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Abstract

Spatial and temporal collections provide important data on the distribution and dispersal of species. Regional-scale
monitoring invariably involves hundreds of thousands of samples, the identification of which is costly in both time
and money. In this respect, metabarcoding is increasingly seen as a viable alternative to traditional morphological
identification, as it eliminates the taxonomic bottleneck previously impeding such work. Here, we assess whether
terrestrial arthropods collected from 12 pitfall traps in two farms of a coffee (Coffea arabica L.) growing region of
Sao Paulo State, Brazil could differentiate the two locations. We sequenced a portion of the cytochrome oxidase
1 region from minimally processed pools of samples and assessed inter- and intraspecific parameters across the
two locations. Our sequencing was sufficient to circumscribe the overall diversity, which was characterized by few
dominant taxa, principally small Coleoptera species and Collembola. Thirty-four operational taxonomic units were
detected and of these, eight were present in significantly different quantities between the two farms. Analysis
of community-wide Beta diversity grouped collections based on farm provenance. Moreover, haplotype-based
analyses for a species of Xyleborus beetle showed that there is significant population genetic structuring between
the two farms, suggesting limited dispersal. We conclude that metabarcoding can provide important management
input and, considering the rapidly declining cost of sequencing, suggest that large-scale monitoring is now feasible
and can identify both the taxa present as well as contribute information about genetic diversity of focal species.
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So-called metagenetics initially involved the use of next-generation (Baird and Hajibabaei 2012, Taberlet et al. 2012). The most common

sequencing (NGS) platforms to reveal the previously hidden bio-
diversity of microscopic biomes (Buée et al. 2009, Petrosino et al.
2009). In such work, the study targets, generally fungi or bacte-
ria, are so numerous and small that they cannot be taxonomically
assigned in a financially efficient manner, hence the desirability of
NGS. Moreover, such organisms are difficult to identify morpholog-
ically or cannot be cultured in vitro, which was traditionally done
before the advent of NGS. This technology is now frequently used
for organisms other than bacteria and fungi, including nematodes
and protists (Creer 2010, Pawlowski et al. 2014).

More recent work includes macroscopic samples of pooled inver-
tebrates, including arthropods (Shokralla et al. 2012, Yu et al. 2012).
In combination with the growing databases that allow taxonomic
diagnosis based on DNA sequences (e.g., www.boldsystems.org;
GenBank), these metagenetic studies have been termed metabarcoding

metabarcoding pipeline involves the targeted PCR amplification of
a taxonomically informative marker. In Metazoa, this is often the
cytochrome oxidase 1 (CO1) mitochondrial gene.

Like the smaller taxa, macroinvertebrates are often taxonom-
ically cryptic and can be sampled in enormous numbers, which
make inventorying time- and resource-intensive. Initial attempts to
explore this line of research included artificial assemblages created
with known species compositions to test the output coverage from
the NGS sequencers. Such sequencing normally yields a faithful rep-
resentation of the original composition; generally, over 80% of a
priori species are recovered by the sequencer (Hajibabaei et al. 2012,
Gibson et al. 2014, Elbrecht and Leese 2015, Kekkonen et al. 2015).

While these results are encouraging, universal primer sets are not via-
ble for CO1 across broad taxonomic space (such as all Metazoa) because
of this marker’s highly polymorphic priming sites. However, some

© The Authors 2017. Published by Oxford University Press on behalf of Entomological Society of America.

All rights reserved. For permissions, please email: journals.permissions@oup.com.


mailto:pedro@ipe.org.br?subject=
http://www.boldsystems.org

Environmental Entomology, 2017, Vol. XX, No. X

sets have successfully used degenerate nucleotides to create near-uni-
versal priming. Of these, the primers designed by Leray et al. (2013)
amplified a 313-bp fragment of the CO1 across 14 animal phyla.
Although some informative taxonomic data are lost in such a small
sequence length, the relatively small amplicon is highly appropriate
for field-collected samples, which are often degraded during sampling.
Moreover, small amplicon size minimizes PCR bias, which can lead to
better approximations of relative abundances (Huber et al. 2009).

Considering these encouraging results, there is a surprising lack
of work where the pooled assemblage is not artificial, i.e., a blind
study using wild-caught samples. Of the few that exist, most have
dealt with the monitoring of aquatic biomes (e.g., Carew et al. 2013,
Gibson et al. 2015) to both identify invasive species and estimate
water quality indices.

Only recently have soil biomes been sampled from wild-caught
(as opposed to artificially constructed) assemblages (e.g., Arribas et al.
2016, Beng et al. 2016). No studies, however, have tested explicitly
the Alpha and Beta diversity of collections from pitfall traps. Given
its proven capacity, metabarcoding should have the power to both
describe and differentiate the biodiversity between sampling locations.
In other words, Beta diversity indices should aggregate replicates within
locations and reciprocally distinguish comparisons between locations.

Congruence in Beta diversity between pools sampled in the same
habitat would be the desired outcome in any applied biomonitor-
ing framework, as it would imply that a sufficient amount of effort
has been spent sampling the local biodiversity. In many cases (such
as megadiverse tropical forests), this may still be unrealistic, as a
full representation of even macroinvertebrate biodiversity would
likely include thousands of species. However, well-designed and
dense sampling schemes combined with newer high-throughput
sequencers, such as the Illumina platforms, may resolve this problem
(Brandon-Mong et al. 2015, Aylagas and Rodriguez-Ezpeleta 2016).

NGS technology can also complement biomonitoring by effi-
ciently characterizing the dispersal of focal taxa via intraspecific
genetics. The dispersal capacity (either anthropogenic or natural) of
such organisms is most easily estimated via population genetic studies
that track lineages through space and time. Thus, in addition to the
presence/absence of relevant taxa, pooled samples can also provide
intraspecific population genetics metrics, assuming sufficient individ-
uals from the same species are collected (Johnson and Slatkin 2006).

In practice, such intraspecific work is important for at least two
reasons: identifying the geographical provenance of invasive species
on a global scale and understanding dispersal routes of focal taxa
through the landscape. Traditionally, such work has relied on the
physical separation and PCR-based analyses of individual organisms,
which is time- and resource-intensive (e.g., Guidolin et al. 2014). If
organisms are captured in sufficient numbers (as many pests often
are), NGS output can be considered to represent haplotype frequen-
cies within the sampling point. These can then be used to track dis-
persal parameters and population size, among other parameters.

With growing concerns about the potential for climatic changes
and exotic species to alter ecosystems (Walther et al. 2002), the
potential for concurrent identification of relevant species and their
population genetic parameters is imperative. Importantly, these two
ends can be bundled into a single sampling and laboratory pipe-
line through metabarcoding. Although proof-of-concept studies are
increasingly common for invertebrate pools, few have attempted to
apply these protocols. Here, we show that NGS platforms can be
used to both differentiate ecological assemblages and to describe
intraspecific variation from pooled samples collected in pitfall traps
on coffee farms. We show that even a small sampling effort yields
informative data for both categories.

Materials and Methods

Sampling Locations

We sampled along linear gradients within two conventional full-sun
coffee (Coffea arabica L.) farms inserted within a forested matrix.
Traps were set approximately 50 m apart and placed at varying dis-
tances from adjacent forests. However, proximity to forests did not
significantly impact pitfall contents (data not shown). A concurrent
experiment sampled invertebrates within the forests, and thus oper-
ational taxonomic unit (OTU) identifications herein are shown in
nonsequential order.

Farm I (approximately 21°35715”S, 46°36702”W) is situated on
relatively flat terrain, where harvesting is undertaken by mechanized
means. A second collection site (Farm II, approximately 21°26°56”S,
46°36"20”"W) was chosen to include a hillside system, with manual
harvest. However, because of topography and harvesting methods,
Farm II contained significantly more understory and coffee trees
were physically closer together, creating a more humid habitat har-
boring noticeably more diversity (personal field observation).

We placed pitfall traps in eight locations on Farm I (denoted Ta—
Th) and four on Farm II (Ila-IId). These traps were installed in the
understory of the coffee trees, equidistant from tree trunks. They
consisted of a 400-ml plastic cup, one-half filled with absolute eth-
anol. An improvised plastic funnel was inverted at the top of the
cup to mitigate alcohol evaporation. The trap was covered with a
plastic plate to prevent entry of rain and detritus. Pitfall traps were
deployed from 23 January 2015 to 10 February 20135.

DNA Extraction and PCR

The collected invertebrates included a broad range of body sizes,
although most were <0.5 cm. To diminish the proportion of DNA
from larger-bodied individuals, we contributed only 4 mm of the legs
from arthropods larger than 1 cm. The contents of pitfall traps were
returned to the laboratory and stored at ~20°C for not more than
1 wk prior to DNA extraction.

Samples that were initially processed as above were divided into
2 ml subsamples and macerated using a Savant FastPrep lysis mill
at maximum speed for 20 s using 1-mm ceramic beads. Following
lysis, the samples were reassembled into a single aggregate sample.
A subsample of this product was then submitted to DNA extraction
with a DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA) following
manufacturer’s instructions.

Nested PCR reactions were performed using the Metazoa-specific
primer set for CO1 of Leray et al. (2013) adapted for use on the 454-
FLX sequencing platform. In summary: a first PCR was done using
the forward primer mICOlintF_adF (5’-GGC CAC GCG TCG ACT
AGT ACG GWA CWG GWT GAA CWG TWT AYC CYC C-3’),
where the underlined portion is an adaptor overhang used in our
laboratory to decrease the cost of multiplexing PCR primers. The
reverse primer for the first PCR was jgHCO2198 (5’-TAI ACY TCI
GGR TGI CCR AAR AAY CA-3’). The product from the initial reac-
tion was diluted 10x and submitted to a second PCR using the for-
ward primer 454A-MID-adF (5’-CGT ATC GCC TCC CTC GCG
CCA TCA GNN NNN NGG CCA CGC GTC GAC TAG TAC-3,
where Ns represent a 6-bp barcode, the forward 454 fusion primer
is italicized, and the adaptor overhang sequence is underlined) and
the reverse jgHCO2198_454R (5"-CTA TGC GCCTTG CCA GCC
CGCTCA GTAIAC YTC IGG RTG ICC RAA RAA YCA-3’, where
the 454 fusion reverse primer is italicized).

Both first- and second-round PCR reactions were performed in
triplicate and pooled to minimize PCR variability and also included
a negative control with no template added. For each, a 25-pl PCR
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reaction was carried out using the GoTaq PCR system (Promega,
Madison, WI). First-round reactions included 1 pl of DNA template,
0.2 mM of forward and reverse primers, 1x PCR buffer, 1.5 mM
MgCl,, 0.1 mM dNTP mix, and 1 unit of Taq polymerase. Thermal
cycler settings for the initial PCR included a 10-min denaturation
step at 95°C followed by 15 cycles of 94°C for 20 s, 50°C for 30 s,
and 72°C for 40 s. An elongation step at 72°C for 7 min was then
performed. The second, nested, PCR utilized identical temperature
profiles except that the initial denaturation was run for only 1 min.
The efficiency of the reactions and the absence of contamination in
negative controls were verified by electrophoresis of the PCR prod-
ucts on a 1% agarose gel, stained with ethidium bromide.

Amplicon concentrations were measured using a Qubit fluorome-
ter (Thermo Fisher Scientific, Waltham, MA) and equimolar concen-
trations of each sample were pooled and purified using the QIAquick
PCR Purification Kit (Qiagen). Clean products were sequenced in
the forward direction on 1/8 plate of a 454 Life Sciences Genome
Sequencer FLX machine (Roche, Branford, CT) using the Macrogen
facilities (South Korea). The sequencing run was shared with 36
additional samples from other experiments, thus using a combined
48 MID tags within the 1/8th run. Because the pitfall samples
analyzed herein contained on average fewer than ~200 individual
invertebrates, we calibrated the concentration of the 12 samples to
occupy only ~1/500th of the gasket lane.

Sequence Data Processing

Sequence quality filtering was undertaken using MOTHUR v.1.36.1
(Schloss et al. 2009). Quality criteria included a minimum sequence
length of 200 bp for OTU-based analyses and 250 bp for haplo-
type analyses, all with a minimum average quality score of 25. We
allowed for no nucleotide differences in the barcode region and four
differences in the priming region. Sequence reads were clustered
into OTUs as described in the USEARCH SOP (http://drive5.com/
usearch/manual/upp_454.html; Edgar 2010). This pipeline uses the
USEARCH algorithm to remove form downstream analyses chime-
ras based on de novo detection from the supplied sequences. The
longest representative from each cluster was that adopted as the rep-
resentative OTU. OTUs represented by fewer than five reads were
removed from all downstream analyses. All phylogenetic trees calcu-
lated from sequence data were created using MEGA v.7.0.9 with the
Jukes-Cantor genetic distance model (Kumar et al. 2016).

As described below, we utilized two clustering thresholds. To
assess species assemblage-scale parameters, we used a USEARCH
97% threshold, which removes potential intraspecific distinctions (i.e.,
CO1 haplotypes). In the second analysis, which sought to extract exact
(unclustered) haplotypes, we used a USEARCH threshold of 100%.

For both analyses, we removed OTUs that were not assigned to
Arthropoda with bootstrap support of 70% or higher as estimated
using the RDP classifier (Wang et al. 2007). Here, we identified the
database matches to OTUs using a 50% bootstrap cutoff, as rec-
ommended by authors, using the MIDORI UNIQUE Metazoa data-
set (Machida et al. 2017). In all diversity calculations, we used the
MOTHUR command subsample=T to correct for disparate sequenc-
ing depth among the 12 collections.

OTU-Based Analyses

Beta Diversity

Community ecological parameters were calculated in MOTHUR
using the Jaccard diversity estimate. We used two methods to test
whether Beta values indicated more similar intersite values within
farms than between farms: MOTHUR’s parsimony module based

on tree topology (Schloss and Handelsman 2006) and permuta-
tional multivariate analysis of variance (PERMANOVA; Anderson
2001). PERMANOVA was implemented using the adonis function
of the vegan package in R with 1,000 permutations (Oksanen 2013).
Differences in community composition were evaluated graphically
using nonmetric multidimensional scaling (NMDS) ordination based
on rank scores, also using the Jaccard index.

Alpha Diversity

Alpha diversity was estimated using the MOTHUR command sum-
mary.single to calculate Shannon and Inverse Simpson diversity. The
command phylo.diversity was used to calculate scaled phylogenetic
diversity. Rarefaction curves were generated separately for each sam-
ple with the rarefaction.single command.

MOTHUR was also utilized to diagnose OTUs differentially
detected between the two farms, using an implementation of the
Metastats program of White et al. (2009). Here, statistical correction
for multiple comparisons was done using g values.

Haplotype-Based Analyses

We used USEARCH to cluster quality-filtered sequences as described
above, except we utilized a 100% threshold and sequence length of
250 bp in order to capture as much haplotypic diversity as possible.
In other words, all sequence variants from the quality-filtered reads
were derived with no clustering except when they were identical rep-
licates. These were considered CO1 haplotypes.

We then clustered these unique haplotypes to a 97% threshold
under the assumption that this cutoff does not capture interspecific
variation (intraspecific variation is often 3% or less for most spe-
cies [Hajibabaei et al. 2006]). We selected species haplotypes that
occurred at more than one location on both farms in order to calcu-
late analysis of molecular variance (AMOVA) using Arlequin v.3.5.
AMOVA was based on F, values for haplotype frequencies with
significance tested using 1,000 permutations (Excoffier et al. 2005).

Results

Prior to quality filtering, the 12 pitfall samples collected from the
two coffee farms accounted for 2,345 sequence reads. As discussed
previously, CO1 amplicon reads from the samples analyzed herein
were part of a larger sequencing run that included an additional
36 samples collected from other experiments within forested areas
in the same region. All OTUs and haplotypes derived from this
experiment were deposited in GenBank under accession numbers
MF987844-MF987877.

OTU-Based Analyses

Thirty-four individual OTUs (clustered at a threshold of 97%),
derived from 2027 quality-filtered sequences, were characterized
tollowing sample processing (Table 1). The highest proportion of
sequences in both farm locations were assigned to Coleoptera (54%)
and Entomobryomorpha (Collembola; 21%) (see Supp Data online
only). Within the Coleoptera, the families most represented were
Nitidulidae (34% of Coleoptera reads), Curculionidae (35%), and
Staphylinidae (26%). These data agree with visual observations
prior to DNA extraction that indicated most pitfall samples were
composed of smaller Coleoptera (<0.5 cm) and Collembola.

The individual Coleoptera OTUs most commonly sampled from
the two farms were OTU 8, identified as Urophorus sp. with 100%
RDP bootstrap support (comprising 18% of total sequence reads),
and OTU 3, identified to Xyleborus at 98% bootstrap support (15%
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Table 1. Taxonomic assignment of 34 OTUs based on RDP analysis with assignment bootstrap values above 50% listed for each taxonomic

level
OTU-ID Class Bootstrap Order Bootstrap Family Bootstrap Genus Bootstrap
support support support support
OTU_165 Arachnida 1.00 Araneae 1.00 Agelenidae 0.53 Tegenaria 0.53
OTU_87 Collembola 0.88 Entomobryomorpha 0.88 Entomobryidae 0.88 Entomobrya 0.88
OTU_75 Collembola 0.50 Entomobryomorpha 0.50 Entomobryidae 0.50 Entomobrya 0.50
OTU_9 Collembola 1.00 Entomobryomorpha 1.00 Entomobryidae 1.00 Lepidocyrtus 1.00
OTU_13 Collembola 1.00 Entomobryomorpha 1.00 Isotomidae 1.00 Weberacantha 1.00
OTU_SS Diplopoda 1.00 Polydesmida 1.00 Xystodesmidae 1.00 Appalachioria 1.00
OTU_61 Insecta 1.00 Blattodea 1.00 Blaberidae 1.00 Pycnoscelus 1.00
OTU_S6 Insecta 1.00 Blattodea 0.82 Blattidae 0.50
OTU_28 Insecta 1.00 Blattodea 1.00 Blattidae 1.00 Hebardina 0.95
OTU_17 Insecta 1.00 Coleoptera 1.00 Carabidae 1.00 Calosoma 1.00
OTU_39 Insecta 1.00 Coleoptera 1.00 Chrysomelidae 1.00 Bruchidius 0.97
OTU_3 Insecta 1.00 Coleoptera 1.00 Curculionidae 1.00 Xyleborus 0.98
OTU_31 Insecta 1.00 Coleoptera 1.00 Curculionidae 1.00 Xyleborus 0.93
OTU_29 Insecta 1.00 Coleoptera 1.00 Languriidae 1.00 Cryptophilus 1.00
OTU_8 Insecta 1.00 Coleoptera 1.00 Nitidulidae 1.00 Urophorus 1.00
OTU_59 Insecta 1.00 Coleoptera 1.00 Staphylinidae 1.00 Atheta 1.00
OTU_43 Insecta 1.00 Coleoptera 1.00 Staphylinidae 0.78 Atheta 0.78
OTU_47 Insecta 1.00 Coleoptera 1.00 Staphylinidae 1.00 Lordithon 1.00
OTU_11 Insecta 1.00 Coleoptera 1.00 Staphylinidae 1.00 Oxypoda 1.00
OTU_16 Insecta 0.99 Coleoptera 0.82 Staphylinidae 0.69 Phyllodrepoidea 0.69
OTU_105 Insecta 1.00 Diptera 1.00 Drosophilidae 1.00 Drosophila 1.00
OTU_38 Insecta 1.00 Diptera 1.00 Drosophilidae 1.00 Drosophila 1.00
OTU_23 Insecta 1.00 Diptera 1.00 Sarcophagidae 1.00 Helicobia 1.00
OTU_26 Insecta 1.00 Diptera 0.99 Syrphidae 0.99 Didea 0.99
OTU_20 Insecta 1.00 Hymenoptera 1.00 Formicidae 1.00 Dorymyrmex 1.00
OTU_15 Insecta 1.00 Hymenoptera 1.00 Formicidae 1.00 Labidus 1.00
OTU_S53 Insecta 1.00 Lepidoptera 1.00 Cossidae 1.00 Catopta 1.00
OTU_33 Insecta 1.00 Lepidoptera 1.00 Geometridae 1.00 Melinodes 1.00
OTU_22 Insecta 1.00 Mantodea 0.99 Mantidae 0.99 Amantis 0.99
OTU_S Insecta 1.00 Mecoptera 0.99 Panorpidae 0.99 Panorpa 0.99
OTU_100 Insecta 1.00 Mecoptera 1.00 Panorpidae 1.00 Panorpa 1.00
OTU_24 Insecta 1.00 Orthoptera 1.00 Gryllidae 1.00 Anaxipha 1.00
OTU_18 Insecta 1.00 Orthoptera 1.00 Gryllidae 1.00 Gryllus 1.00
OTU_57 Insecta 1.00 Orthoptera 1.00 Gryllotalpidae 1.00 Gryllotalpa 1.00

of total reads). Among the Collembola, OTU 9 (100% support to the
genus Lepidocyrtus) comprised 17% of total reads and was detected
only on Farm L.

Beta Diversity
The Jaccard diversity matrix yielded groupings where within-farm col-
lections were reciprocally monophyletic; i.e., they were more similar
to each other than to samples from the other farm (Fig. 1). The parsi-
mony test confirmed that the pairwise differences between collections
always lead to reciprocal groupings of samples collected in either farm
(P < 0.01), as did PERMANOVA based on the Jaccard dissimilarity
index (F= 2.70; df=1,10; R* =0.21; P <0.005). The results of NMDS
ordination in two dimensions (stress = 0.08) are described in Fig. 2.
Metastats analysis identified eight OTUs that were present in signif-
icantly different quantities between Farm I and Farm II (Table 2). These
included representatives from Araneae (OTU 165), Coleoptera (8, 11,
47), Orthoptera (18), Diptera (26), and Entomobryomorpha (9, 87).
Five of these OTUs were exclusively detected on only one of the farms.

Alpha Diversity

Although a relatively small number of reads were sequenced, col-
lection efforts at most sampling stations within both farms were
generally sufficient, as indicated by rarefaction curves. Other than
samples If, Ig, ITa, and IId, most samples’ curves reached a plateau,

suggesting a sufficient sampling effort was undertaken to measure
biodiversity (Fig. 3).

Alpha diversity indices indicate a generally more diverse commu-
nity on Farm II (Table 3), although more sequences were recovered
from Farm I (note that sample sizes were standardized for these cal-
culations). The twofold difference in phylogenetic diversity between
the farms was likely due to the fact that orders Orthoptera and
Blattodea were detected primarily on Farm II.

Haplotype-Based Analyses

Within the two farms sampled, we identified 706 unique haplotypes
of sequence length above 250 bp based on the clustering of sequence
reads at a 100% threshold. We were able to identify several taxo-
nomic units (defined as a cluster of unique haplotypes that shared no
more than 3% divergence) that occurred on both farms at frequencies
sufficient to calculate population genetic parameters. Of these, haplo-
types belonging to OTU 3 (genus Xyleborus; Table 1) were found in
collection sites Ia, Ib, Ic, Id, Ig, Th, Ia, IIb, Ilc, and IId (Fig. 4).

The five OTU 3 haplotypes identified did not contain mutations
leading to frameshifts or stop codons and three were detected in
more than one location (Fig. 4). These two results, along with the
fact that only sequence groupings containing five or more repre-
sentatives were retained for the analysis, suggest that the haplotype
sequences were not spurious PCR artifacts.



Environmental Entomology, 2017, Vol. XX, No. X

Although our cutoff of 97% sequence identity to describe bio-
logical species is arguably error-prone because of the nuances of
intraspecific diversity, we note that these five haplotypes consistently
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Fig. 1. Dendrograms showing the averaged relationship of Beta diversity
values between each of the collection locations within the two farms sampled
(using the Jaccard Beta diversity index).

clustered together at thresholds of 92-96%. Given that the average
intraspecific divergence for closely related Xyleborus species shown
in Fig. 4 is 3.4% (range from 0.9 to 6.4%) and that the interspe-
cific divergence within genus Xyleborus averages 16.4% (range from
10.5 to 19.7%), we are satisfied that the five OTU 3 haplotypes
described by the phylogenetic tree in Fig. 4 accurately encompassed
a single species.

The AMOVA results indicate significant population structuring
at all levels evaluated: among collection sites, among collection sites
within farms and between farms (F; F., and F_,,
4). A relatively high percentage of the total variance is explained
between the farms (26 %; P = 0.04), which indicates that populations
on either farm can be considered genetically isolated.

respectively; Table

Discussion

A main concern of environmental managers is assessing the impact
of agricultural practices upon cropping ecosystems (McLaughlin and
Mineau 1995). Although this has traditionally focused on describ-
ing pest and pathogen taxa, other species are now commonly tar-
geted, either as a requirement for socio-environmental certifications
(Perfecto et al. 2005) or to assess the sustainability of such practices,
e.g., promotion of biocontrol (Gurr et al. 2003, Scherr and McNeely
2008). Although traditional, molecular biology-based monitoring is
well established in this sense, it has generally relied on ‘single-target’
protocols, where only the presence/absence of DNA from the target
species in a pool is sought (e.g., Kikkert et al. 2006, Nagoshi et al.
2011). However, many crops typically have a variety of relevant
interactions; a reality that NGS technology can address by bundling
the search for expected (and unexpected) taxa into a single pipeline.

The current work is part of a nascent regional-scale monitor-
ing initiative in the coffee-growing centre of Sao Paulo State. We
are establishing a network of collecting stations throughout this
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Fig. 2. NMDS ordination of invertebrate assemblages from two coffee farms in Sao Paulo State, based on the Jaccard Beta diversity index. Farm provenance is
indicated by either | or Il and sampling point within farms is represented by letters.
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Table 2. Results of Metastats analysis identifying OTUs represented differentially between coffee farms

Name Mean Variance SE Mean Variance SE P value q value
(Farm I) (Farm I) (Farm I) (Farm II) (Farm II) (Farm II)
OTU 11 12.6 1.6 4.4 0 0 0 0.002 0.005
OTU 165 0 0 0 1.2 0.001 0.2 0 0
OTU 18 0 0 0 9.8 0.8 4.4 0.017 0.029
OTU 26 0.5 0.01 0.4 5.5 0.1 1.7 0.002 0.005
OTU 47 0.1 0.0007 0.1 1.8 0.03 0.8 0.026 0.038
OTU 8 24.7 4.2 7.3 0.8 0.03 0.8 0.001 0.003
OTU 87 0 0 0 1.2 0.02 0.7 0.035 0.045
OTU 9 26.7 3.5 6.6 0 0 0 0.0002 0.001
" b
: ______________la
2.
S b
a o & 8 10 161 181 W1 i 241 %1 et

1 12 11
Sequences Sampled

Fig. 3. Rarefaction curves for the 12 points sampled. Samples collected on Farm | are indicated as dashed lines, on Farm Il as solid lines.

Table 3. Diversity values for sampling locations on both farms

Location OTUs observed Number of sequences Shannon diversity Inverse Simpson Scaled phylogenetic diversity
diversity

Farm Ia 13 290 1.91 4.87 0.0095

Farm Ib 8 296 1.51 3.75 0.0033

Farm Ic 7 164 1.1 2.13 0.0215

Farm Id 6 254 0.86 1.77 0.0061

Farm le 6 122 1.45 3.73 0.0024

Farm If 10 130 1.43 2.74 0.0239

Farm Ig 4 31 1 2.53 0.0120

Farm Th 10 167 2.07 7.33 0.0068

Farm I mean (SD) 8.00 = 2.69 181.75 + 86.24 1.42 = 0.40 3.61+1.69 0.01 = 0.008

Farm Ila 10 103 1.63 3.97 0.01

Farm IIb 16 261 1.69 2.91 0.03

Farm Ilc 12 146 2.17 7.29 0.02

Farm IId 9 63 1.1 1.86 0.03

Farm II mean (SD) 11.75 = 2.68 143.25 + 74.05 1.65 = 0.38 4.01 =2.04 0.02 = 0.008

Values were calculated after correction for sample size.

agricultural landscape to track the distribution of invertebrate taxa.
We are particularly interested in how these dynamics are impacted
by the considerable amount of remnant forests. Here, we show that
metabarcoding can attend to this demand by identifying the distri-
bution of dozens of taxa across the landscape, robustly differentiate
areas, and yield population genetic information.

Our results suggest that, although very few sequences were gen-
erated in this study, they were nonetheless sufficient to capture the
biodiversity of the sampling sites. This may not be surprising given
that high levels of anthropic intervention on conventional farms (as

evaluated herein) generally reduce biodiversity in comparison to
organic and shade coffee properties (Ibarra-Nuflez and Garcia 2001,
Armbrecht and Gallego 2007).

OTU-Based Analyses

We found that within each of the two coffee farms, pitfall sam-
ples were generally homogeneous in their community structures
and could be described by a few dominant sequences. Almost 70%
of DNA detected from pitfall traps was represented by only five
OTUs (3, 5, 8, 9, 11; Table 1). Of these, OTUs 8 (Urophorus sp.),
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HAPLOTYPE_49 Il:a(9)

HAPLOTYPE_88 l:a(5)

HAPLOTYPE_04 I:a(13);b(14);d(126);g(10);h(3) ll:a(9);b(1);c()
HAPLOTYPE_65 I:b(3);h(3)

HAPLOTYPE_64 l:c(1) ll:b(4);d(1)
KP941312|Xyleborus_bispinatus

KP941290|Xyleborus_ferrugineus
KP941242|Xyleborus_ferrugineus
KP941266|Xyleborus_ferrugineus
KP941216|Xyleborus_affinis

"

KP941232|Xyleborus_affinis
KT696205|Platypodinae_sp. BMNH_1274286
KP941212|Xyleborus_affinis
KP941217|Xyleborus_affinis

Fig. 4. Neighbourjoining tree of the five haplotypes identified herein for OTU 3 along with the most similar mega BLAST (Altschul et al. 1990) hits from GenBank.
Bootstrap values are listed on inside nodes. Accession numbers are followed by GenBank taxonomic identifiers. For the five haplotypes detected (top clade),

we list their abundance in each farm collection.

Table 4. Results from AMOVA identifying the distribution of genetic diversity among the five haplotypes of OTU 3

Source of variation df Sum of squares Percentage of variation Fixation indices P value
Fe, 1 3.899 25.9 0.26 0.04

E,. 8 7.147 37.27 0.5 <0.001
F.. 196 12.882 36.82 0.63 <0.001

Note that the F, result indicates significant difference between the two farms.

9 (Lepidocyrtus sp.), and 11 (Oxypoda sp.) were differentially
detected between the two farms. In light of environmental monitor-
ing, this is a relevant distinction because these three taxa are rela-
tively small (<0.5 cm) and would thus require extensive microscope
work hours to identify morphologically (as is often the norm in bio-
monitoring). Rarer taxa that also occurred differentially between
the farms were OTU 26 (Didea sp.), OTU 47 (Lordithon sp.), and
165 (Araneae).

Because we sampled only two properties, the differences between
them cannot be attributed specifically to management practices.
However, the consistency of Beta diversity within farms does sug-
gest the variation is not random and may be a result of exogenous
influences. Ecological or management parameters may also explain
the consistently higher Alpha diversity in Farm II. The denser can-
opy and less-frequent removal of undergrowth in this hillside area
may provide greater diversity of host plants and more cover for
dispersal.

Haplotype-Based Analyses

The fact that metabarcoding allows the detection of distinct hap-
lotypes in the sampled populations has important implications
for agriculture and environmental management. In populations of
pest species, for example, there will be variation in dispersal ability
and population size, both parameters that can be estimated from
DNA data. Effective characterization of individual haplotypes can
also identify the provenance of introduced species, especially those
that already have substantial geographic annotations in genetic
databases.

An important consideration in population genetic analyses is that
sufficient individuals be collected from each sample to make com-
parisons of relative frequencies meaningful. Although our protocol
did not measure directly the number of individuals from each trap,
visual inspection of contents prior to homogenization identified ele-
vated quantities of Curculionidae beetles similar to the Xyleborus
sp. identified herein as OTU 3. Moreover, previous trapping in Brazil
has shown that hundreds of Xyleborus individuals are commonly

caught in pitfall traps (Abreu et al. 2012). We thus feel confident
that the sequencing output are indeed representative of the relative
frequencies from a large number of Xyleborus, and thus amenable to
population genetic analyses.

A second consideration in the haplotype-based analysis is accu-
rate species delimitation for OTU 3; the potential exists that the hap-
lotypes detected are derived from more than one species. We believe
this likelihood is minimal because clustering thresholds from 97 to
92% consistently grouped the five haplotypes together. Previous data
have suggested that the intraspecific variation of this genus ranges
from 0 to 6.5% (Chang et al. 2014). Conversely, interspecific diver-
gence within the Xyleborus averaged 23.6%. We thus concluded
that the five haplotypes sampled as OTU 3 were likely from the same
species.

Conclusions

The principal impediment to current ecological assemblage-scale
research is the taxonomic bottleneck, which often necessitates heavy
investments in the identification of collections. Herein, we show
that a research project that was essentially morphologically blind
(i.e., no morphological information was used in the analyses) could
nonetheless provide important ecological conclusions for terrestrial
invertebrates collected from pitfall traps. Moreover, the intraspecific
haplotype-based analysis highlights NGS potential to track inverte-
brate dispersal through a landscape.

Different habitats, such as tropical forests, will undoubtedly
require higher sequencing depth than was provided by the 454-FLX
pyrosequencing used herein. Currently, the popular MiSeq platform
produces one order of magnitude more metabarcoding data at a
comparable price. Given this rapidly diminishing cost, field collec-
tion protocols are now a limiting factor in biomonitoring, particu-
larly when such efforts require dense sampling. The pitfall traps used
herein are an inexpensive means of capturing terrestrial arthropods
and can be installed during several weeks, which increases the sam-
pling window and decreases the variation that arises from punctual
collections, especially in agricultural landscapes.
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