et al., 2006; De Beenhouwer et al., 2013).
For example, Tallamy and Shropshire, (2009) showed that native trees supported around
four times the number of Lepidoptera species than introduced (non-native) plants. Using
agroforests means biodiversity, and therefore the ecosystem services it provides, are
retained (Steffan-Dewenter et al., 2007; Sonwa et al., 2017). Therefore, if managed to
support biodiversity, agroforestry can be a sustainable method of agriculture.
High tree diversity supports bird and bat diversity (Waltert et al., 2005; Maas et al., 2015),
and in turn birds and bats can benefit agriculture. For example, Maas et al., (2013)
excluded birds and bats from a patch of cacao agroforest in Indonesia, and demonstrated
that pest control by birds and bats increased cacao yield by 31% and saved 730 USD per
year. Van Bael et al., (2007) showed that birds reduced arthropod abundance, decreasing
plant damage in agroforests. In Cameroon Agroforests, shade tree cover can be useful in
providing habitat for ants, and a decline in shade cover resulted in increased herbivory of
cacao trees (Bisseleua et al., 2009). Maintaining tree diversity supports the diversity of
animals higher up the food chain. These animals can benefit agriculture by providing
ecosystem services.
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1.9 Study site and study species
1.9.1 Cacao agroforest
In southern Cameroon, cacao is a major source of income for many farmers (Gockowski
and Dury, 1999; Jagoret et al., 2011). It is traditionally grown in an agroforest system,
which can be more sustainable than cacao monoculture practices in other countries, such
as Côte d'Ivoire, where management is far more industrial and cacao trees are often grown
under few or no shade trees (Gockowski and Dury, 1999; Sonwa et al., 2007; Jagoret et
al., 2011). Some trees are typically cleared from Cameroonian agroforests to plant cacao,
but a large variety, with different benefits, are retained. These include those that provide
shade, and keep the soil cool and moist (Mbolo et al., 2016). Shade trees also benefit
cacao trees by protecting them from precipitation, supplying organic matter to the soil in
the form of leaf litter, and also have been shown to promote production in older cacao
trees (Ahenkorah et al., 1974; Rice and Greenberg, 2000). Fruit and timber trees are also
planted, providing some additional income to the farmers (Zapfack et al., 2002; Sonwa et
al., 2007; Bisseleua et al., 2009; Jagoret et al., 2011; Mbolo et al., 2016). These
Cameroon agroforests have a complex and diverse structure, providing a habitat for
wildlife and maintaining biodiversity, and therefore ecosystem services (Rice and
Greenberg, 2000; Bisseleua et al., 2009; De Beenhouwer et al., 2013; Sonwa et al., 2017).
Therefore, although agroforestry may provide a lower yield than monoculture (Bisseleua
et al., 2009; Jagoret et al., 2011), it does provide many other advantages which may offset
the lower yield.

1.9.2 Bats
Common bat species in the agroforests include insectivorous species Hipposideros ruber
and Rhinolophus alcyone, and frugivorous species Epomops franqueti, Micropteropus
pusillus and Rousettus aegyptiacus. These bats roost in caves, buildings or trees (Decher
and Fahr, 2005; Nkrumah et al., 2016). For example, H. ruber mostly roosts in caves, but
occasionally will roost in trees (Nkrumah et al., 2016) and R. aegyptiacus roosts in large
groups in caves or artificial structures such as mines or bunkers (Kwiecinski and Griffiths,
1999). Insectivorous bats select habitats depending on the availability of insect prey, and
this in turn depends on the availability of plants that provide habitat and food for the insect
prey (Nkrumah et al., 2016).

1.9.3 Shade trees
Trees with useful products are common in the agroforests, including timber trees such as
Terminalia superba and Albizia adianthifolia and fruit trees such as Mangifera indica
(Mango) and Dacryodes edulis (African Plum). Tree diversity is high in cacao agroforests,
but often, native forest trees are being replaced by exotic crop species (Sonwa et al.,
2007).

1.10 Rationale for this study
The goal of the wider project is to identify which shade tree species support high levels of
biodiversity, and to find out if this biodiversity provides ecosystem services that benefit
the cacao production. Analysing the faeces of frugivorous and insectivorous bats will
show which shade tree species are required to support these bats.
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Metabarcoding may provide direct and indirect formation about diet. Metabarcoding the
faeces of frugivorous bats using plant primers will identify their diet directly. This is
useful to show which tree species are important to support a diversity of frugivorous bat
species. A possible theory is that metabarcoding the faeces of insectivorous bats using
plant primers will indirectly identify plant species that were eaten by the bats’ insect prey.
However, it is not yet known whether it is possible to sequence DNA that has passed
through both the insect and bat digestive systems. There could be other reasons for plant
presence in insectivorous bat faeces. For example, some insectivorous bats roost in trees
(Decher and Fahr, 2005; Nkrumah et al., 2016), so may have unintentionally ingested
plant fragments. However, if it is possible to detect plant species eaten by the insects, then
detecting cacao sequences would potentially show if the bats are feeding on pests of the
cacao.
To analyse bat diet, direct observation or microhistological analysis are not possible
(Zeale et al., 2010). Insectivorous bats feed aerially and in the dark, and chew up or avoid
larger prey fragments, so they cannot be identified morphologically in faeces (Clare et al.,
2009; Zeale et al., 2010; Bohmann et al., 2014). Also, any plant material in the faeces of
insectivorous bats is likely to be minimal and very degraded. In this study, high taxonomic
resolution is required, in order to identify important tree species. Therefore, DNA
metabarcoding is the only realistic method of dietary analysis in this study.
In a preliminary study, the rbcL locus was used to analyse the faeces samples of bats in
the Cameroon cacao agroforest (A.J. Welch, unpublished). However, this locus gave very
low taxonomic resolution, with just 2% of MOTUs resolved to species level. This was too
low to gain useful information about important tree species supporting bat biodiversity.
The aim of this study was to design and test the effectiveness of new metabarcoding loci,
to improve taxonomic resolution. The goal was to design loci that could achieve species
level resolution, although, as discussed, this is not always possible in diet metabarcoding
studies.
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2 MATERIALS AND METHODS
2.1 Study sites
Cameroon has a tropical humid climate, with the main dry season between December and
February, a mini dry season in July and August, and wet seasons for the remainder of the
year. Bat faeces samples were collected in sixteen cacao plantations in Southern
Cameroon, consisting of eight traditional agroforests, six fruit tree and two full sun
plantations. Data collection occurred during two field seasons, in August-September 2017
and in January-February 2018.

2.2 Sample Collection
Insectivorous and frugivorous bats were caught by passive mist netting using 20m by 20m
nets, between 6pm and 12am. Individuals were identified, and their weight, sex and size
were measured. They were then then released after they had produced faeces. Faeces were
stored in Longmire buffer with 2% SDS (Sodium dodecyl sulphate). In this study, the
diets of five insectivorous species and five frugivorous species were analysed (Appendix
A). The most common were two insectivorous species, Hipposideros ruber and
Rhinolophus alcyone, which were collected on almost every farm. Bark and leaf samples
were collected from trees on farms in the Ayos landscape, and identified by botanist
Hermann Taedoumg of Bioversity International. Plant samples were stored in silica.

2.3 Locus and Primer Selection
2.3.1 Literature review to identify candidate metabarcoding loci
A literature review of barcoding and metabarcoding studies was conducted to determine
which barcode genes and primers would be suitable for this study. Google Scholar and
Web of Science were used, with key search terms including: ‘Plant barcoding’, ‘faeces
metabarcoding’ and ‘diet metabarcoding’. Some papers compared the effectiveness,
universality and taxonomic resolution of barcode loci and primers, and others were
empirical studies of dietary analysis by metabarcoding faeces or rumen content. For each
barcode locus, the amplicon length, primers used, their universality, and the taxonomic
resolution achieved was recorded (Appendix B). Candidate loci were chosen based on
taxonomic resolution to species level, if they were effective on degraded DNA samples,
and if there were universal primers available. Selected loci and primers are recorded in
Table 1.
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Table 1: Barcode loci and primers chosen from the literature review

Locus Primer
trnL
trnL-c

Direction
F

Primer Sequence (5’-3’)
CGAAATCGGTAGACGCTACG

Reference
1

trnL

trnL-d

R

GGGGATAGAGGGACTTGAAC

1

trnL

trnL-g

F

GGGCAATCCTGAGCCAA

1

trnL

trnL-h

R

CCATTGAGTCTCTGCACCTATC

1

trnH

psbA3f

F

GTTATGCATGAACGTAATGCTC

2

trnH

trnHf

R

CGCGCATGGTGGAATTCACAATCC

3

ITS1

ITS1

F

AGAAGTCGTAACAAGGTTTCCGTAGG

4

ITS1

5.8S1

R

AGAGCCDAGATATCCRTTGC

5

ITS1

5.8S2

R

ACGGGATTCTGCAATTCACAC

5

ITS1

ITS2

R

GCTRCGTTCTTCATCGATGC

6

Note: R: A/G, D: A/G/T
References: [1] Taberlet et al., 2007; [2] Sang et al., 1997; [3] Tate and Simpson, 2003 [4]
China Plant BOL Group et al., 2011 [5] This study [6] Stanford et al., 2000

2.3.2 Identification of common shade tree families
A list of the seven most common tree families found in Cameroonian cacao forests was
compiled, using information from several sources (Table 2). These included species
identification carried out by botanist Hermann Taedoumg at the EBA001 site in the Ayos
landscape and the top 18 shade tree species list (Sonwa et al., 2017).
Table 2: The seven top plant families found in
the Cameroon cacao agroforests

Anacardiaceae
Apocynaceae
Combretaceae
Moraceae
Phyllanthaceae
Fabaceae
Malvaceae

Locus sequences of species in the top seven families were aligned with the primers, to
calculate the percentage divergence between species. Locus sequences of cacao
(Theobroma cacao) were aligned with the primers to estimate locus lengths.
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2.3.3 Designing primers for trnH-psbA and ITS
The existing primer pair for the trnH-psbA spacer (psbA3f/trnHf) amplifies a long region
of 281-660bp (Sang et al., 1997; Tate and Simpson, 2003; Kress et al., 2005), and
therefore produces fragments that are too long for degraded faecal samples. The reverse
primers used to amplify ITS regions are often family specific (e.g. Baamrane et al., 2012;
Hibert et al., 2013; de Barba et al., 2014; Lopes et al., 2015). Therefore, a reverse primer
was designed specifically for the common families in the study site.
To design primers, barcode sequences of species belonging to seven common families
were collected from the Genbank nucleotide database (Sayers et al., 2019) and aligned to
find conserved regions that would be suitable for primer design (Table 3). For each locus,
the sequences were aligned in MAAFT online version 7 (Katoh et al., 2017) and
visualised in Sequencher version 5.4.6 (2017). However, trnH-psbA does not contain an
internally conserved sequence suitable for primer design, so the original existing primers
(trnHf and psbA3f) were tested. For the ITS segment, Primer3 4.1.0 (Untergasser et al.,
2012) was used to design reverse primers to bind to the 5.8S segment of the locus, to be
used with the forward primer ITS1 (Figure 1) (China Plant BOL Group et al., 2011).
Table 3: The species whose barcode locus sequences were aligned in primer design, along with their
corresponding families, the size of the barcode locus and Genbank accession number (unique reference to
Genbank record).

Family

Species name

Size of
locus (bp)

Genbank Accession
number

Anacardiaceae

Mangifera indica

1099

KJ833766

Anacardiaceae

Rhus chinensis

744

AB539919

Apocynaceae

Sisyranthus compactus

670

AJ310795

Combretaceae

Conocarpus sericeus

837

FJ381784

Combretaceae

Terminalia arjuna

695

FJ381783

Moraceae

Morus bombycis

691

AM042006

Moraceae

Ficus boninsimae

673

AB485917

Phyllanthaceae

Phyllanthus emblica

651

LC089029

Fabaceae

Oxytropis pilosa

676

AM401574

Malvaceae

Napaea dioca

682

AJ304940
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Figure 1: Part of the internal transcribed spacer region of Rhus chinensis as an example species,
showing positions of the variable region ITS1 and conserved regions 18S and 5.8S. The positions where
the chosen primers bind: ITS1 and 5.8S2 are also shown.

2.3.4 Assessment of reference taxonomic database
A search of the Genbank nucleotide database was carried out to estimate how many
Cameroonian plant taxa it contains with records for the selected barcode regions. The
search box entry “Locus name/country=Cameroon” was used, for the following loci
names:
trnH-psbA, psbA-trnH, psbA; tRNA-Leu (trnL), trnL, trnL-trnF; 18S ITS1 5.8S, 18S ITS1
Data for neighbouring countries was also searched, but there were very few records. This
search revealed around 200-300 records for each locus, which was sufficient for use in this
study. Therefore, these barcode loci were selected to test (Table 1).

2.4 Laboratory work
2.4.1 Primer optimisation
Plant DNA extraction was carried out using the QIAGEN DNeasy Plant Mini kit, with a
QIAGEN Tissuelyser II used for tissue disruption. Some modifications were made to the
protocol involving the sample homogenisation steps (Appendix C).
The success of the DNA extractions was then tested by PCR amplification using the
QIAGEN Multiplex PCR Kit. The PCR recipe contained of 5.3µL of water, 0.6µL at
10µM of each primer, 7.5µL multiplex and 1µL DNA. Universal rbcL primers that had
previously been shown to work on Cameroonian plant DNA were used in multiplex:
rbcLxpine 3/4, 5/6 and 7/8 (Table 4) (Jarrett et al., in prep). PCR conditions for rbcL
primers were an annealing temperature of 50°C and 30 seconds 72°C extension. The PCR
products were visualised on a 2% agarose gel alongside a low molecular weight DNA
ladder to determine success.
Table 4: rbcL loci and primer sequences used to test plant DNA extraction

Primer
rbcLxpine3
rbcLxpine4
rbcLxpine5
rbcLxpine6
rbcLxpine7
rbcLxpine8

Direction
F
R
F
R
F
R

Primer sequence (5'-3')
CTAAATTGGGATTATCCGCT
AGCGGTCTCTCCAACGCATA
TTTCACTCAAGATTGGGTTTCT
ATTTCCCCAAGGGTGTCCTA
CTCCTGAATATGAAACCAAAGA
GTAGCAGCGCCCTTTGTAAC
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To test the effectiveness of the primers, PCR was carried out using extracted plant DNA.
The annealing temperature and length of the 72°C extension were varied to find the
optimal PCR conditions for each primer pair. Once they were shown to be effective, the
primers were tested on DNA from faeces (see next section). Further optimisation of the
PCR conditions was carried out, and optimal conditions for each primer pair were
recorded (Table 5). After carrying out PCR, gel electrophoresis was used to visualise the
success. PCR products were run on a 2% agarose gel alongside a low molecular weight
DNA ladder. After testing all primer pairs on faeces DNA, it was concluded that trnL c/h
and ITS1/5.8S2 had the highest amplification success rates. Therefore, these primer pairs
were used with all faecal samples.

Table 5: Optimal conditions for each primer pair, found by PCR optimisation using both
plant DNA and DNA extracted from faeces samples.

Primer Pair

Annealing temperature
(°C)

Length of 72°C extension
(Seconds)

trnL c/d
trnL g/h
trnL c/h
psbA3f/trnHf
ITS1/5.8S_1
ITS1/5.8S_2
ITS1/ITS2

49
55
52
60
50
49
50

60
30
30
60
30
30
30

2.4.2 Metabarcoding
Bat faecal DNA extraction was carried out using the QIAamp Fast DNA Stool Mini Kit. A
modified version of the protocol was followed, involving more vigorous cell disruption
and a longer lysis time (Appendix D).
Of the faeces samples that had amplified with PCR successfully, those with the brightest
bands were prepared for sequencing. This consisted of 99 individual bat samples, 91 of
which had trnL sequences and 83 of which had ITS1 sequences (Appendix A).
Triplicate PCRs (as described by Alberdi et al., 2018) were carried out on each sample
with trnL c/h and ITS1/5.8S primers, using the optimal PCR conditions found for each
primer. The PCR recipe was contained 6.1µL of water, 0.2µL at 10µM of each primer,
7.5µL Multiplex and 2µL DNA. The PCR primers used for metabarcoding contained part
of the illumina adapter as an overhang on their 3’ end. The illumina overhang sequences
are as follows:
Forward primers trnL-c and ITS1:
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-[primer sequence]
Reverse primers trnL-h and 5.8S2:
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-[primer sequence]
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PCR success was visualised using a 2% agarose gel. Successful triplicate PCR products
were then pooled to make one 15ul PCR product per sample.
DNA samples were cleaned using Sera-mag speed beads (Thermo Fisher Scientific),
which were made into a solution using the protocol of Rohland and Reich, (2012) with
0.6x beads. The DNA concentration for each locus for each sample was measured using
Qubit dsDNA High Sensitivity Kit (Thermo Fisher Scientific) and then the PCR products
for each sample were pooled in equal concentrations.
Indexing PCR was carried out to extend the Illumina sequencing adapters to full length
and add an individual specific pair of indices. PCR was carried out using KAPA Hifi
Hotstart readymix PCR kit (Roche), with an initial cycle of 95°C for 3mins, then 98°C for
30secs, followed by 12 cycles of 98°C for 10secs, 63°C for 30secs, 72°C for 3 mins. The
indexing PCR recipe contained 10µL water, 25µL Kapa Hifi Mastermix, 2.5µL of each
primer and 10µL DNA. The indexed samples were cleaned using Sera-mag speed beads as
before, and their concentration was measured using qubit. 2ul of each sample was run on a
2% agarose gel with a low Molecular Weight DNA ladder.
Libraries were validated on the Agilent 2200 TapeStation system, using High Sensitivity
D1000 ScreenTape, for a subsample of eleven individuals, to estimate the average DNA
fragment sizes. The qubit concentration and estimated fragment sizes were then used to
calculate the nM concentration of each sample, and these values were used to dilute the
samples so they could be pooled together in equal nM concentrations. The final
sequencing pool was validated on the TapeStation, as above. The concentration of the pool
was determined via qPCR using Kapa Universal Library Quantification Kit, and then the
pool was sequenced on an Illumina MiSeq, with a 250bp paired end lane.

2.5 Bioinformatics
First, quality control of the data was carried out. Unless otherwise noted, default settings
were used. CutAdapt was used to trim off any remaining Illumina adapter sequences.
Reads were trimmed according to quality using Sickle (Joshi and Fass, 2011) and those
below a length threshold (of 30bp) were removed. BayesHammer (Nikolenko et al., 2013)
was used for further error correction and the removal of highly erroneous sequences.
Forward and reverse reads were merged using PEAR stand-alone (Zhang et al., 2014). A
custom python script, SortByLocus.py was used to split sequences for each sample
according to locus, based on the first 40bp of the merged reads, which include the primer
sequences. CutAdapt was used to trim off PCR primer sequences. Chimera detection was
performed using DAMe in conjunction with usearch (Edgar et al., 2011; Zepeda-Mendoza
et al., 2016). MOTUs were clustered using a de novo method with Sumaclust (Mercier et
al., 2013). Several possible clustering thresholds were tested to find the most appropriate
(see results).
Following Alberdi et al., (2018), taxonomy was assigned via a BLAST search of the
Genbank NT database (Sayers et al., 2019). The top 20 Genbank matches were retrieved
and those with the highest bitscore were retained. The consensus taxonomy that agreed
among these hits was determined, and taxonomy was assigned to the MOTUs based on
percent identity: For matches ≥95%, order-level taxonomy was assigned, for ≥96.5%,
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family-level and for ≥98%, genus and species level. MOTUs with less than five sequences
were discarded.

2.6 Data analysis
Sequence data from Rhinolophus alcyone (27 samples) and Hipposideros ruber (22
samples) (insectivorous bats) from a previous experiment (A.J. Welch, unpublished) using
the rbcL locus with rbcLxpine3 and rbcLxpine4 primers was also analysed. The 99
samples in this sequencing run included the same 49 R. alcyone and H. ruber samples.
Each of the 49 samples contained sequences for at least two of the three loci. The
remaining 50 samples in this run corresponded to bats of other species. Total numbers of
bat species for each locus are listed in Appendix A. Analysis was carried out for the 49 R.
alcyone and H. ruber bat sample using all three loci, and for the total 99 bat samples using
just trnL and ITS1.
Only MOTUs that resolved to the phylum Streptophyta were used, to ensure that only
plant sequences were included. Streptophyta includes embryophytes (land plants) and
charophytes (some algae) (Bremer, 1985; Adl et al., 2019). MOTUs that had no match in
Genbank or were unique to negative control samples were also discarded from further
analysis. The number of sequences and non-unique OTUs in the negative control sample
were recorded.
Unless otherwise noted, taxonomic resolution was calculated as the percentage of MOTUs
that were assigned species level. The frequency of occurrence (FOO) was calculated for
each family, as the number of occurrences of a MOTU of that family in the diet.
Principle Co-ordinates analyses (PCoAs), and bar plots were constructed using Qiime v1.9
(Caporaso et al., 2010). Samples were rarefied randomly to include 3000 sequences from
each bat sample. This was done to ensure the largest number of samples could be included
in the analysis. PCoAs were used to compare R. alcyone and H. ruber samples between
each of the three loci, and insectivores and frugivores using trnL and ITS1. Alpha
diversities of insectivorous and frugivorous bats were also calculated using Qiime, and a ttest was carried out to compare mean alpha diversities between insectivores and
frugivores.
Statistical analyses were carried out using RStudio (RStudio Team, 2016) and the package
dplyr. The number of MOTUs in present in the faeces of insectivorous and frugivorous
bats, for both trnL and ITS1 sequence data, was analysed using a shapiro-wilk normality
test (shapiro.test), followed by a Mann-Whitney U test (wilcox.test) to compare the
number of MOTUs between insectivores and frugivores. The number of cacao sequences
present in the faeces of insectivorous and frugivorous bats, for trnL sequence data only,
was analysed using the same statistical tests. The package ggpubr was used to construct
box plots (ggboxplot) to visualise the Mann-Whitney U test results.
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3 RESULTS
3.1 Metabarcoding loci and amplification success
Chloroplast locus trnL, with c and h primers, and nuclear ribosomal locus ITS1, with ITS1
and 5.8S2 were selected to use in metabarcoding (Table 1). C and h primers had
amplification success equal to g and h primers. ITS1 and 5.8S2 had the highest
amplification success of all the ITS1 primers tested, when used to amplify the loci of
shade tree samples. trnH-psbA had very low amplification success, so was discarded from
further analysis. The chosen loci successfully amplified the majority of the shade tree
samples they were tested on (Table 6).
Table 6: The 18 shade tree samples that were used to test the loci on, and whether they were
successfully amplified

Successfully amplified
(Y/N)
Tree
number
EBA001_4
EBA001_5
EBA001_6
EBA001_7
EBA001_8
EBA001_9
EBA001_10
EBA001_11
EBA001_12
EBA001_13
EBA001_14
EBA001_15
EBA001_16
EBA001_17
EBA001_18
EBA001_22
EBA001_23
EBA001_Tc

Family

Species

Mangifera indica
Citrus sinensis
Citrus reticulata
Unidentified
Dacryodes edulis
Mangifera indica
Citrus reticulata
Albizia adianthifolia
Cola accuminata
Malvaceae
Albizia ferruginea
Fabaceae
Dacryodes edulis
Burseraceae
Ficus exasperata
Moraceae
Dacryodes edulis
Burseraceae
Unidentified* Unidentified
Ficus exasperata
Moraceae
Sterculia tragacantha
Malvaceae
Anacardiaceae Mangifera indica
Theobroma cacao
Malvaceae
Anacardiaceae
Rutaceae
Rutaceae
Unidentified*
Burseraceae
Anacardiaceae
Rutaceae
Fabaceae

trnL ch

ITS1 and 5.8S2

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
Y
Y

Y
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
Y
Y
N
Y
N
Y
Y

*Note: Some trees were identified but are still known to be common shade tree species in the site
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Amplicon sizes of the loci are as follows: rbcL is 89bp, trnL is 169bp and ITS1 is 395bp.
Percentage sequence divergences are 7.8% for rbcL, 21.8% for trnL and 43.5% for ITS1.
For trnL, DNA was extracted and loci amplified successfully from 100 out of 106
samples. For ITS1, amplification was attempted from more samples due to a lower
amplification success of this locus. DNA was extracted and loci amplified successfully
from 85 out of 115 samples.
Amplification success was calculated based on the 106 samples from which amplification
had been attempted using both loci. Of these, 100 were successfully amplified using trnL
(94% amplification success) and 83 were successfully amplified using ITS1 (78%
amplification success). 99 samples were sent for sequencing, 91 of which had trnL
sequences and 83 of which had ITS1 sequences (Appendix A).

3.2 DNA Sequencing and taxonomic assignment
Sequence data was obtained for all samples. The sequencing run returned a total of 13.1
million sequences, with an average of 57774 sequences per sample. 6.3% of the total
sequences, including those corresponding to the CO1 loci included in the sequencing run,
were removed during quality control steps. At the read merging stage, 0.32% of trnL reads
and 13.0% of ITS1 reads failed to merge and were discarded. The remaining sequences
were clustered into MOTUs. MOTU clustering thresholds were 96% for rbcL, 97% for
trnL and 98% for ITS1. These were selected based on graphs which looked the effect of
clustering threshold on the number of MOTUS generated (Figure 2).
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Clustering threshold

Clustering threshold

Clustering threshold
Figure 2: Graphs showing how MOTU clustering threshold determines
the number of MOTUs produced. These graphs were used to determine the
most appropriate MOTU clustering threshold, for a) rbcL, b) trnL, c) ITS1
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Table 7 shows the number of sequences and MOTUs corresponding to each locus.
Sequences and MOTUs are recorded both for all samples together, and for the 49 R.
alcyone and H. ruber samples alone.
Table 7: Summary of numbers of sequences and MOTUs used in analyses, and the number of
MOTUs that corresponded to non-plant taxa (these MOTUs were discarded before analysis). ‘All
samples’ are the 99 samples used in this study (Appendix A), and the R. alcyone and H. ruber samples
are 49 of these samples that were also analysed in the previous study using rbcL.

rbcL
Sequences in all samples

Locus
trnL

ITS1

NA

1753826

736975

825940

972714

164902

11

0

1918

MOTUs in all samples

NA

383

795

R. alcyone and H. ruber
MOTUs

1583

267

199

NA

4

10

33

6

6

R. alcyone and H. ruber
sequences
Non-plant MOTUs

Average MOTUs per
individual (all samples)
Average MOTUs per
individual (R. alcyone and H.
ruber samples)

3.3 Negative control samples
Negative control samples, from each triplicate PCR that used trnL or ITS1 primers, were
sequenced. The negative control samples from rbcL PCRs were not sequenced. The
overlap between negative control and bat sample (non-control) MOTUs is summarised in
Figure 3.

Figure 3: Venn diagrams showing the number of MOTUs found unique to the
negative control sample, those shared between the negative control sample and
non-control (bat faeces) samples, and those unique to the bat faeces samples, for
a) trnL and b) ITS1. The percentage of total sequences corresponding to MOTUS
shared between the negative control and bat faeces samples is also indicated.
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Of the three shared MOTUs from the trnL samples, one resolved to species level, and for
the nine shared MOTUs from the ITS1 samples, none resolved to species level. As the
MOTUs that were found in both negative control samples and non-control samples were
rare, and contained a very small proportion of sequences, they were not left in the
analyses. MOTUs unique to the negative control samples were discarded.

3.4 Taxonomic resolution
Taxonomic resolution was measured as the percentage of MOTUs assigned to order,
family, genus and species level for each locus (Table 8). All MOTUs used were resolved
to phylum level, therefore taxonomic resolution for phylum level is 100%.
Table 8: Percentage taxonomic resolution for each locus. The table also includes
taxonomic resolution calculated when using the 49 samples of H. ruber and R. alcyone that
were compared between all three loci (labelled RH).

trnL (%)
Order
Family
Genus
Species

79.9
58.7
21.7
14.1

trnL RH*
(%)
80.1
61.4
23.2
15.7

ITS1 (%)
50.6
36.0
21.9
11.4

ITS1 RH*
(%)
52.3
45.7
35.7
21.1

rbcL RH*
(%)
59
31.4
3.4
1.8

*RH indicates taxonomic resolution calculated for the MOTUs belonging
to the 49 R. alcyone and H. ruber samples

Taxonomic resolution was also calculated for insectivorous and frugivorous bats
separately (Table 9 and Figure 4).

Table 9: Percentage taxonomic resolution of frugivore and insectivore bats, using trnL and ITS1 loci

Order
Family
Genus
Species

trnL
Insectivores
(%)

trnL Frugivores
(%)

ITS1
Insectivores
(%)

ITS1
Frugivores (%)

80.8
62.0
23.6
15.2

81.3
63.3
24.2
14.6

53.4
47.0
37.2
21.9

51.9
36.1
21.0
9.8
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100

% Taxonomic Resolution

90
80
70
60
50
40
30
20
10
0

Order

Family

Genus
Taxonomic level

Species

trnL total (%)

trnL Insectivores (%)

trnL Frugivores (%)

ITS total (%)

ITS1 Insectivores (%)

ITS1 Frugivores (%)

Figure 4: Bar chart comparing % taxonomic resolution achieved by trnL (Blue bars) and ITS1
(red/orange bars) when using total bat samples, insectivorous samples alone, and frugivorous
samples alone.

3.5 Diet comparison between loci
Frequency of occurrence (FOO) was calculated, and used to show which were the most
common families found in the R. alcyone and H. ruber samples, when using each locus.
The top ten families, found when using each locus, were compared (Figure 5).

Figure 5: Venn diagram showing the top 10 families in
the 49 H. ruber and R. alcyone bat faeces samples, when
using each of the three loci. The abundance of families was
calculated using frequency of occurrence (FOO)
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Of the R. alcyone and H. ruber MOTUs that resolved to family level, there were 73
families recovered using rbcL, 58 for trnL and 29 for ITS1. Some of these families
overlapped between loci and others were unique. Numbers of families are summarised in
Figure 6.

Figure 6: Venn diagram showing the total
numbers of families identified in the H. ruber and
R. alcyone families when using each of the three
loci. Circle sizes are proportional to the number of
families but are not to scale

Principle Coordinates analyses (PCoAs) were carried out to compare the species
composition of the faeces of each R. alcyone and H. ruber individual (Figure 7). 3000
sequences were randomly sampled from each individual bat sample to use in the PCoA,
and samples with fewer than 3000 sequences were discarded.
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Figure 7: Results of Qiime PCoA (Principle Coordinates Analysis)
showing detected taxa in the faeces of the R. alcyone (blue points) and H.
ruber (red points) bats for a) rbcL: PC1 explains 44.44% of the variance, b)
trnL: PC1 explains 34.64% of the variance and c) ITS1: PC1 explains 20.47
of the variance
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3.6 Comparison of frugivorous and insectivorous bats
The taxa in the faeces samples of frugivorous and insectivorous bats were compared,
using trnL and ITS1 MOTUs. The number of MOTUs in the faeces samples of individuals
did not follow a normal distribution for neither trnL nor ITS1 data (Shapiro-Wilk.
trnL: W = 0.89205, p = 1.624x10-6. ITS1: W = 0.86635, p = 4.056x10-7). Therefore, a nonparametric test was carried out.
Analysis using both trnL and ITS1 data suggested there is a significant difference between
the number of MOTUs in the diet of frugivorous and insectivorous bats (Two-tailed Mann
Whitney U. trnL: W = 653.5, p = 0.002808; ITS: W = 1538.5, p = 6.288x10-10)
Figure 8 a) shows that using trnL data, there are significantly more MOTUs in the diet of
insectivores than frugivores, and figure 8 b) shows that when using ITS1 data, there are
significantly more MOTUs in the diet of frugivores than insectivores.

MOTUS

a)

MOTUs

b)

Figure 8: Boxplots comparing the number of MOTUs in the diet of frugivores and insectivores,
when using a) trnL locus data, b) ITS1 locus data
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Bar plots show how the species composition of bat faeces samples varies between
insectivorous and frugivorous bats, and how this difference varied between the locus used
(Figure 9).
a)

b)
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Figure 9: (Previous page): Qiime Taxa Summary bar plot showing the species composition of
insectivorous and frugivorous bat faeces, found when using a) trnL and b) ITS1. Each individual bar
represents an individual bat. The colours on the x axis represent the bat species, as indicated in the
key. Colours within the bats indicate different diet item species. The diet item quantities are based on
sequence abundance, standardised to total 100% for each bat species.

Alpha diversities for insectivores and frugivores, for both loci are summarised in Table 10.
Table 10: Mean alpha diversities and standard deviations for insectivores and
frugivores, for trnL and ITS1

Mean
Std.dev

trnL
Insectivores Frugivores
19.8
13.2
8.3
5.6

ITS1
Insectivores Frugivores
15
31.2
7
17.1
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Boxplots are used to compare alpha diversities between frugivores and insectivores
(Figure 10). For trnL, insectivores had a significantly higher alpha diversity than
frugivores (t = 4.1, p = 0.001). For ITS1, frugivores had a significantly higher alpha
diversity than insectivores (t = -4.25, p = 0.001).

Mean alpha diversity

a)

Mean alpha diversity

b)

Figure 10: Boxplots showing mean alpha diversities for
insectivores and frugivores for a) trnL and b) ITS1

38

Principle Coordinates analyses (PCoAs) were carried out to compare the composition of
frugivore and insectivore bat faeces, using trnL and ITS1 data (Figure 11).

a)

b)

Figure 11: Results of Qiime PCoA showing detected taxa in the
faeces of the Insectivorous (purple points) and Frugivorous (green
points) bats for a) trnL, b) ITS1
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3.7 Occurrence of cacao sequences in bat faeces samples
For trnL data, 42 out of the 49 insectivorous bats had at least five cacao sequences in their
faeces, and twelve out of the 42 frugivorous bats had at least five cacao sequences in their
faeces. For ITS1 data, two of the 43 insectivorous bats had cacao sequences in their
faeces, and none of the 40 frugivorous bats had cacao sequences in their faeces, and
For trnL, the number of cacao sequences in the faeces samples of individuals did not
follow a normal distribution (Shapiro-Wilk. W = 0.37489, p = 2.20 x 10-16). Therefore, a
non-parametric test was carried out.
Analysis (using trnL data) suggested there is a significant difference between the number
of cacao sequences in the faeces samples of frugivorous and insectivorous bats (Twotailed Mann Whitney U. W = 278.5, p = 1.864x10-9). Figure 12 shows that there are
significantly more cacao sequences in the faeces samples of insectivores than frugivores.

Figure 12: Boxplot comparing the number of cacao sequences
in the faeces samples of insectivorous and frugivorous bats
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4 DISCUSSION
The aim of this study was to find and test new metabarcoding loci to analyse bat diet, in
order to achieve higher taxonomic resolution than that attained in the previous study (A. J.
Welch, unpublished), which used the rbcL locus. Ideally, a locus would have high enough
taxonomic resolution to discriminate between all species. However, the degraded nature of
DNA in faeces and incomplete database coverage means this is unlikely. Therefore, it is
important to find the most suitable locus, that will achieve the highest possible taxonomic
resolution for this study. The chloroplast locus trnL and nuclear ribosome locus ITS1 were
selected, and both compared with rbcL sequence data from the previous study. Both
achieved higher taxonomic resolution than rbcL. Other factors, including amplification
success and taxonomic coverage (i.e. universality), were also considered.

4.1 Optimal locus for metabarcoding
4.1.1 Low taxonomic resolution of rbcL
rbcL is a core locus in traditional barcoding, used due to its high universality and ease of
amplification (CBOL Plant Working Group, 2009; de Vere et al., 2012; Li et al., 2015;
Coissac et al., 2016). However, rbcL has the lowest sequence divergence of all chloroplast
loci (Kress et al., 2005), which means it has very low species discrimination (Fazekas et
al., 2008; de Vere et al., 2012). The rbcL locus used in traditional barcoding is usually
around 600bp (de Vere et al., 2012; Dong et al., 2012). The previous rbcL study used a
short fragment, of around 89bp, in order to obtain successful amplification in degraded
samples. As shorter loci tend to have lower interspecific variability than longer loci, it is
likely that the 89bp fragment has even lower discriminatory power than the 600bp
fragment (Pegard et al., 2009; Zeale et al., 2010). This explains the low taxonomic
resolution achieved using rbcL, showing the need to find alternative loci.

4.1.2 Selection of new loci
trnL
The trnL-P6 locus is commonly used in diet metabarcoding studies (e.g. Baamrane et al.,
2012; Hibert et al., 2013; de Barba et al., 2014; Gebremedhin et al., 2016). This is a short
fragment of the trnL locus, of around 10-143bp, amplified by g and h primers (Taberlet et
al., 2007). It is suitable for dietary analysis due to its short length, high amplification
success and conserved primer regions, making it suitable for amplification of degraded
samples in a wide range of taxa (Baamrane et al., 2012; Murray et al., 2012).
However, the short length of the trnL-P6 locus means it has lower taxonomic resolution
than the full length trnL (Taberlet et al., 2007; Murray et al., 2012; Gebremedhin et al.,
2016). However, the full length trnL, amplified with c and d primers, is 254-767bp, is too
long to amplify in degraded samples (Taberlet et al., 2007). A compromise is to use c and
h primers, which amplify a fragment of around 200bp (Taberlet et al., 2007; Murray et al.,
2012). Yang et al., (2016) used c and h primers to analyse the diet of herbivorous water
birds, and achieved high interspecific divergence and some species-level resolution. When
tested in this study, c and h primers were equally successful at amplifying the loci of shade
tree samples as g and h primers were , so were chosen to analyse the bat faeces samples.
Therefore, c and h primers were used in this study, with the aim of achieving higher
taxonomic resolution than if the g and h primers were used.
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ITS1
In barcoding, ITS has good discriminatory power, with higher interspecific divergence at
low taxonomic levels than chloroplast loci such as rbcL and trnL (Kress et al., 2005;
China Plant BOL Group et al., 2011; Hollingsworth et al., 2011a; Li et al., 2015). ITS can
be amplified as a shorter fragment, of ITS1 or ITS2, short enough for amplification in
degraded samples (Kress et al., 2005; Li et al., 2015). Wang et al., (2015) proposed ITS1
as a better barcode region than ITS2, due to its higher universality and amplification
success in many plant taxa. In diet metabarcoding, ITS1 is often used as supplementary to
a core barcode locus (Hollingsworth et al., 2011a). Baamrane et al., (2012) and de Barba
et al., (2014) both used ITS1 alongside trnL, and identified 63% and 64% of sequences to
species level, respectively. ITS1 is flanked by highly conserved regions 18S and 5.8S, so
it can be amplified with universal primers that bind to these regions (Baldwin et al., 1995;
Alvarez and Wendel, 2003; Wang et al., 2015). Therefore, ITS1 was used in this study.
Some studies use family specific reverse primers for ITS1 (e.g. Baamrane et al., 2012; de
Barba et al., 2014; Willerslev et al., 2014; Kartzinel et al., 2015). So, a reverse primer,
5.8S2, was designed for it in this study, based on species of families common in the study
site.

4.1.3 Performance of trnL and ITS1 compared to rbcL
The aim of this study was to find loci that provided higher taxonomic resolution than
rbcL. However, there is a trade-off between taxonomic resolution, amplification success
and universality (CBOL Plant Working Group, 2009; Deiner et al., 2017). Therefore,
based on sequence data from the 27 R. alcyone and 22 H. ruber samples, all three of these
factors were considered when comparing the three loci.

Taxonomic resolution
Both trnL and ITS1 achieved higher taxonomic resolution than rbcL, with 16% and 20%
of MOTUs resolved to species level, compared to just 2% for rbcL. This higher taxonomic
resolution is most likely due to the new loci having higher sequence divergence than rbcL.
In this study, the sequence divergence of trnL was 21.8%, around three times that of rbcL
(7.8%). ITS1 had an even higher sequence divergence, of 43.5%. Other barcoding studies
have also demonstrated that both trnL (Taberlet et al., 2007; Yang et al., 2016) and ITS
(Kress et al., 2005; China Plant BOL Group et al., 2011), have greater interspecific
variability than rbcL. trnL (169bp) and ITS1 (395bp) are both longer than rbcL (89bp).
Their higher interspecific variability could therefore be explained by their longer length,
as longer loci tend to have higher interspecific variability than shorter loci (CBOL Plant
Working Group, 2009; Clare et al., 2014; Deiner et al., 2017).
Out of the three loci, ITS1 had the highest taxonomic resolution to genus and species
level, but lower taxonomic resolution at order and family level (Table 8). The reason for
this is unclear, but resolution at this taxonomic level is less important for barcoding (Kress
et al., 2005), and for this study, species level resolution is more important.

Amplification success
Amplification success was similar for rbcL and trnL (95% and 94% respectively), but
lower for ITS1 (74%). Other studies have also shown rbcL to have high amplification
success, including in degraded samples (de Vere et al., 2012). Another reason for its high
amplification success is its short length. Shorter loci have higher amplification success
(Hollingsworth et al., 2011a). Also, they can amplify more loci of more species in
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degraded samples, because a large proportion of DNA fragments in degraded samples are
of short length (Deagle et al., 2006).
Despite being nearly twice as long, the amplification success of trnL matched that of rbcL.
This suggests that, at 169bp, trnL is short enough to successfully amplify degraded DNA
samples in this study. As other studies suggest, loci of around 250bp or less are short
enough to amplify in degraded samples (Deagle et al., 2006; Meusnier et al., 2008). ITS1
had lower amplification success, as also found by Chen et al., (2010), probably due to its
long length. Longer loci have low amplification success, particularly in samples
containing degraded DNA (Pompanon et al., 2012; Wang et al., 2015). ITS, as a whole,
has good species-level discrimination, but low amplification success (Gonzalez et al.,
2009; China Plant BOL Group et al., 2011).

Universality
rbcL recovered five times as many MOTUs per individual than trnL or ITS1 did (Table 7).
This means it amplified sequences in more species of each faeces sample than trnL or
ITS1 did. Estimating what proportion of the total number species present in a sample is
amplified is not possible without knowing the total number of species. However,
comparing the number of MOTUs recovered per individual between different loci can
show if one amplified more species than the other, and therefore shows which is the more
universal locus. Therefore, rbcL appears to be a more universal locus than trnL and ITS1.
trnL is a commonly used locus due to its highly conserved primer binding regions
(Taberlet et al., 2007). It may be that trnL does have high universality in this study, but
rbcL, due to its short length, was able to recover very degraded samples, resulting in more
MOTUs per individual than trnL or ITS1. Also, for ITS1, it is possible that the conserved
regions 18S and 5.8S are divergent in some taxa (Omelchenko et al., 2019). This would
mean these taxa could not be amplified, which is a possible explanation for the low
universality of ITS1 compared to rbcL.

4.1.4 Specific problems of ITS1
ITS1 achieved the highest taxonomic resolution in this study. However, it has some
disadvantages, including sequence variation within species, length variation and
amplification of non-plant taxa (Hollingsworth et al., 2011a).

Sequence variation
Concerted evolution is where copies of a gene within a genome undergo gene conversion
or crossing over, resulting in them becoming identical in sequence. However, incomplete
concerted evolution of ITS1 can occur, and lead to the production of divergent copies
within individuals (Alvarez and Wendel, 2003; Bailey et al., 2003; Hollingsworth et al.,
2011a). This can potentially lead to incorrect identification in barcoding (Jeanson et al.,
2011).

Length variation
The length of ITS1 varies considerably between species, due to the presence of
duplications and indels, and the presence of what appear to be regions with relaxed
evolutionary constraint on length (Baldwin et al., 1995; Gernandt et al., 2001; Floyd et al.,
2002; Alvarez and Wendel, 2003). For example, Gernandt et al., (2001) found insertions
of around 180bp in ITS1 in some species. In this study, ITS1 agarose gels showed
different band sizes, indicating length variation, whereas trnL gels did not. Wang et al.,
43

(2015) estimated its length could be up to 681bp in eudicots. Length variation is a problem
in metabarcoding because shorter sequences are preferentially amplified over longer
sequences (Wang et al., 2015; Gebremedhin et al., 2016; Deiner et al., 2017). This means
that species with exceptionally long ITS1 loci cannot be amplified in degraded samples.
This could also explain the lower amplification success and low universality of ITS1
found in this study.

Amplification of non-plant taxa
In this study, the majority of MOTUs generated were assigned to non-plant taxa, most of
which were fungi. ITS is a core locus for barcoding fungi (Schoch et al., 2012), so fungal
contamination is a common problem when using ITS for plant barcoding, even when
barcoding fresh leaves directly (Zhang et al., 1997). If fungal contamination occurs after
faeces production, then it is likely that the fungi DNA is less degraded, therefore easier to
amplify. If fungi are preferentially amplified by ITS primers, this may reduce plant
amplification (Alvarez and Wendel, 2003). A suggestion to reduce contamination is to use
plant-specific primers (Cullings and Vogler, 1998; Kress et al., 2005), but this did not
appear to make a difference in this study.

4.1.5 Comparison of trnL and ITS1 using all bat species analysed
Overall, rbcL has broad taxonomic coverage, rbcL and trnL have the high amplification
success, and trnL and ITS1 have the high taxonomic resolution. The taxonomic resolution
of ITS1 was only slightly higher than trnL. Therefore, it may be better to use trnL, in order
to avoid the problems associated with using ITS1. Because the rbcL data used here was
derived from a previous study, the comparison of rbcL, trnL and ITS1 was based on
sequence data from just two species of insectivorous bat, 27 individuals of R. alcyone and
22 individuals of H. ruber. In this study, however, sequencing data from a total of 99 bat
individuals, of five insectivorous and five frugivorous species, was also collected
(Appendix A). Therefore, the taxonomic resolution and universality of trnL and ITS1 were
compared again, using sequence data from all 99 samples.

Universality
ITS1 recovered twice as many MOTUs per individual than trnL, when using data from all
samples together, suggesting it is more universal than trnL. A possible reason for this is
that around 70% of ITS1 MOTUs were frugivorous, compared to trnL with just 30%, so
adding the frugivorous samples increased the total number of MOTUs. It could be that
plant DNA in insectivorous bat faeces is more degraded than plant DNA in frugivorous
bat faeces. Therefore, as ITS1 is long, it cannot amplify the more degraded DNA in
insectivorous bat faeces so successfully, resulting in it recovering fewer MOTUs from
insectivore samples.

Taxonomic resolution
For analysis of all samples, trnL generally had a higher taxonomic resolution than ITS1.
However, at genus and species level the taxonomic resolution of ITS1 and trnL were
comparable, and ITS1 was higher for insectivores alone (Figure 4). Therefore, trnL
appears to be the more effective for taxonomic resolution. If ITS1 is used, its low
amplification success and variable length must also be considered.
ITS1 has been proposed as a core barcode due to its high interspecific divergence (China
Plant BOL Group et al., 2011). In contrast to this study, other studies have shown a large
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improvement in resolution when using ITS over chloroplast loci (Kress et al., 2005; Roy
et al., 2010; Muellner et al., 2011). It was concluded that this high resolution of ITS
outweighs its disadvantages (Hollingsworth, 2011b).
In general, the potential disadvantages of ITS appear to be less of a problem than was first
thought (Hollingsworth 2011b; Song et al., 2012). ITS is made up of the shorter fragments
ITS1 and ITS2 (Yao et al., 2010). ITS2 is shorter and amplifies more successfully than
ITS, but still has high interspecific divergence (Chen et al., 2010; China Plant BOL Group
et al., 2011; Jeanson et al., 2011). This study used ITS1, which has similar advantages to
ITS2 over ITS1, and also has higher divergence than ITS2 in some plant groups (Wang et
al., 2015).
Given findings from the literature that ITS1 has high taxonomic resolution, and the
calculation of ITS1 sequence divergence in this study, which was around twice that of
trnL, the results here showing ITS1 has lower taxonomic resolution than trnL are
unexpected. This could be related to locus length or limited database coverage.
Shorter loci amplify more successfully than longer loci, particularly in degraded samples
(Hollingsworth et al., 2011a). As ITS1 has length variation, it is possible that in this study,
only the shorter fragments were amplified. Shorter loci have lower taxonomic resolution
(Deiner et al., 2017), which could be why ITS1 had lower taxonomic resolution than
expected.
Database coverage is a limiting factor in achieving taxonomic identification in
metabarcoding studies (Pompanon et al., 2012; Groom et al., 2017). Given the low
taxonomic resolution of ITS1 in comparison to trnL, despite its higher divergence, it is
possible that ITS1 has less broad database coverage in the study site than trnL. It is not
easy to estimate database coverage without knowing all plant species present. However, a
broad estimate can be made by estimating database coverage for different countries. For
trnL, there are around 420 Cameroon records, compared to 650 in the UK and 8600 in the
USA. For ITS, there are 308 Cameroon plant records, 580 in the UK and 7400 in the
USA. Therefore, trnL appears to have broader coverage than ITS1, but both are limited in
Cameroon. This limited coverage in Cameroon suggests coverage for the study site in
particular was also limited. In general, African rainforest trees have limited database
coverage in Genbank (Parmentier et al., 2013). Increasing the database or constructing a
local database is not something that will happen instantly, so for the moment, trnL appears
to be the most suitable barcode. ITS1 still has potential use in this study, possible for
identification of particular plant groups (Gonzalez et al., 2009). If database coverage is the
main factor limiting the taxonomic resolution of ITS1, then it has the potential to provide
higher taxonomic resolution in this study, should the database become more extensive.
Increasing database coverage could also increase taxonomic resolution for trnL. In a study
of ibex diet, using a local reference database, Gebremedhin et al., (2016) resolved 29.8%
of sequences to species level, which is higher than this study, despite the use of a shorter
locus. While there may be other factors affecting taxonomic resolution in this study, such
as the study species, this suggests that higher taxonomic resolution could be achieved with
a local database.
Another potential reason for low taxonomic resolution in any locus is that some taxonomic
groups have low variability in a locus sequence, so cannot distinguish to species level,
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even when there is species-level database coverage. For example, trnL has low variation in
the families Asteraceae, Cyperaceae, Poaceae and Rosaceae (Raye et al., 2011; de Barba
et al., 2014), and ITS has low variation in the family Phyllostachyae (Starr et al., 2009). In
this study, Moraceae was the most common family in the frugivore MOTUs recovered
using ITS1, with around four times the FOO of any other family. Moraceae contained
many MOTUs of the genus Ficus. In Genbank, Ficus sequences matched equally well
with a large number of different species. This suggests that Ficus ITS1 loci are not
divergent enough to distinguish between species. As the genus Ficus was so prominent,
this may be part of the reason for the taxonomic resolution for ITS1 being particularly low
in frugivores compared to insectivores (Table 9).
There are many other possible reasons why higher taxonomic resolution was not achieved
in this study. While species resolution was relatively low, up to 60% of MOTUs
(depending on locus) were resolved to family level. Identifying diet items to family level
only may not be particularly useful, as the aim of this study is to identify shade trees to
species level. However, it still gives an idea of which families the important shade tree
species belong to. Also, given good knowledge of shade tree species present, it may be
possible to predict the most likely plant diet species from knowing just the families.

4.2 Variation in diet between loci
So far, taxonomic resolution, amplification success and universality have been considered
as factors that determine the most effective locus in this study. It is also important to
assess how the taxa detected in the faeces varies depending on the locus used.
There was some variation and some overlap between families detected in the faeces
samples using rbcL, trnL and ITS1 loci (Figures 5 and 6). No single locus can detect the
total diet; instead each detects a different sample of taxa. Using each locus detected at
least some unique families, suggesting that some families are more easily detected by
using certain loci.
Amplification bias results in some taxa being preferentially amplified over others. Causes
of amplification bias include primer bias, length related bias and reference database bias
(Bohmann et al., 2011; Deiner et al., 2017; Lobo et al., 2017; Alberdi et al., 2018). The
extent of how much the DNA is degraded in different taxa also varies (Deagle et al.,
2006). Amplification bias and the ability to detect degraded samples varies between loci.
Therefore, in different loci, some taxa are preferentially amplified and over-represented,
and others may be under-represented or not detected at all. This results in variation in the
taxa detected using each locus.
Figure 5 shows the top ten families found in the bat faeces when using each of the three
loci, calculated using Frequency Of Occurrence (FOO). Top families in the diet that are
unique to a single locus are more likely to be present partly due to amplification bias, than
those top families that overlap between loci, as amplification bias is reduced when using
more than one locus (Alberdi et al., 2018). This suggests that overlapping top families can
be said to be common with more certainty than those that are unique. However, common
families that are unique to a single locus may be very common, but just undetectable by
the other loci. For example, the family Arecaceae had the highest FOO when using trnL,
but was not detected using rbcL or ITS1.
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Principle Coordinates Analyses were carried out to compare the diets of R. alcyone and H.
ruber bat individuals between the three loci. For all three loci, there is variation and some
clustering between individual bat diets (Figure 7). Clustering indicates that the bat
individuals have similar diet composition. This could be due to these individuals having
similar foraging areas or foraging habits, or living in the same geographical area. The
clustering is more pronounced in rbcL and trnL than ITS1. This could be influenced by the
numbers of individuals used in the analysis. The PCoAs only used data from individuals
with 3000 sequences or more, and trnL and rbcL had more individuals than ITS1 with
3000 sequences or more. Alternatively, this could be because rbcL and trnL have more
diet similarities between them than with ITS1. As shown in figure 6, there are more
overlapping families between rbcL and trnL than with ITS1. In general, there was no clear
distinction seen between R. alcyone and H. ruber, which suggests they have similar diets.
Using rbcL recovered a larger number of unique families than using trnL or ITS1. This is
likely to be due to its higher universality, enabling it to detect a larger number of, and
more degraded, taxa. Also, analysis involving rbcL was carried out on the same samples
but separately, around six months before this study. This means a slightly different
subsample of the faeces pellets were analysed, which may therefore contain slightly
different taxa. Also, DNA amplification success of faeces samples has been shown to
decrease over time, even as short as a few months (Franzten et al., 1998; Murphy et al.,
2002). Therefore, it is possible that some species become too degraded in the time
between the study using rbcL (A. J. Welch, unpublished) and this study.

4.3 Dietary analysis
In the process of assessing the effectiveness of different metabarcoding loci, useful
information about bat diet was also gained. This included finding common families in the
diet, as already discussed, comparing insectivore and frugivore diets and determining the
occurrence of cacao in the diet.

4.3.1 Common families
All three loci had the families Malvaceae and Moraceae as two of their ten most common
families (Figure 5). This suggests that these families make up a large proportion of the
taxa in the faeces samples. Malvaceae includes cacao trees. Finding cacao sequences in
the diet of insectivorous bats suggests that these bats could be feeding on the cacao pests.
Moraceae includes fruit trees, such as figs and breadfruit, and high value timber (Sonwa et
al., 2007). Identifying species in the bat diet that have an economic value is useful as they
will benefit cacao farms both economically and by supporting biodiversity (Rice and
Greenberg, 2000). Having an economic value also gives farmers an incentive to plant
these biodiversity-supporting tree species. Other families containing species of economic
value include Arecaceae, which contains some fruit species, and Apocynaceae, which
contains medicine and timber providing trees (Sonwa et al., 2007).

4.3.2 Comparison of insectivorous and frugivorous bats
Plant DNA in frugivore bat faeces corresponds to the plants eaten by those bats, but plant
DNA in insectivore faeces may correspond to insect diet, or be present for another reason.
The differences in composition and abundance of taxa in the faeces of frugivorous and
insectivorous bats was compared.
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For trnL, the number of MOTUs detected per individual was significantly larger for
insectivores than frugivores (Figure 8). Insectivores also had a significantly higher mean
alpha diversity than frugivores (Table 10, Figure 10), as may be expected given the larger
number of MOTUs. The trnL bar plot (Figure 9) shows more variation in insectivore diet
compared to frugivore individuals, suggesting higher diversity in the insectivore diet.
Assuming that the plant DNA present in the insectivorous bat faeces corresponds to the
diet of the bats’ insect prey, then these results might be expected. Adding together all the
plants in the diet of each insect eaten by the bat would perhaps be greater than the plants
in the diet of a frugivorous bat. Frugivorous bats may only feed on up to five fruits in one
night (Thomas, 1984), but insectivorous bats could feed on seven or more species, and
therefore would have a larger number of plant species in their faeces (Clare et al., 2009).
However, using ITS1 gave contrasting results. There were significantly fewer MOTUs per
individual for insectivores than frugivores bats (Figure 8). Insectivores also had a
significantly lower mean alpha diversity than frugivores (Table 10, Figure 10) in contrast
with trnL. DNA becomes degraded during digestion (Deagle et al., 2006), therefore plant
DNA that has passed through both the insect and bat digestive systems will be very
degraded, so less easy to detect. It is possible that trnL is short enough to detect this
degraded DNA, but ITS1 is not, and therefore fewer MOTUs were discovered, and the
diet was less diverse for insectivores when using ITS1. There is a less obvious difference
between insectivorous and frugivorous bats shown in the ITS1 bar plot (Figure 9). From
the bar plot, the diet of frugivorous bats appears to be dominated by a single species, with
other species of low abundance. However, this is not definitive, as the small sample size
used in this analysis is unlikely to be representative of all frugivorous bats in Cameroon
cacao agroforests.
The PCoAs comparing frugivorous and insectivorous bats both show variation between
individuals (Figure 11). Each bat has a slightly different diet, which may be expected as
both frugivorous and insectivorous species have diverse diets (Kwiecinski and Griffiths,
1999; Zeale et al., 2010). There is also some clustering of frugivorous or insectivorous
bats together, suggesting these individuals were from the same farm or shared similar
foraging areas or foraging habits. trnL shows some division between frugivores and
insectivores, although some individuals are clustered. ITS1 shows much greater overlap
between frugivores and insectivores, but with some frugivorous bat outliers. The
corresponding bar plots also suggested a clearer difference between insectivores and
frugivores for trnL than ITS1. Clustering of insectivores and frugivores together suggests
that the insect prey and frugivorous bats may share the same diet. Alternatively, there are
both insectivorous and frugivorous species that roost in trees (Owen-ashley and Wilson,
1998; Decher and Fahr, 2005), so they could both ingest the same plant species, either
intentionally or unintentionally.
Overall, the two loci appear to give very different results in terms of diet. Using a multilocus barcode may help to give more consistent results. Also, this analysis was based on
data from a small number of bat samples. Using a larger sample size would be more
representative of the whole bat population, and may also help to give more consistent
results.

4.3.3 Occurrence of cacao in bat diet
Malvaceae was found to be a commonly occurring family in the R. alcyone and H. ruber
samples (Figure 5), and includes cacao trees. The occurrence of cacao in the diet of
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insectivorous bats could indicate that they feed on insect pests of the cacao, assuming it is
possible to detect plant DNA from the diet of these insects.
Using ITS1, just three insectivorous bat samples contained cacao sequences, and none
were found in frugivorous bats. This could be because the cacao ITS1 sequence, at 395bp,
is too long to be easily amplified, or becomes degraded if it passed through both insect and
bat digestive systems. ITS1 has a large size range between species and it could be that
cacao is a species with a particularly long ITS1 region compared to other species found in
the bat diet in this study.
For trnL, there were significantly more cacao sequences in insectivore than frugivore
samples (Figure 12). Frugivorous bats are very unlikely to eat cacao pods, as they are very
large compared to the bats’ small mouths (Luke L. Powell, Personal communication
23/4/2019). However, there were a few frugivorous bats that appeared to eat cacao,
including a Casinycteris argynnis individual with over 4000 cacao sequences in the
sample. Fruit bats do sometimes feed on leaves (Kwiecinski and Griffiths, 1999), so it is
possible that some feed on cacao leaves.
Therefore, this has shown a link between insectivorous bats, which are potential cacao
pest controllers, and cacao. This is a useful starting point in making a link between cacao,
potential pest control bats and the shade trees that are support these bats, either by hosting
their insect prey or providing roosts.

4.3.4 Plant DNA in insectivorous bat faeces
Plant DNA in insectivorous bat faeces may correspond to the plants eaten by their insect
prey, but this is not definite. It is not possible to distinguish between primary and
secondary predation using metabarcoding (Sheppard et al., 2005). Therefore, while it is
very unlikely that insectivorous bats ingest plant material directly, there may be other
reasons for the present of plant DNA in their faeces. Plant DNA remains detectable after
passing through insects (Valentini et al., 2009), or bats (Aziz et al., 2017), and insect
DNA remains detectable after passing through bats (Clare et al., 2009; Zeale et al., 2010).
However, it is not known whether plant DNA can be detected after passing through both
the insect and bat digestive systems. Kalka and Kalko, (2006) demonstrated that the
insectivorous bat Micronycteris microtis discarded plant material from the intestines of
phytophagous insects before feeding, to avoid excess bulk and inhibitors. This suggests
that even if plant DNA was detectable, bats may avoid consuming plants. However, there
is still plant DNA present in the insectivorous bat faeces. Some insectivorous bats roost in
trees (Decher and Fahr, 2005; Nurul-ain et al., 2017), and therefore may unintentionally
ingest plant fragments, which could explain the presence of plant DNA. Even if the plant
DNA is present due to unintentional ingestion, or roosting in trees, the plant species
present may still give an indication of which tree species are used by the insectivorous
bats.
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4.4 Methodological considerations
As demonstrated in this study, metabarcoding is a useful tool for dietary analysis.
However, certain steps of the methods must be considered carefully, as they can have a
large influence on the results.

4.4.1 MOTU clustering
The choice of MOTU clustering threshold can have a significant impact on the number of
MOTUs generated, and therefore on the apparent number of species. In this study,
clustering thresholds were selected that were most suitable for each locus by comparing
how the clustering threshold impacted the number of MOTUs generated, as proposed by
Alberdi et al., (2018). This helps to reduce the likelihood of over- or under- splitting. In
this study, some MOTUs matched the same species, which suggests over-splitting.
However, as the faeces samples were very diverse, other taxa could be under-split. No
single threshold is suitable for all species (Vetrovsky and Baldrian, 2013). The thresholds
used in this study are similar to those used in other diet metabarcoding studies (Bohmann
et al., 2011; Alberdi et al., 2018). It is not easy to find a more accurate threshold, unless
enough is known about the diet to use group-specific thresholds (Brown et al., 2015).
Also, there is evidence to suggest that changes in clustering threshold can still result in the
same general conclusions (Brown et al., 2015; Clare et al., 2016)

4.4.2 Error removal
Erroneous sequences (artefacts) are generated during PCR and sequencing (Brown et al.,
2015; Alberdi et al., 2018). It is often assumed that very rare sequences are artefacts, and
therefore rare sequences are excluded from analyses (Pompanon et al., 2012; Alberdi et
al., 2018). However, discarding rare sequences risks also discarding real, but rare, taxa (de
Barba et al., 2014). In this study, PCRs were carried out in triplicate, and all PCR products
were pooled. This additive replicative strategy aims to maximise the detection of diversity,
but also increases the likelihood of rare sequences which could be artefacts (Alberdi et al.,
2018). Other studies (e.g. de Barba et al., 2014) used restrictive strategies. Restrictive
strategies involve only retaining sequences that are detected in more than one PCR
replicate. The aim of this is to reduce the likelihood of erroneous sequences, which may be
only found in single PCR replicates due to their rarity (Alberdi et al., 2018). In this study,
a more common error removal strategy was used, involving setting a minimum copy
number (Alberdi et al., 2018). In this study, MOTUs with less than five sequences were
discarded. However, even the most stringent error removal strategies may not be
completely effective, as false sequences may be much commoner than expected. This is a
particular problem if PCR is used in later steps to add Illumina indices to libraries, as this
can also increase the abundance of false sequences formed in earlier PCRs (Pompanon et
al., 2012; Alberdi et al., 2019). It is important to find a balance between maximising
biodiversity, but also minimising the occurrence of false sequences.

4.4.3 Quantitative diet estimates
A number of studies have shown that metabarcoding cannot give a reliable quantitative
estimate of diet using sequence abundances, and presence-absence data should be used
instead (Elbrecht and Leese, 2015; Pinol et al., 2019). However, sequence abundance data
is still frequently used, often in conjunction with presence-absence data (Raye et al., 2011;
Kartzinel et al., 2015; Leray and Knowlton, 2015; Nichols et al., 2016). In this study,
presence-absence data was used to calculate FOO to compare the abundances of each
family in the diet between loci. Sequence abundance data was used to compare the
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abundance of cacao between insectivores and frugivores, and also for the Qiime PCoAs
and bar plots. Sequence abundance data was required for these analyses in order to assess
abundances of individual diet items within individuals. Both sequence abundance and
presence-absence methods have disadvantages. Amplification bias and differences in
degradation and digestion times of diet items result in some species having a larger or
fewer number of sequences relative to their actual abundance (Bellemain et al., 2010;
Gebremedhin et al., 2016; Pinol et al., 2019). However, using presence-absence data
means it is less easy to distinguish between rare and common taxa, and rare taxa can
appear to be more common than they actually are (Alberdi et al., 2019; Deagle et al.,
2019). Rare and erroneous sequences can also be disproportionately represented when
presence-absence data is used (Deagle et al., 2014). Neither method is perfect, but despite
these limitations, both can provide reliable data to some extent.

4.5 Limitations
4.5.1 Sample size
A limited number of bats were sampled, from five frugivorous bat species and five
insectivorous bat species (Appendix A). At least nine species of frugivorous bat and 20
species of insectivorous bat have been recorded in the Cameroon agroforest (Luke L.
Powell, Personal Communication 05/12/2018), so this study did not sample the whole
diversity. However, conclusions made about selecting loci are unlikely to differ if a larger
sample size were to be used. Sampling a larger number of individuals and a larger number
of species would give a more accurate representation of the bat diet. Analysing the
contents of faeces only shows what was recently eaten by the bats (Deagle et al., 2006;
Alberdi et al., 2019). Therefore, sampling over a time period would also help to give a
more accurate picture of bat diet throughout the year.
The PCoA results indicated that the bats had a variety of different diets, which suggests
they are generalists. Bats may be unlikely to make species level choices when foraging.
Instead, food choice is more likely to depend on what is available in the time and space
(Clare, 2014a). Therefore, identifying individual important shade tree species may require
sampling of a large number of bat species and individuals over a longer time period, in
order to find out which species are generally used most frequently and by most bat
species.

4.5.2 Loss of diversity
Using metabarcoding, particularly with a single locus, does not recover the total diversity
in a sample (Clarke et al., 2014). Even when a sample is successfully amplified, not all
species in that family are amplified, so will go undetected (Deagle et al., 2014).
Metabarcoding studies can only use sequences that were amplified. In this study,
comparisons made about diet were based only on MOTUs that resolved to the taxonomic
level in question, which in most cases was family. Only MOTUs that resolved to the
phylum Streptophyta were used in analysis. For trnL, all MOTUs resolved to
Streptophyta, but for ITS1, some resolved to other phyla (Table 7), and others did not
resolve to phyla level at all. It is possible that some plant diversity was lost if it could not
be distinguished from non-plant phyla. The QIIME analyses used to generate the PCoAs
and bar plots used a randomly sampled 3000 sequences from each individual. This aimed
to maximise the number of bat samples used, but resulted in a loss of sequence data from
each sample.
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4.5.3 Erroneous sequences
Despite steps to remove erroneous sequences, it appeared that some were still present in
these results. In this study, ITS1 data contained some Porifera (sponge) sequences. These
animals would definitely not be present in the study site, which suggests they are
erroneous sequences. Therefore, it is possible that the plant sequence data used in analysis
contains false sequences, but it is unlikely that this makes a large impact on the results.

4.5.4 Contamination
There were some contamination problems in the laboratory work. Some PCRs needed to
be repeated due to contamination shown in the negative control lane of the gels. However,
the absence of a band on the control lane does not necessarily mean there is no
contamination, and therefore negative controls should be sequenced (Alberdi et al., 2019).
In this study, sequencing the negative control samples showed there was still some
contamination. The MOTUs that were present in both negative control samples and bat
samples were not removed because they made up a very low proportion of the total
sequences, so were unlikely to have a significant impact on the results (Figure 3).
Removing negative controls reduces the likelihood of retaining false diversity or
artefactual sequences, but it also can result in the loss of true diversity (Alberdi et al.,
2019). Also, even removing all negative control MOTUs may not remove contamination
completely. In this study, there were Arabadopsis thaliana sequences recovered in ITS1
MOTUs. It is very unlikely for Arabadopsis to be present in Cameroon (Hoffman, 2002;
Brennan et al., 2014), which suggests its presence is due to contamination from
neighbouring plant laboratories that use Arabadopsis DNA. Contamination could be
reduced by using a dedicated DNA extraction and PCR extraction hood, but these are
costly.

4.6 Improvements and future directions
4.6.1 Local database
As database coverage is a major limiting factor in metabarcoding (Parmentier et al.,
2013), some studies construct local databases for their study area (e.g. de Barba et al.,
2014; Kartzinel et al., 2015). Constructing a local database for the Cameroon agroforests
is likely to give a major improvement in taxonomic resolution in studying bat diet. Also,
using a local database alone, or restricting the database to plants only in the study area can
help to increase discrimination as not all closely related species are present in the same
area (Chase and Fay, 2009; Gonzalez et al., 2009). This could also be used to avoid fungal
sequences completely, which may avoid fungal contamination problems associated with
ITS1.

4.6.2 Further loci optimisation
The ITS1 primer has some potential as a useful locus in this study, but it had low
amplification success and amplified lots of fungal sequences. A possible improvement
could be to re-design either or both of the primers. Cheng et al., (2016) designed plantspecific ITS primers. These were designed with as many base sequence differences with
fungi as possible, in order to reduce fungal contamination. Also, a mock community of
known species could be constructed, to more accurately test the universality and extent of
bias in loci. Several studies have used mock communities, and they are also often used to
test if quantitative metabarcoding is reliable (Piñol et al., 2015; Blanckenhorn et al., 2016;
Galan et al., 2018).
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As discussed, a using a combination of loci could improve dietary analysis studies, both
by increasing taxonomic coverage and resolution and decreasing amplification bias. In this
study, rbcL could be combined with trnL or rbcL. However, the extra cost and labour must
be considered.

4.6.3 Multi-locus barcodes
A possible future direction to improve taxonomic coverage, resolution and reduce
potential bias would be to use multi-locus barcodes (Chase and Fay, 2009; Alberdi et al.,
2018). As shown by the results of this study, locus choice influences the taxa identified in
the diet, so sometimes more than one locus can be used (Alberdi et al., 2018). The use of
multi-locus barcodes is very common in plants (Kress and Erickson, 2007; Fazekas et al.,
2008). Often, a locus with broad coverage is combined with a locus with high species
discrimination (Hollingsworth et al., 2009). In this study, rbcL could be combined with
trnL or ITS1 to achieve both high taxonomic resolution and broad coverage.
Using more than one locus increases the proportion of taxa detected (Fazekas et al., 2008).
As shown in Figures 5 and 6, more families were detected in the diet when combing the
results from all three loci. A perhaps extreme example is the twelve-locus barcode
developed by Arulandhu et al., (2017) to identify protected species in processed food
products. This multi-locus barcode was designed to detect both degraded DNA of both
plants and animals. It identified a large range of samples to high resolution, including
species that were present in very small quantities.
Using a multi-locus barcode would reduce the biases caused by using a single locus
(Alberdi et al., 2018). For example, Richardson et al., (2015b) showed that using
multilocus metabarcoding in pollen analysis improved the accuracy of quantitative
measurements by decreasing the effect of primer bias. While quantitative analysis may not
be possible in diet metabarcoding due to additional problems such as degradation and
variation in digestion, this suggests that using multilocus barcodes would still help to
reduce potential amplification bias. However, using a multi-locus barcode means there
will be extra cost and time involved, and there is a problem of how to accurately combine
results from more than one locus.

4.6.4 Bird diet
In the wider context, the result from this study could also be applied to analysing bird diet.
Birds may also benefit cacao yield by pest control (Maas et al., 2013). Therefore, these
loci could be tested for their effectiveness in analysing bird samples. However,
optimisation of the bird faeces DNA extraction protocol is required, as it has had limited
success so far (A. J. Welch, Personal Communication 25/10/2018).
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5 Conclusions
This study has compared the benefits and limitations of three metabarcoding loci for
analysing the diet of insectivorous and frugivorous bats in a Cameroon cacao agroforest.
The most suitable locus found was trnL, with c and h primers (Taberlet et al., 2007), due
to its relatively high taxonomic resolution and amplification success. Database coverage is
potentially a major limiting factor to gaining high taxonomic resolution. Given broader
database coverage, it is possible that ITS1 could provide higher taxonomic resolution than
trnL. While the aim of this study was primarily optimisation of metabarcoding loci,
through this some useful insights into the bat diet have been gained. In particular, this
study has highlighted some common families in the bats’ diet, shown differences and
similarities between insectivore and frugivore diet, and shown a tentative link between
insectivorous bats and cacao. Using a combination of loci is likely to increase taxonomic
coverage and resolution. Overall, these new loci provide a starting point for further dietary
analyses, in order to fully understand how farmers can manage shade tree species to
maintain biodiversity, whilst also benefitting from bat pest control and other ecosystem
services.
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APPENDICES
Appendix A: Bat species of the faeces samples used in analysis. The table also
indicates the location and season of sample collection, and of which loci there is sequence
data used in analysis
Sequence data used
Species

Location

Season

Frugivore/Insectivore

rbcL

trnL

ITS1

Hipposideros ruber

Konye

Dry

Insectivore

Y

Y

Y

Hipposideros ruber

Konye

Dry

Insectivore

Y

Y

Y

Hipposideros ruber

Ayos

Dry

Insectivore

Y

Y

Y

Hipposideros ruber

Bokito

Dry

Insectivore

Y

Y

Y

Hipposideros ruber

Konye

Dry

Insectivore

Y

Y

Y

Hipposideros ruber

Konye

Dry

Insectivore

Y

Hipposideros ruber

Ayos

Dry

Insectivore

Y

Y

Hipposideros ruber

Konye

Wet

Insectivore

Y

Y

Y

Hipposideros ruber

Konye

Wet

Insectivore

Y

Y

Y

Hipposideros ruber

Ayos

Wet

Insectivore

Y

Y

Y

Hipposideros ruber

Ayos

Wet

Insectivore

Y

Y

Y

Hipposideros ruber

Ayos

Wet

Insectivore

Y

Y

Hipposideros ruber

Bokito

Wet

Insectivore

Y

Y

Y

Hipposideros ruber

Konye

Wet

Insectivore

Y

Y

Y

Hipposideros ruber

Konye

Wet

Insectivore

Y

Y

Y

Hipposideros ruber

Konye

Wet

Insectivore

Y

Y

Y

Hipposideros ruber

Konye

Wet

Insectivore

Y

Y

Hipposideros ruber

Konye

Wet

Insectivore

Y

Y

Y

Hipposideros ruber

Konye

Wet

Insectivore

Y

Y

Y

Hipposideros ruber

Konye

Dry

Insectivore

Y

Y

Y

Hipposideros ruber

Konye

Dry

Insectivore

Y

Y

Y

Hipposideros ruber

Konye

Wet

Insectivore

Y

Y

Y

Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone

Konye

Dry

Insectivore

Y

Y

Y

Ayos

Dry

Insectivore

Y

Y

Y

Konye

Dry

Insectivore

Y

Konye

Dry

Insectivore

Y

Konye

Dry

Insectivore

Y

Konye

Dry

Insectivore

Y

Y

Y

Ayos

Wet

Insectivore

Y

Y

Y

Konye

Wet

Insectivore

Y

Y

Ayos

Wet

Insectivore

Y

Y
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Y

Y
Y

Y
Y

Y

Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Rhinolophus
alcyone
Hipposideros caffer

Ayos

Wet

Insectivore

Y

Y

Y

Ayos

Wet

Insectivore

Y

Y

Y

Ayos

Wet

Insectivore

Y

Y

Y

Konye

Wet

Insectivore

Y

Y

Konye

Wet

Insectivore

Y

Y

Y

Konye

Dry

Insectivore

Y

Y

Y

Konye

Dry

Insectivore

Y

Y

Y

Konye

Dry

Insectivore

Y

Konye

Dry

Insectivore

Y

Y

Ayos

Dry

Insectivore

Y

Y

Bokito

Wet

Insectivore

Y

Y

Ayos

Wet

Insectivore

Y

Y

Konye

Wet

Insectivore

Y

Y

Ayos

Wet

Insectivore

Y

Y

Ayos

Wet

Insectivore

Y

Y

Ayos

Wet

Insectivore

Y

Y

Konye

Wet

Insectivore

Y

Y

Konye

Wet

Insectivore

Y

Y

Ayos

Wet

Insectivore

Y

Hipposideros caffer

Ayos

Wet

Insectivore

Y

Hipposideros
cyclops
Hipposideros
cyclops
Nycteris grandis

Konye

Wet

Insectivore

Konye

Wet

Insectivore

Y

Y

Konye

Dry

Insectivore

Y

Y

Nycteris hispida

Bokito

Wet

Insectivore

Y

Nycteris major

Bokito

Wet

Insectivore

Y

Nycteris sp.

Konye

Dry

Insectivore

Y

Casinycteris
argynnis
Casinycteris
argynnis
Casinycteris
argynnis
Casinycteris
argynnis
Casinycteris
argynnis

Konye

Wet

Frugivore

Y

Y

Konye

Wet

Frugivore

Y

Y

Konye

Wet

Frugivore

Y

Y

Konye

Wet

Frugivore

Y

Y

Konye

Wet

Frugivore

Y
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Y

Y

Y

Y
Y

Epomops franqueti

Konye

Wet

Frugivore

Y

Y

Epomops franqueti

Konye

Wet

Frugivore

Y

Y

Epomops franqueti

Ayos

Dry

Frugivore

Y

Y

Epomops franqueti

Konye

Wet

Frugivore

Y

Y

Epomops franqueti

Bokito

Wet

Frugivore

Y

Y

Epomops franqueti

Ayos

Dry

Frugivore

Y

Y

Epomops franqueti

Bokito

Dry

Frugivore

Y

Y

Epomops franqueti

Konye

Dry

Frugivore

Y

Y

Epomops franqueti

Konye

Dry

Frugivore

Y

Y

Epomops franqueti

Konye

Wet

Frugivore

Y

Y

Epomops franqueti

Ayos

Dry

Frugivore

Y

Y

Epomops franqueti

Ayos

Dry

Frugivore

Y

Y

Epomops franqueti

Ayos

Dry

Frugivore

Y

Y

Epomops franqueti

Ayos

Dry

Frugivore

Y

Y

Epomops franqueti

Ayos

Dry

Frugivore

Y

Y

Epomops franqueti

Ayos

Dry

Frugivore

Y

Y

Epomops franqueti

Ayos

Dry

Frugivore

Y

Y

Epomops franqueti

Ayos

Dry

Frugivore

Y

Y

Epomops franqueti

Ayos

Dry

Frugivore

Y

Y

Epomops franqueti

Bokito

Dry

Frugivore

Y

Y

Epomops franqueti

Ayos

Dry

Frugivore

Y

Y

Epomops franqueti

Konye

Dry

Frugivore

Y

Epomops franqueti

Ayos

Dry

Frugivore

Y

Y

Epomops franqueti

Ayos

Dry

Frugivore

Y

Y

Megaloglossus
woermanni
Megaloglossus
woermanni
Megaloglossus
woermanni
Micropteropus
pusillus
Micropteropus
pusillus
Micropteropus
pusillus
Micropteropus
pusillus
Micropteropus
pusillus
Micropteropus
pusillus
Rousettus
aegyptiacus
Rousettus
aegyptiacus
Rousettus
aegyptiacus

Konye

Wet

Frugivore

Y

Y

Konye

Wet

Frugivore

Y

Y

Ayos

Dry

Frugivore

Y

Y

Ayos

Dry

Frugivore

Y

Y

Bokito

Dry

Frugivore

Y

Y

Bokito

Dry

Frugivore

Y

Y

Bokito

Dry

Frugivore

Y

Y

Bokito

Dry

Frugivore

Y

Y

Bokito

Dry

Frugivore

Y

Y

Konye

Dry

Frugivore

Y

Y

Konye

Dry

Frugivore

Y

Y

Konye

Dry

Frugivore

Y

Y
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Rousettus
aegyptiacus

Konye

Dry

Frugivore
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Y

Y

Appendix B: Summary of findings of the literature review carried out to identify candidate metabarcoding loci. Spaces are in the table due to
some papers not providing all information
Taxonomic resolution
Publication

Type of study

Locus

Length
(bp)

Primers

Amplification
success

Kress et al.,
(2005)

Barcode loci
comparison

ITS

560709

Kartzinel et
al., (2015)

Empirical diet
metabarcoding

ITS

ITS1-F/ITS1PoaR,ITS1Ast-R,ITS1Cyp-R
Family specific primers

Yang et al.,
(2016)

Barcode loci
comparison

matK

matK-XF/matK-MALP

43%

Parmentier et
al., (2013)

Barcode loci
comparison

matK

matK1RKimf/matK3FKimr and matK390f/matK1326r

48%

Yang et al.,
(2016)

Barcode loci
comparison

rbcL

rbcLa-Fc/rbcLa-Rd

91%

Parmentier et
al., (2013)

Barcode loci
comparison

rbcL

rbcLaF/rbcLaR and
rbcL1F/rbcL724R

77%

Species

Genus

88%

75

family

Advantages

Disadvantages

amplified in 2
smaller
fragments
(ITS1 and
ITS2), high
sequence
divergence
Short,
conserved
primer sites
Hard to amplify
with available
primers
75%

72%

98%

Easy to
amplify,
sequence and
align
easy to align

Low resolution

Not ID to
species

Kress et al.,
(2005)

Barcode loci
comparison

rbcL

Yang et al.,
(2016)

Barcode loci
comparison

trnH-psbA

Kress et al.,
(2005)

Barcode loci
comparison

trnH-psbA

Parmentier et
al., (2013)

Barcode loci
comparison

trnH-psbA

trnHf-05/psbA3f

71%

Yang et al.,
(2016)

Empirical diet
metabarcoding

trnL

c/h

100%

Murray et
al., (2012)

trnL

c/h

Failed

Nichols et
al., (2016)

Empirical
aDNA
metabarcoding
Empirical diet
metabarcoding

trnL

g/h

Taberlet et
al., (2007)

Barcode loci
comparison

trnL

254767

c/d

Murray et
al., (2012)

Empirical
aDNA
metabarcoding
Empirical diet
metabarcoding

trnL(UAA)P6

90-120

g/h

Kartzinel et
al., (2015)

trnL(UAA)P6

1428

95%
pasbA3_f/trnHf_05

No species
level
discrimination
Low sequence
quality

71%

340660

100%

High
amplification
success, good
discrimination,
high sequence
divergence
good species
identification

81%

High
discriminating
power, high
sequence
divergence

90%
67%

86%

100%
28
families

g/h

77%

76

Conserved
primers,
robust

Low resolution

Taberlet et
al., (2007)

Barcode loci
comparison

trnL(UAA)P6

10-143

Gebremedhin
et al., (2016)

Empirical diet
metabarcoding

trnL(UAA)P6

Soininen et
al., (2013)

Empirical diet
metabarcoding

trnL(UAA)P6

g/h and c/h

Pegard et al.,
(2009)

Empirical diet
metabarcoding

trnL(UAA)P6

Valentini et
al., (2008)

Empirical diet
metabarcoding

trnL(UAA)P6

20-85

g/h

20%

41%

79%

29%

67%

100%

g/h

24%

51%

91%

g/h

50%

77

Amplify
degraded
DNA, highly
conserved
primer regions

Appendix C: Adaptation of protocol from QIAGEN DNeasy Plant Mini kit
1. Place the sample material (≤100 mg wet weight or ≤20 mg lyophilized tissue) into a
2ml safe-lock microcentrifuge tube, together with three 1/8-inch stainless steel ball
bearings (Bearing Boys Ltd. 1/8-inch stainless steel 316 ball bearings, pack of
100).
2. Place the tubes into the TissueLyser Adapter Set 2 x 24, and fix into the clamps of
the TissueLyser. Grind the samples for 2 min at 25 Hz.
3. Repeat step 2, reversing the position of the tubes within the adaptor set. Rotating
the racks of tubes in this way ensures that all samples are thoroughly and equally
disrupted.
4. Add 400μl Buffer AP1 and 4μl RNase A stock solution (100 mg/ml) to a
maximum
of 100 mg (wet weight) or 20 mg (dried) disrupted plant tissue and vortex
vigorously. No tissue clumps should be visible. Note: Do not mix Buffer AP1 and
RNase A before use.
5. Incubate the mixture for 10 min at 65°C. Mix 2 or 3 times during incubation by
inverting tube.
6. Add 130μl Buffer P3 to the lysate, mix, and incubate for 5 min on ice.
7. Centrifuge the lysate for 5 min at 20,000 x g (14,000 rpm).
8. Pipette the lysate into the QIAshredder Mini spin column (lilac) placed in a 2ml
collection tube, and centrifuge for 2 min at 20,000 x g (14,000 rpm).
9. Transfer the flow-through fraction from step 9 into a new tube (not supplied)
without disturbing the cell-debris pellet. Typically, 450μl of lysate is recovered.
For some plant species less lysate is recovered. In this case, determine the volume
for the next step.
10. Add 1.5 volumes of Buffer AW1 to the cleared lysate, and mix by pipetting.
For example, to 450μl lysate, add 675μl Buffer AW1. Reduce the amount of
Buffer AW1 accordingly if the volume of lysate is smaller. A precipitate may form
after the addition of Buffer AW1, but this will not affect the DNeasy procedure.
Note: It is important to pipet Buffer AW1 directly onto the cleared lysate and to
mix immediately.
11. Pipette 650μl of the mixture from step 10, including any precipitate that may have
formed, into the DNeasy Mini spin column placed in a 2ml collection tube
(supplied). Centrifuge for 1 min at ≥6000 x g (corresponds to ≥8000 rpm for most
microcentrifuges), and discard the flow-through. Reuse the collection tube in
step 12.
12. Repeat step 11 with remaining sample. Discard flow-through and collection tube.

13. Place the DNeasy Mini spin column into a new 2 ml collection tube (supplied),
add
500μl Buffer AW2, and centrifuge for 1 min at ≥6000 x g (≥8000 rpm). Discard
the flow-through and reuse the collection tube in step 14.
14. Add 500μl Buffer AW2 to the DNeasy Mini spin column, and centrifuge for 2 min
at 20,000 x g (14,000 rpm) to dry the membrane. Discard flow-through and
collection tube.
Note: Following the centrifugation, remove the DNeasy Mini spin column from
the
collection tube carefully so the column does not come into contact with the flowthrough, as this will result in carryover of ethanol.
15. Transfer the DNeasy Mini spin column to a 2 ml microcentrifuge tube (not
supplied), and pipette 100μl Buffer AE directly onto the DNeasy membrane.
Incubate for 5 min at room temperature (15–25°C), and then centrifuge for 1 min
at ≥6000 x g (≥8000 rpm) to elute.
16. Repeat step 15 once.
Note: More than 200 μl should not be eluted into a 1.5 ml microcentrifuge tube
because the DNeasy Mini spin column will come into contact with the eluate.
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Appendix D: Adaptation of protocol from QIAamp Fast DNA Stool Mini Kit
1. Weigh out 0.5g of 0.5mm white silica/zirconia beads into a 2ml microcentrifuge
tube. Add at least 0.05g of faeces, using liquid if needed.
2. Add 1ml InhibitEX Buffer to each stool sample. Shake for 10m at frequency 20Hz
on the QIAGEN Tissuelyser II.
3. Heat the suspension for 45min at 70°C on a heat block, upending/shaking the tubes
several times during this time. Vortex for 15s.
4. Centrifuge sample for 5 min to pellet stool particles.
5. Pipette 25μl Proteinase K into a new 2ml microcentrifuge tube
6. Pipette 600μl supernatant from step 4 into the 2ml microcentrifuge tube containing
Proteinase K.
7. Add 600μl Buffer AL and vortex for 15 s.
8. Give the tubes a quick spin in the microcentrifuge to get drops from the lid into the
tube. Incubate at 70degrees for 10min.
9. Add 600μl of ethanol (96–100%) to the lysate, and mix by vortexing. Do a quick
spin in the microcentrifuge.
10. Carefully apply 600μl lysate from step 9 to the QIAamp spin column. Close the
cap and centrifuge for 1 min. Place the QIAamp spin column into a new 2ml
collection tube, and discard the tube containing the filtrate. Repeat step 10 until all
lysate is loaded.
11. Carefully open the QIAamp spin column and add 500μl Buffer AW1. Centrifuge
for 1 min. Place the QIAamp spin column in a new 2 ml collection tube, and
discard the collection tube containing the filtrate.
12. Heat ATE buffer to 37°C. Carefully open the QIAamp spin column and add 500μl
Buffer AW2. Centrifuge for 3 min. Discard the collection tube containing the
filtrate.
Place the QIAamp spin column in a new 2 ml collection tube and discard the old
collection tube with the filtrate. Centrifuge for 3 min.
13. Transfer the QIAamp spin column into a new, labelled 1.5 ml microcentrifuge tube
and pipette 50μl Buffer ATE directly onto the QIAamp membrane. Incubate for
3 min at room temperature, then centrifuge for 1 min to elute DNA. Repeat step
14, using the same 50uL of buffer - so move the 50uL from bottom of the tube
back into the column. This gives a higher concentration of DNA in the same
volume.
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