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Abstract

Rapid degradation of tropical forests urges to improve our efficiency in large-scale biodiversity assessment. DNA

barcoding can assist greatly in this task, but commonly used phenetic approaches for DNA-based identifications rely

on the existence of comprehensive reference databases, which are infeasible for hyperdiverse tropical ecosystems.

Alternatively, phylogenetic methods are more robust to sparse taxon sampling but time-consuming, while multiple

alignment of species-diagnostic, typically length-variable, markers can be problematic across divergent taxa. We

advocate the combination of phylogenetic and phenetic methods for taxonomic assignment of DNA-barcode

sequences against incomplete reference databases such as GenBank, and we developed a pipeline to implement this

approach on large-scale plant diversity projects. The pipeline workflow includes several steps: database construction

and curation, query sequence clustering, sequence retrieval, distance calculation, multiple alignment and phyloge-

netic inference. We describe the strategies used to establish these steps and the optimization of parameters to fit the

selected psbA-trnH marker. We tested the pipeline using infertile plant samples and herbivore diet sequences from

the highly threatened Nicaraguan seasonally dry forest and exploiting a valuable purpose-built resource: a partial

local reference database of plant psbA-trnH. The selected methodology proved efficient and reliable for high-

throughput taxonomic assignment, and our results corroborate the advantage of applying ‘strict’ tree-based criteria to

avoid false positives. The pipeline tools are distributed as the scripts suite ‘BAGpipe’ (pipeline for Biodiversity

Assessment using GenBank data), which can be readily adjusted to the purposes of other projects and applied to

sequence-based identification for any marker or taxon.
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Introduction

As tropical forests are rapidly decaying due to human

activity and climate change, it is becoming increasingly

critical to improve our efficiency in recording biodiver-

sity and developing informed conservation strategies for

these hyperdiverse ecosystems. The wide application of

the DNA-barcoding approach (Hebert et al. 2003) has

provided a valuable tool, which can greatly accelerate

species identification and facilitate large-scale biodiver-

sity assessment and environmental monitoring (Janzen

et al. 2009; Yu et al. 2012). However, there are some limi-

tations to this approach, including finding optimal DNA

barcodes and robust methodologies for sound taxonomic

identification based on these sequences. Especially in

plants, DNA barcoding has been far more challenging

than in animals (Fazekas et al. 2009; Cowan & Fay 2012).

A range of chloroplast genes have been proposed by

different authors as potential plant barcodes, but none of

them have proved as successful as the cox1 marker for

animals, either in terms of sequence recovery and quality

or in terms of species discrimination power

(Hollingsworth et al. 2011). The CBOL Plant Working

Group (2009) proposed rbcL and matK as the core two-

loci plant barcode, with the psbA-trnH intergenic region

being the next favoured option, as a supplementary

barcoding marker. The rbcL barcode is easy to amplify

and sequence across vascular plants but lacks variabilityCorrespondence: Jes�us G�omez-Zurita, Fax: +34 93 221 1011;

E-mail: j.gomez-zurita@ibe.upf-csic.es
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to distinguish among closely related species, while the

matK region provides high discriminatory power but

unsatisfactory recovery rates (Kress et al. 2009;

Hollingsworth et al. 2011). The psbA-trnH region is both

universally amplifiable and one of the most variable

chloroplastic intergenic spacers (Shaw et al. 2005) show-

ing high discrimination success in most land plant

groups (Kress et al. 2009; Pang et al. 2012). However, it

raises concerns regarding its high length variation

(Chase et al. 2007; Kress & Erickson 2007), the presence

of intraspecific microinversions associated with palin-

dromes (Whitlock et al. 2010; Jeanson et al. 2011) and

sequencing problems related to mononucleotide repeats

(Fazekas et al. 2008; Devey et al. 2009; but see Fazekas

et al. 2010). Several authors discussed the performance of

these markers in different taxonomic groups and geo-

graphical settings (Steven & Subramanyam 2009; Jeanson

et al. 2011; Bruni et al. 2012). In the few studies that spe-

cifically targeted the tropical forest flora, psbA-trnH was

consistently shown to outperform the other two markers

when used on its own or in combination with other loci

(Gonz�alez et al. 2009; Kress et al. 2009; Costion et al. 2011;

Parmentier et al. 2013; Tripathi et al. 2013). We do not

necessarily advocate psbA-trnH as a replacement for the

standard plant binary DNA barcode. However, consider-

ing that database incompleteness is an issue for all loci,

including the pair rbcL and matK, and that each locus is

affected by different limitations, the potential of psbA-

trnH or other length-variable markers as suitable

candidates for taxonomic identification should not be

neglected.

Most commonly applied methods for plant identifica-

tion are based on a ‘best-match’ criterion (Meier et al.

2006), or similarly on top BLAST hits (Altschul et al.

1997), which heavily depend on the comprehensiveness

of the database used (Koski & Golding 2001; Ross et al.

2008; Berger et al. 2011). The ensuing discussion about

marker performance generally assumes nearly complete

taxonomic coverage and a good representation of

intraspecific diversity in the reference database

(Parmentier et al. 2013). However, the level of complete-

ness in the relevant public sequence databases (such as

GenBank or BOLD) is still unsatisfactory, especially for

the understudied and hyperdiverse tropical flora, and

building exhaustive databases may take several decades

(Parmentier et al. 2013). This is currently limiting the

applicability of the method to very few well-studied

tropical forest sites or research stations, such as the Barro

Colorado Island in Panama where comprehensive DNA-

barcode reference libraries have been constructed (Kress

et al. 2009) and employed successfully for ecological

studies (Jones et al. 2011). Otherwise, a purpose-built

local reference database is required, which has only been

attempted so far for relative small-scale tropical forest

study sites (0.1–50 hectare plots; Gonz�alez et al. 2009;

Costion et al. 2011; Parmentier et al. 2013).

In the interest of scaling-up DNA-based identifica-

tion procedures for biodiversity assessment across

broader tropical forest regions, it is necessary to

enhance the representation of the relevant flora in

sequence databases, but it might also be particularly

important to select methods for sequence identification

that are robust to sparse taxon sampling. Comparisons

among different algorithms (BLAST, genetic distances,

and tree-based methods) for species identification show

that, given an incomplete reference database, only tree-

based methods, coupled with a distance threshold, can

protect against false positives (Ross et al. 2008). In

large-scale tropical biodiversity assessment, where spe-

cies-level identifications might often be infeasible, it is

worth paying attention to methods that can efficiently

assign sequences to higher taxonomic ranks, in the

absence of any conspecific or even congeneric sequence

in the reference set. This approach has been widely

developed and applied in microbial metagenomics (von

Mering et al. 2007; Alonso-Alemany et al. 2014), where

the problem of sparse taxon sampling in the reference

database can be particularly severe. In this context,

phylogenetic methods have outperformed in accuracy

algorithms based on pairwise sequence similarity

(Munch et al. 2008; Berger et al. 2011).

These concerns have not been fully appreciated by the

plant DNA-barcoding community, as exemplified by the

BOLD Identification System (Ratnasingham & Hebert

2007), which currently employs BLAST searches and

pairwise distances for taxonomic assignment. (Con-

versely, animal cox1 identification combines sequence

similarity methods with distance tree construction.) Sim-

ilarly, Liu et al.’s (2011) PTIGS-IdIt web application,

which was specifically developed to facilitate plant iden-

tification using the psbA-trnH intergenic region, is exclu-

sively based on distances, and the resulting species

identifications are deemed reliable only when an identi-

cal sequence is included in the reference database. To

our knowledge, there is no publicly available tool to

facilitate automated plant DNA sequence identification,

while explicitly taking into account the incompleteness

of public databases.

Based on these considerations, we advocate the

incorporation of phylogenetic methods as a standard

tool in routine analyses of plant DNA barcodes, espe-

cially when reference databases are incomplete, as

expected in large-scale studies in tropical forests. How-

ever, we acknowledge that phylogenetic methods might

not be always optimal for discriminating among

recently separated taxa (Austerlitz et al. 2009), while

they are labour intensive and computationally demand-

ing for high-throughput species identification, and
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further complicated for markers exhibiting length varia-

tion and other problems related to multiple sequence

alignment across distant taxa (e.g. psbA-trnH; Chase

et al. 2007). Here, we develop a pipeline to facilitate

and speed up the taxonomic assignment of large num-

bers of psbA-trnH sequences, by combining homology

searches, pairwise distances and phylogenetic tools to

circumvent alignment issues affecting this marker.

Moreover, in contrast to others, our approach exploits

indel information, as coding of indels in psbA-trnH

sequences improves discrimination among closely

related species (Costion et al. 2011; Liu et al. 2012). We

exemplify our approach by focusing on the Mesoameri-

can seasonally dry tropical forest (SDTF), one of the

world’s most threatened biomes, suffering from

extreme levels of fragmentation and anthropogenic dis-

turbance, and requiring urgent conservation actions

(Janzen 1988; Miles et al. 2006; Griscom & Ashton

2011). Neotropical dry forest patches have received

considerably less attention from ecologists and conser-

vationists than their neighbouring rain forests (Janzen

1988; S�anchez-Azofeifa et al. 2005), and their flora is

massively under-represented in sequence databases.

Their importance has been recently recognized, and

there is an increased scientific interest to develop con-

servation initiatives for the remaining Neotropical

SDTF fragments (Quesada et al. 2009; Linares-Palomino

et al. 2010; Portillo-Quintero & S�anchez-Azofeifa 2010;

Griscom & Ashton 2011). In this context, it is extremely

important to establish a DNA-based identification

framework for the Mesoamerican SDTF flora, which

can greatly accelerate and improve large-scale invento-

ries especially when reproductive organs are not avail-

able for accurate morphological identification, which is

very common during field surveys (Dexter et al. 2010;

Parmentier et al. 2013). Moreover, DNA-based plant

identification is now permitting large-scale inventories

of trophic interactions between herbivores and their

host plants (Jurado-Rivera et al. 2009; Valentini et al.

2009; Garc�ıa-Robledo et al. 2013), incorporating knowl-

edge about food-web structure in biodiversity assess-

ment and conservation planning. With these ideas in

mind, we developed the first purpose-built sequence

reference database for the angiosperm flora of the

Pacific side of Nicaragua, assembled to enhance the

representation of this ecoregion in public sequence

databases. Moreover, we have generated sequences

from infertile plant samples and diet sequences

amplified from herbivore beetles from the same forest

fragments, to evaluate the efficiency and utility of the

pipeline, compare the performance of phylogenetic vs.

distance-based taxonomic assignment and assess the

contribution of the local reference database to the

efficiency of the identification.

Materials and methods

Sampling, DNA extraction and sequencing of plants

Angiosperm samples were collected from 15 sites focus-

ing on SDTF fragments and surrounding transitional

areas along the Pacific region of Nicaragua and high alti-

tudes of the northern province of Estel�ı, between October

2011 and August 2012 (Table S1, Supporting informa-

tion). For each sample, a small amount of leaf tissue was

cut off and kept in silica gel for DNA work, and a vou-

cher was deposited in the Herbarium of the Universidad

Nacional Aut�onoma (UNAN, Le�on, Nicaragua).

DNA was extracted from 624 plant samples. Small

pieces of frozen leaf tissue (approximately 0.25 cm2)

were ground for 1–2 min at 50 Hz using 5-mm stainless

steel beads in a TissueLyser LT (Qiagen, Heidelberg) and

following the manufacturer’s instructions. Total genomic

DNA was extracted following the ‘mini’ protocol of the

DNeasy Plant Mini Kit (Qiagen), but extending lysis

incubation time at 65 °C to 2–3 h.

A fragment of the cpDNA psbA-trnH gene was

PCR-amplified using primers psbAF (Sang et al. 1997)

and trnH2 (Tate & Simpson 2003) from 1 lL of gDNA in

a 25 lL reaction (at final concentrations: reaction buffer

1x, 3 mM MgCl2, 0.2 mM dNTPs, 0.5 U Taq polymerase

and 0.2 ll for each primer) with an initial step of 3 min

at 94 °C, 35 cycles of 30 s at 94 °C, 30 s at 55 °C and

1 min at 72 °C and a final step of 10 min at 72 °C. PCR
products were purified using ammonium acetate and

isopropanol and sequenced in both directions using the

BigDye Terminator v3.1 Cycle sequencing kit (Applied

Biosystems, Foster City, CA, USA). Sequences were

assembled and edited using Geneious Pro 5.3.6

(Drummond et al. 2010) and submitted to the European

Nucleotide Archive (EMBL-EBI) under Accession nos

HG963487-HG964039.

Automated construction of a psbA-trnH database

For the purpose of this study, we established an efficient

way (Fig. 1) to retrieve all sequences homologous to a

marker of choice and associated taxonomic information

from the latest release in public databases, giving them

the same orientation and the length of the barcode region

of interest (critical steps for successful multiple sequence

alignment). Sequences were retrieved from GenBank

either based on similarity searches under a range of con-

ditions or according to gene annotation (entries includ-

ing the strings ‘psbA-trnH’ or ‘trnH-psbA’ in the gene,

product or definition fields), and results were compared

using a custom Perl script. An important advantage of

employing similarity searches for sequence retrieval is

that the resulting pairwise alignments can be used to

© 2014 John Wiley & Sons Ltd
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automatically check sequence orientation and overlap

between query and database sequences, which allows

trimming the retrieved sequences to the desired length.

Moreover, it avoids errors and ambiguities in GenBank

annotations. However, the parameters used for similarity

searches can also affect significantly the efficiency of the
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(June 2013)
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(998 seqs.)
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(a)

(b)
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Fig. 1 Database construction pipeline

workflow. The flowchart is presented

with data obtained from its implementa-

tion to the construction of a psbA-trnH ref-

erence database for sclerophyll deciduous

tropical forests in Nicaragua, and relevant

scripts are indicated (see main text for

details). The general procedure can be

split in four successive stages: (a) fishing

public DNA sequence databases for

homologues based on similarity searches;

(b) curating data for identical sequence

orientation; (c) purging data based on glo-

bal identity and clipping of sequence ends

to similar length; and (d) removing of

intraspecific redundancy. The inset pie

charts show the purging effects of remov-

ing redundant data for overstudied taxa

at the expense of increasing taxonomic

singletons.
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process. We compared the efficiency of the blastn algo-

rithm (Altschul et al. 1997; Zhang et al. 2000) under a

range of E-value cut-offs (1E-15 to 1E-5), as implemented

in the NCBI Blast toolkit (Camacho et al. 2009), against

the usearch algorithm (Edgar 2010) with global alignment

(usearch_global) and a range of identity threshold values

(0.3–0.8), as implemented in USEARCH 4.2.66. (We used

an older release of USEARCH, as the current 6.0.307 ver-

sion had memory limitations and generated less satisfac-

tory results.)

The above similarity searches were based on a query

file which included as much taxonomically relevant

information as possible. (i) All our Nicaraguan SDTF

database sequences that covered the full length of the

barcode region. (ii) One representative GenBank seq-

uence per species or genus known to exist in the region,

according to the flora of Nicaragua (Stevens et al. 2001)

and the records of the UNAN Herbarium. GenBank

sequences were retrieved based on organism name and

gene annotation and were subsequently assessed for

homology with the barcode region, checked for taxo-

nomic ID errors and manually oriented and trimmed to

the region of interest. And (iii) one sequence per angio-

sperm order and major family that was not represented

by any of the above entries. Overall, the query file

included 998 sequences. We also tested how recovery

efficiency depended on comprehensiveness of the set of

query sequences, using reduced sets.

After sequence retrieval from GenBank, reversing and

trimming when necessary, the last step in the automated

construction of the reference database involved removal

of redundant sequences, that is, identical or nearly iden-

tical sequences of the same species. This step can save

huge amounts of computing time in subsequent steps.

This was achieved using a blastn all-against-all search

among sequences with the same taxonomic ID, followed

by single linkage clustering and sequence removal where

similarity was above a certain threshold. A range of simi-

larity threshold values (99–100%) were tested to select

the value removing most sequences for taxa extensively

studied at the population level, while retaining intraspe-

cific variation, which is fundamental for sequence identi-

fication.

Optimization of automated taxonomic assignment of
psbA-trnH sequences

We developed an automated strategy for taxonomic

assignment of unidentified psbA-trnH sequences based

on both phenetic and phylogenetic inference methods.

Each step in the procedure was approached using alter-

native strategies, and a number of custom Perl scripts

were developed to implement and combine the selected

methods. To assess the reliability of each step and to

optimize the parameter values for default psbA-trnH

searches, we used our Nicaraguan SDTF plant sequence

database as queries and contrasted the results with their

known taxonomy. In general terms, the pipeline work-

flow considers four stages (Fig. 2): (i) clustering of query

sequences, (ii) retrieval of related sequences from the

database, (iii) multiple sequence alignment and phyloge-

netic inference and (iv) parsing taxonomic assignment

from genetic distances and trees.

To maximize the efficiency of the identification proce-

dure, we presumed that query sequences should not be

processed individually or together as a single group,

especially if they diverged substantially from each other.

Instead, we considered an initial procedure where query

sequences were clustered into groups based on similar-

ity, which were processed individually. This clustering

step speeds up the alignment and phylogenetic inference

steps of the pipeline, especially in a multiprocessor sys-

tem where the process can be easily parallelized, and it

critically ensures that alignment problems of divergent

length-variable psbA-trnH sequences will be minimized.

Different sequence clustering strategies were tried on the

SDTF control sequences to choose the best strategy con-

sidering: (i) blastn against usearch_global algorithms to

calculate per cent identities among all pairs of sequences;

(ii) clustering under ‘nearest’, ‘average’ or ‘furthest

neighbour’ criteria (and a range of linkage fraction val-

ues between these, that is, 0.1–0.8); and (iii) using differ-

ent clustering thresholds (60–90%). Several combinations

of the above parameters were tested, and in each case, 20

of the resulting groups were picked at random and

aligned using MAFFT 7.043b (Katoh et al. 2002; Katoh &

Standley 2013) with the E-INS-i algorithm.

Sequences related to each query group were retrieved

from the database using similarity searches with the

same parameters and identity threshold as the ones

selected in the previous step. Sequence length variation,

very common for psbA-trnH even between closely related

species, substantially affects sequence retrieval in some

cases, because USEARCH and BLAST identity values are

calculated based on the total number of alignment col-

umns (including nonterminal gaps), that is, long indels

greatly reduce the identity score between two otherwise

very similar sequences of closely related taxa. Thus, we

tried to lower the identity threshold and introduce an

additional step after sequence retrieval involving pair-

wise distance calculation. We avoided the typically

employed uncorrected p-distances, which do not take

gaps into account, as indel information for this marker

can be very important to distinguish among closely

related species (Costion et al. 2011; Liu et al. 2012);

instead, we calculated p-distances counting each string

of nonterminal gaps as a single event. We used these dis-

tances for distance-based identification, as described

© 2014 John Wiley & Sons Ltd
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below, but also as an additional criterion to decide which

of the retrieved sequences would be included in the

multiple alignments.

Once the final set of database sequences was selected,

these were aligned against the query sequences of the

corresponding query group using either MUSCLE

(Edgar 2004) or MAFFT 7.043b with the E-INS-i, Q-INS-i

or FFT-NS-2 algorithm. The resulting alignments were

checked for obvious misaligned regions and were used

for phylogenetic inference with RAxML 7.2.8 (Stamatakis

2006; Stamatakis et al. 2008), the leading programme for

large-scale maximum-likelihood analysis, as it is faster

and yields better likelihood scores than other comparable

methods (Stamatakis 2006; Liu et al. 2012). ML inference

relied on 20 independent searches starting from different

stepwise addition parsimony trees, and clade support

was assessed both by standard and rapid bootstrapping

algorithms with 100 pseudoreplicates. We explored alter-

native indel coding strategies using the options available

in RAxML: (i) gaps coded as fifth state and data analysis

using a multistate GTR model; (ii) simple indel coding

(SIC; Simmons & Ochoterena 2000) and analysing the

resulting binary matrix as an additional partition under

a binary model, known to perform well for modelling

indel patterns (Berger & Stamatakis 2012); and (iii) treat-

ing gaps as missing data (default option). Our dynamic

procedure to obtain input data prevents from identifying

outgroups, and the resulting trees were subsequently

rooted either using (i) midpoint rooting (i.e. rooting in

the middle of the longest tip-to-tip path) or (ii) a recently
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Fig. 2 Schematic workflow of the proce-

dure implemented in the pipeline for Bio-

diversity Assessment using GenBank data

(BAGpipe). The pipeline and parameters

used are optimized for angiosperm psbA-

trnH sequence data. The procedure

includes six well-differentiated stages:

(a) splitting data in query groups of

sequences with high global similarity;

(b) finding subsets of sequences from the

reference database with global similarity

to each of the sequences in the respective

query group and merging data into a sin-

gle subset for subsequent comparisons;

(c) estimating genetic divergences for

each of the sequences in the correspond-

ing query group with these in the previ-

ous subset; (d) ordination of sequences in

the previous subset to generate the phe-

netic results of BAGpipe by parsing

relevant information from the ordina-

tions; (e) using genetic distances to gener-

ate size-manageable subsets of sequences

for efficient phylogenetic analyses; and

(f) merging of query groups with their

respective size-purged subset of geneti-

cally close sequences for standard maxi-

mum-likelihood phylogenetic inference

(with assessment of bootstrap support).
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added rerooting option in RAxML 7.7.1, which roots the

tree at the branch that best balances the left and right

subtree lengths (sum over branches in the subtree).

Distance-based species identification was assessed

applying criteria that are commonly employed in the

DNA-barcoding literature. For instance, we applied the

‘best-match’ criterion (Meier et al. 2006) and tested a

range of predefined divergence thresholds (0.5–5%). The

BOLD Identification System (Ratnasingham & Hebert

2007) uses 1% divergence for animal cox1 sequences, but

an analogous threshold has not been optimized for the

psbA-trnH marker. We used the Nicaraguan SDTF

sequences with conspecific sequences in GenBank to

identify a suitable threshold for this data set.

Tree-based taxonomic assignment was based on a

‘strict’ criterion (sensu Ross et al. 2008), requiring the

query sequence to subtend at least one node into a sup-

ported clade (bootstrap >70%) exclusively consisting of

conspecifics (or congenerics, cotribal, confamilials, for

higher taxonomic ranks). Additionally, we assessed the

suitability of a ‘liberal’ tree-based criterion (sensu Ross

et al. 2008), considering supported sister or unresolved

relationships with conspecifics as useful information

about the closest taxon to the query.

Pipeline development and availability

Each one of the pipeline steps and relevant parameters

were optimized as described above. Custom Perl scripts

were developed or modified to implement the selected

methods in combination with previously available soft-

ware for homology searches, clustering, alignment and

phylogenetic inference. Further scripts were developed

to parse phylogenetic trees automatically, process results

linking them with GenBank taxonomy and produce

user-friendly outputs. The pipeline is presented as a set

of scripts and commands that can be replicated and cus-

tomized by other users, allowing for the process to be

run on any taxonomic and genetic data set. The full pipe-

line, including detailed descriptions of the scripts and

instructions on how to use them, is freely available as a

compact and structured package named BAGpipe (pipe-

line for Biodiversity Assessment using GenBank data: http://

www.ibe.upf-csic.es/SOFT/Softwareanddata.html and

http://sourceforge.net/users/dchesters).

Pipeline test: Evaluating the importance of the local
reference database

When the pipeline was developed and test sequences of

known taxonomy were run through successfully, we

applied it to a set of unidentified plant sequences

obtained from Nicaraguan samples from the same SDTF

localities as the reference database, but with uncertain or

unknown ID (mostly infertile samples). These sequences

were run through the sequence identification part of the

pipeline against: (i) the automatically compiled database

from GenBank and (ii) a combined database including

these sequences and our custom Nicaraguan SDTF data-

base sequences. We compared the results from both

analyses to assess the contribution of the local database

to sequence identification.

Pipeline test: Inference of the diet of herbivore insects

We also tested the potential of the DNA-based taxo-

nomic assignment tool to identify plant sequences from

ingested plant tissue by herbivore insects. We sampled

leaf beetles (Chrysomelidae) in 14 of the Nicaraguan

SDTF localities by beating and sweeping vegetation. The

specimens were immediately stored in 100% ethanol in

the field. From these, we selected four abundant and eas-

ily recognizable species in the subfamily Cassidinae with

known dietary habits (Table S2, Supporting information):

(i) Brachycoryna pumila Gu�erin-M�eneville, reported on

Malvastrum and Sida (Malvaceae); (ii) Heterispa vinula

(Erichson), reported from a wide range of plant taxa in

the Malvaceae (Apeiba sp., Guazuma ulmifolia, Sida spp.,

Triumfetta sp.) as well as Indigofera sp. (Fabaceae); (iii)

Parorectis rugosa (Boheman), recorded on Physalis maxima

(Solanaceae); and (iv) Physonota alutacea Boheman,

known to be a specialist of Cordia spp. (Boraginaceae).

In all, 79 leaf beetle specimens in these four species

were subject to nondestructive whole-specimen DNA

extractions using the DNeasy Blood and Tissue Kit

(Qiagen), thus also obtaining DNA from ingested plant

tissue. PCR amplification of the psbA-trnH fragment from

insect DNA extractions used the same primers and mix

composition as above with a touchdown protocol con-

sisting of 3 min at 94 °C, 16 cycles of decreasing

(60–43 °C) annealing temperature, 27 cycles with con-

stant annealing at 42 °C (30 s) and a final 10 min step at

72 °C. When the amplification was weak, PCR products

were reamplified using custom internal primers (psbA-

Int2: CTCATAACTTCCCTCTAGAYYTAGC; trnH-Int1:

GCCTTGATCCACTTGGCYAC) and fewer PCR cycles at

higher annealing temperature: 3 min at 94 °C, 12 cycles

annealing at 63 °C for 30 s (30 s at 94 °C, 1 min at

72 °C), and 10 min at 72 °C for final elongation. If multi-

ple bands were obtained, coamplified PCR products

were individually excised from the agarose gel and an

aliquot used for reamplification using the same set of

internal primers as above and 18 cycles of the previous

PCR protocol.

Putative diet sequences obtained from the extracted

leaf beetle specimens (ENA Accession nos HG964040-

HG964098) were processed with the automated identifi-

cation pipeline against the combined database including
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GenBank sequences and our Nicaraguan SDTF reference

database.

Results and discussion

Assemblage of a local psbA-trnH reference database:
newly generated SDTF data

Of 624 DNA-extracted plant samples from Nicaraguan

SDTF, only 554 were successfully amplified and

sequenced. Poor sample preservation (46 samples),

homopolymer issues (19 PCR products), apparent con-

tamination problems (three samples) and heterologous

amplifications (two samples) were the specific causes for

failure. An additional 4% of the sequences were mildly

affected by mononucleotide repeat regions, and we

included them in the data sets after trimming the

affected regions and replacing them with missing data

for the analyses. Edited sequence length ranged from 148

to 876 nt (214–876 nt if only full-length sequences were

considered). Of 554 samples sequenced, 450 voucher

specimens were identified with confidence to belong to

437 species and were used to assemble our local refer-

ence database (Table S1, Supporting information). The

other 104 samples remained unidentified as voucher

specimens usually lacked reproductive organs and were

identified secondarily using the automated procedure by

comparisons with the reference database.

Of the 437 known plant species in our reference data-

base, 75% were absent in public sequence databases for

the psbA-trnH locus, while 22% were new taxa for Gen-

Bank (as for June 2013). The remaining 109 species were

already available with at least one psbA-trnH sequence,

but not from Nicaragua. The latter provided a chance to

evaluate the importance of sampling local populations

for species identification. For each of these 109 species

(114 sequences in total), p-distances were calculated

between the newly generated Nicaraguan sequence and

its most similar conspecific GenBank sequence (using

Needleman–Wunsch pairwise alignment, counting each

string of gaps as a single event, excluding terminal gaps

or ambiguities). Up to 60% of the Nicaraguan sequences

were less than 1% divergent from their conspecific Gen-

Bank sequences (24% of them being identical); however,

17% were more than 3% divergent, including four cases

that showed >10% divergence from their conspecifics

(Fig. S1, Supporting information). It would be important

to assess whether the estimated genetic divergences are

correlated with geographical distance from Nicaragua;

unfortunately most NCBI records do not include geo-

graphical information. We identified seven species

(Caesalpinia eriostachys, Croton niveus, Ficus insipida,

F. obtusifolia, F. maxima, Guarea glabra, and Maclura tincto-

ria) where increased intraspecific divergence was mostly

owing to microinversions associated with palindromes,

as inferred by blastn comparisons with their GenBank

conspecifics and the EMBOSS palindrome algorithm (Rice

et al. 2000). Pang et al. (2012) had reported already these

inversions in Ficus insipida and some species of Caesalpi-

nia, and they reoriented them for analysis. While reori-

enting inversions may be a common practice, we find it

inappropriate in our case due to ambiguity in resolving

their correct orientation prior to phylogenetic analyses,

and realizing that these inversions may be fixed in popu-

lations and represent significant evolutionary events, we

thus opted to keep them in the data. Finally, we cannot

neglect the possibility that some high intraspecific dis-

tances are an artefact due to taxonomic misidentifications

either in our samples or in the GenBank entries (see

below).

The assembled reference database represents a valu-

able resource for our research programme, but it also

critically enhances ecological and evolutionary research

for the entire scientific community. So far, the Nicara-

guan angiosperm flora had been represented in public

sequence databases by a handful of barcode region

sequences (three species each for rbcL and psbA-trnH,

and one for matK), while 24% of the Nicaraguan SDTF

angiosperm species (approximately 300 taxa) were repre-

sented by sequences from other parts of the world (or

with unknown geographical origin). Our data more than

double the representation of SDTF species in public

sequence databases and incorporate local genetic vari-

ants for 29% of the available species.

Assemblage of a local psbA-trnH reference database:
fishing GenBank

This stage of the procedure is schematized in Fig. 1a.

A custom query file with SDTF data and selected

sequences from GenBank was used to retrieve all

available homologous and taxonomically relevant data

from the public databases. The blastn algorithm with a

relatively permissive E-value cut-off (1E-6) retrieved the

maximum percentage of psbA-trnH annotated sequences

from the NCBI database (98.85% of approximately

48 370 sequences; June 2013), while the usearch algorithm

with the least stringent threshold tried left out about

7.7% of the annotated sequences. However, blastn

searches also retrieved a large number of spurious

(obviously nonhomologous) hits, such as 2500 full-

chromosome sequences longer than 10 000 nt. There

were 556 psbA-trnH annotated sequences which were not

recovered by any of the similarity searches. A closer look

at each of these nonretrieved sequences revealed that

they corresponded mostly to cases that were not truly

homologous to the fragment of interest or there was

some other error in the GenBank submission, and we
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opted to exclude these sequences (Appendix S1, Sup-

porting information). Repeating the homology searches

with reduced query sets, for example not covering all

angiosperm orders, resulted in missing many more of

the psbA-trnH annotated sequences. On the other hand,

removing some of the redundant sequences per genus or

family from the query file did not alter the results signifi-

cantly; however, we opted to keep all the Nicaraguan

sequences in the query file to ensure that we retrieved all

relevant taxa and, most critically, that they would be

trimmed correctly.

Conversely, sequence retrieval based on annotation

was a few thousand sequences short compared to simi-

larity searches. A subset of 3200 sequences lost despite

presenting high similarity with the query sequences

(E-value cut-off: 1E-25) and an overlap of at least 300 nt

with the region of interest were excluded owing to sev-

eral causes: 1500 sequences containing ‘psbA’ and/or

‘trnH’ in their definition but not referring explicitly to

the psbA-trnH intergenic region; 800 chloroplast

sequences containing neither ‘psbA’ nor ‘trnH’ in their

definition; 360 misspelling cases; 300 whole chloroplast

genome sequences; and 260 entries using an alternative

description of the psbA-trnH region (‘psbA-tRNA-His’,

‘trnH(GUC)-psbA’, etc.). Overall, these results highlight

the importance of using homology searches for sequence

retrieval, instead of relying on database annotations.

Assemblage of a local psbA-trnH reference database:
polishing mined data

The psbA-trnH data obtained from GenBank were highly

heterogeneous in orientation, sequence length, marker

coverage and taxonomic redundancy, and thus required

curation before being amenable to analysis. The corre-

sponding steps in the global procedure are schematized

in Fig. 1b–d. BLAST alignments are less informative

when trimming database sequences to the extent of the

queries. The local alignment procedure typically gener-

ated discontinuous tracts because of the hypervariable

regions in the psbA-trnH intergenic spacer. Each homo-

logue in the database was hit by a number of queries,

although due to local alignment vagaries the particular

start and end positions often differed between queries.

Given multiple trimming possibilities for each sequence,

two alternatives were assessed: trimming according to

the longest hit or to the left-most and right-most

positions over all hits. When BLAST results were used,

the latter retained untrimmed some of the long

nonhomologous chromosome sequences with multiple

unspecific hits (more than 4% of the sequences were

longer than 10 000 nt), while the former tended to

overtrim even homologous sequences and to produce

several very short fragments (approximately 20% of the

retrieved sequences were shorter than 200 nt). However,

when the USEARCH global alignments were used

instead, the longest hit trimming option gave much more

satisfactory results (only 2% of the retrieved sequences

were shorter than 200 nt, while less than 0.4% were

longer than 10 000 nt).

The blastn algorithm proved more efficient in

sequence retrieval (Fig. 1a), while the usearch_global algo-

rithm performed better the trimming step; therefore, we

decided to combine both to get improved overall results.

Running blastn under the selected conditions retrieved a

total of 62 294 hits from the NCBI database (June 2013

release), 39 725 being in the psbA-trnH direction. All

other sequences, in the trnH-psbA orientation according

to the blastn results, were reversed and complemented

(Fig. 1b). A second similarity search was run against the

BLAST-retrieved sequences using the usearch_global algo-

rithm with a very low identity threshold (0.1) and the

same query file. This step removed 15% of the NCBI

sequences, including most unspecific hits (only 3% of the

long chromosome sequences found by the initial BLAST

search remained in the database), but none of the psbA-

trnH annotated sequences. The global alignments pro-

duced by USEARCH were used for trimming the

sequences to the extent of the queries. After trimming,

only sequences longer than 200 nt were retained in the

database, which were in total 50 924 (Fig. 1c). Retaining

shorter sequences appeared to cause problems in subse-

quent pipeline steps, as many of the short fragments cor-

responded exclusively to conserved coding regions of

the psbA or the trnH genes, resulting in very low,

misleading distances.

The sequences retained belonged to 20 635 species

(inset Fig. 1), but nearly one-third (15 641) belonged to

just 465 species, which were represented by more than

ten sequences each, while there were 31 species with

more than 100 sequences each. Conversely, 13 454 spe-

cies were represented by a single sequence. Filtering

redundancy with a 99.8% sequence similarity threshold,

corresponding to approximately 1 nt difference between

sequences, reduced significantly the size of the database

to 31 546 sequences (June 2013 release). The number of

over-represented taxa dropped to 121 species with more

than ten sequences (7% of the total) and only five species

with more than 50 sequences; the number of singleton

species increased to 15 584. Decreasing the similarity

threshold to 99% reduced the database to about half of

its original size, with only 33 species being represented

by more than ten sequences, but it also increased further

the number of singletons to 17 125. Considering the

importance of including multiple representatives per

species and retaining intraspecific variation within the

database for sequence identification, we kept the 99.8%

threshold as default, which already resulted in a greatly
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reduced and overall more balanced database in terms of

taxonomic coverage than the original, without producing

too many extra singletons (Fig. 1d). However, this value

(filter_threshold in dereplicate.pl) can be tuned depending

on the marker and the taxonomic representation of the

group of interest in public databases.

Clustering of query sequences for analysis: lessons from
reference SDTF data

For a fast-evolving marker such as the psbA-trnH intersp-

acer and the level of evolutionary divergence covered

here, the angiosperms, query sequences had to be aggre-

gated into alignable clusters. Applying blastn identity

scores to cluster the test SDTF sequences of known tax-

onomy consistently produced a high percentage of very

problematic, taxonomically incoherent groupings, which

could not be aligned satisfactorily. This was partly

because these identity scores are based on local pairwise

alignments, thus a bad guide for clustering and

especially tricky for our marker, containing both con-

served and hypervariable regions. Alternatively, using

usearch_global for calculating identities, followed by clus-

tering under the same parameters, produced much more

sensible groupings (sequences belonging to the same

genus, family or order), which could be readily aligned

in most cases. Consequently, the usearch_global algorithm

was employed for this step, empirically establishing an

average neighbour clustering (linkage fraction = 0.5)

with an identity threshold = 85%, the lowest threshold

that produced consistently satisfactory alignments.

Increasing these values further produced an even greater

number of clusters and singletons, which was not desir-

able either. Applying the selected settings, the 450

sequences of the Nicaraguan database were clustered

into 198 query groups, including 84 clusters of 2–17

sequences and 114 singletons (Fig. 2a). All subsequent

steps were performed individually for each of the query

groups iteratively using a loop structure (Fig. 2 develops

schematically the process for one such hypothetical

group); nonetheless, we intended to optimize the thresh-

old values across all groups.

A usearch_global search with default 85% identity

threshold retrieved different numbers of sequences from

the database for each of the 198 query groups, from nil to

2897. These large differences could be attributed mainly

to variation of the psbA-trnH marker differing greatly

across taxonomic groups, so that a uniform threshold

unavoidably produced very imbalanced sets of

sequences. Additionally, the representation in GenBank

is uneven across taxa. Both extremes are problematic, as

the failure to retrieve homologues impedes sequence

identification, while the excess of similar sequences

might considerably slow down multiple alignment and

phylogenetic inference steps. These observations imply

that different thresholds may be employed across taxa,

but this requires some knowledge a priori on the taxon-

omy of the query sequences or some initial exploratory

searches before running a large number of sequences

through the entire pipeline. Three of the four query

groups that retrieved >1000 homologue sequences

belonged to Liliopsida, which is in accordance with

psbA-trnH showing relatively lower variation in mono-

cots compared to other angiosperms (e.g. Pang et al.

2012). The fourth such query group belonged to the dicot

family Asteraceae, which also shows relatively low levels

of variation for this marker, and is abundantly repre-

sented in GenBank. Conversely, there were 37 query

groups belonging to several eudicot families, which only

retrieved between 0 and 2 homologue sequences from

our database, because of their poor representation in

GenBank and an apparent high indel-length variation

between the query and the most similar database

sequences. To account for long indels, we lowered the

identity threshold for sequence retrieval to 80% (Fig. 2b)

and, as an additional step, we filtered the obtained

sequences based on p-distances and with a relatively

stringent threshold (d < 0.10) to improve multiple align-

ments (Fig. 2c). This strategy produced a better outcome

compared to a single clustering step based on an identity

threshold = 85–90%, as the latter removed some

sequences with long indels even if they were closely

related to the queries and were thus useful for their iden-

tification. In most dicot groups examined, all sequences

retrieved within a 10% p-distance threshold belonged to

the same family, while increasing the threshold to 12%

or more retrieved other families too. Therefore, instead

of using a uniform threshold across all groups, it seemed

a sensible option to adjust the thresholds for data sets

retrieving a particularly large or an extremely low num-

ber of homologues (Fig. 2e). To reduce significantly the

seven biggest data sets (to <500 sequences), we gradually

applied a more stringent threshold, which reached as

low as 3% for the largest Liliopsida data sets, while we

gradually relaxed it up to 15% for 60 of the query groups

that retrieved < 10 sequences.

As a by-product of our careful examination of small

taxonomic subsets of GenBank data, we could identify 53

sequences with presumably erroneous taxonomic anno-

tation. They showed high similarity to orders or families

different from the one suggested in their annotation;

thus, they were removed from the reference database, as

they affected the next steps of automated identification

(Table S3, Supporting information). Nonetheless, this

problem highlights an unavoidable limitation of any

automated identification procedure that depends on tax-

onomic annotations from GenBank sequences (Nilsson

et al. 2006).
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Use of sequence clusters for distance-based taxonomic
identification

Based on a ‘best-match’ criterion, 60% of the Nicaraguan

SDTF test sequences of known taxonomy and having

conspecifics in GenBank were correctly identified at the

species level. An additional 33% hit only at the genus

level (26% a different species of the same genus; 7% sev-

eral species of the same genus, including the correct

one). The remaining 7% did not match the correct genus

as a first hit, but a confamilial species in a different

genus, even though the correct genus appeared further

down in the list of best hits, or in two cases both the cor-

rect species and a noncongeneric species produced the

best match. The relatively high percentage of failure in

identification at the species level correlates with high

intraspecific variation in some of these species, that is,

high divergence between Nicaraguan sequences and

their conspecifics from other geographical sources (Fig.

S1, Supporting information), and thus, it might indicate

a poor performance of this marker when lacking a local

reference database, but it could also be partly due to

identification errors (in GenBank accessions and/or our

samples). The SDTF sequences that were identified cor-

rectly at the species or genus levels using the ‘best-

match’ criterion above were subsequently used to inves-

tigate the effect of different distance thresholds. Using a

single threshold, the highest percentage of correct identi-

fications at the species and genus levels was obtained for

thresholds 1% and 2% (Figs 2d and 3a), but the rate of

success did not exceed 30% at the species level (or 66% at

the genus level). Indeed, uniform thresholds are not

expected to be successful for species identification across

angiosperms, as we showed that variation of psbA-trnH

differs greatly across taxonomic groups. Therefore, we

decided to use two thresholds, selecting as default the

combination that maximized the percentage of correct

identifications for our particular data set, which was 1%

and 4% (Fig. 3a). However, these values do not have uni-

versal applicability and should be adapted for each indi-

vidual data set.

Decisions for matrix assemblage and automated
tree-based taxonomic assessment

Each group of closely related psbA-trnH sequences with

correct size and excluding redundancy was the basis for

tree-based taxonomic inference (Fig. 2f). Data were

aligned using several strategies, and the Q-INS-i algo-

rithm, which considers RNA secondary structure infor-

mation (Katoh & Toh 2008), generally provided the most

satisfactory alignments. However, it is only feasible for

data sets with less than 200 sequences and had to be dis-

regarded, together with other more exhaustive but

slower algorithms, for the pipeline. Instead, the E-INS-i

algorithm generally provided good multiple alignments

for the psbA-trnH region, without being particularly slow

for the selected size of data sets (< 500 sequences), repre-

senting a good trade-off between alignment accuracy

and speed. Alternatively, MUSCLE and FFT-NS-2 were

both much faster than E-INS-i, with MUSCLE providing

less problematic alignments than FFT-NS-2, and it

should be preferred when speed is of primary interest

and/or bigger data sets are analysed.

Each data matrix was used for ML phylogenetic infer-

ence and evaluation of clade support using the rapid boot-

strapping algorithm under a GTRCAT model, which

proved more effective than standard bootstrapping in

yielding very similar clade support values in considerably

reduced time, especially for the larger data sets. In these

analyses, treating indels as fifth state proved highly

unsuitable for the psbA-trnHmarker as indels caused long

branches even between conspecific sequences that only

differed by a single indel event. On the other hand, treat-

ing gaps as missing data failed to differentiate between

closely related species differing mainly by indels. Simple

indel coding increased resolution and nodal branch

support (Simmons et al. 2007; Egan &Crandall 2008; Luan

et al. 2013); therefore, an indel-recoding step was incorpo-

rated in the pipeline, and RAxML searches were

performed using a partitioned model (GTR for the DNA

partition and binary for the indel partition).

Rooting strategy (midpoint vs. RAxML rooting) only

affected 17 cases of tree-based identification using the

450 SDTF test sequences, and in most (71%), the infer-

ence based on the midpoint-rooted tree was preferable

(correct identification at a lower taxonomic rank) and

was thus selected as default method for the pipeline.

By testing the tree-based procedure on the 450 taxo-

nomically identified SDTF test sequences, we could

quantify how many correct identifications as well as how

many ‘false positives’ were inferred at each taxonomic

rank. The ‘strict’ tree-based taxonomic assignment

(Fig. 3b) allowed few identifications at the species level

(1%). This was largely due to the very limited number of

species with multiple sequences in the database, but the

trade-off between computational demands and retaining

genetic diversity recommended purging the latter,

although as seen above, it can be tuned to increase intra-

specific diversity and the number of strict identifications.

The ‘liberal’ (i.e. closest taxon) approach and the two dis-

tance thresholds, neither depending on the existence of

multiple conspecific sequences, yielded more correct

candidate species identifications (7–11%), but the per-

centage of false positives at the species (6–18%) or even

genus (2–8%) level also increased. ‘Strict’ tree-based

assignment consistently yielded a higher proportion of

correct inferences at higher taxonomic ranks compared
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to alternative approaches (22%, genus level; 16%, tribe or

other suprageneric rank; 42%, family level), while keep-

ing a low proportion of false positives (1.5% at the genus

level). Some SDTF sequences (11%) were only assigned

to order or higher taxonomic rank, and a few (5%) did

not yield any results under default settings for sequence

retrieval. However, the number of sequences that could

not be assigned to any rank under the default settings

using the 1% or 4% threshold approach was much higher

(67% and 33%, respectively).

Overall, against a largely incomplete sequence data-

base, the ‘strict’ tree-based taxonomic assignment

approach proved to be reliable for taxonomic assignment

at different ranks. Although a very conservative crite-

rion, it appears to be the only safe and efficient approach

to apply in the absence of a comprehensive reference

database (Ross et al. 2008). Distance-based and ‘liberal’

approaches are still useful for providing candidate taxa,

but not always safe for identification as they contribute

false positives at different taxonomic ranks. Moreover,

the threshold-based criteria can only be applied when

there is something very similar in the database.

Structure, computing demands and novelty of the
taxonomic identification pipeline

The structure and default settings of the pipeline were

optimized to serve the taxonomic assignment of angio-

sperm psbA-trnH sequences (Figs 1 and 2; Appendix

S2, Supporting information). However, the whole pro-

cedure can be readily modified and customized to

serve the particular needs of other projects. Just by
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Fig. 3 (a) Percentage of correct assign-

ment at species and genus level, when

using a range of single distance thresh-

olds or combinations of two. Compari-

sons are based on 107 SDTF test

sequences, that is, sequences from known

taxa which have conspecifics in GenBank

and match the correct species or genus

when the ‘best-match’ criterion is applied.

(b) Percentage of correct or false assign-

ment at different taxonomic ranks, using

the ‘strict’ or ‘liberal’ tree-based criteria,

and two distance thresholds. Compari-

sons are based on 450 SDTF test

sequences.
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altering some of the default parameters, the pipeline

can mine and build a relevant identification database

for other loci or other taxa, with a number of options

made available for users to query this database with

new sequence data.

From the point of view of computational demands,

perhaps the slowest step in the analysis affected the

database construction part of the pipeline, specifically

the initial BLAST search against the full plant sequence

database. When the full 998 sequence query file was

used, this step took about eight hours on our computer

(two 6 core Dual Intel Xeon X5690 processors at

3.46 GHz, running Kernel Linux 2.6.33.3) and 11–13 h

the whole database construction procedure. With a

smaller query file, this time can be reduced, but as this

procedure is only repeated approximately once every

2 months, when there is a new GenBank release, it is

not considered of big concern. Most steps in the

sequence identification part of the pipeline are rela-

tively quick, apart from the phylogenetic inference

step, which may slow down significantly the process,

depending on the size of the aligned data sets (e.g. a

typical 100-sequence query file took 5 h on average to

run on our computer under default settings) and the

possibility to parallelize processes. In summary, our

pipeline allows to taxonomically identifying thousands

of unknown plant sequences in few days, enormously

helping to accelerate large-scale biodiversity assessment

studies.

We are not aware of any tool available for automatic

or semi-automatic identification of plant DNA

sequences with the versatility and informative potential

of our approach. The PTIGS-IdIt web application (Liu

et al. 2011), specifically developed for the psbA-trnH

locus, is exclusively based on distances; it does not

provide assignment at higher taxonomic ranks, and it

depends on a mostly complete reference database.

Moreover, the existing implementation can only process

one sequence at the time, making it unsuitable for large-

scale projects. We intended to compare our results

against the PTIGS-IdIt server, but this tool, both as web

service and source code, was unavailable when we were

preparing this manuscript (C. Liu, personal communica-

tion). Alternatively, phylogenetic approaches specifically

developed for quick taxonomic assignment of short

reads using reference alignments and reference trees

(i.e. ‘evolutionary placement algorithm’; Berger et al.

2011), would not be directly applicable to psbA-trnH

sequences, because of alignment problems across distant

taxa. As in our application, a clustering step and filter-

ing of homologues would be required before multiple

alignment. We consider combining the two methods in

the future, which would be a necessary step for the

implementation of our approach to NGS-data.

Example of automated identification: Importance of the
local reference database

We ran 104 sequences obtained from infertile plants

through the automated identification pipeline (Table S4,

Supporting information). The distribution of ‘best-

match’ distances, that is, pairwise distances of a query

from its best-match database sequence, showed a clear

shift towards lower values when the Nicaraguan SDTF

reference sequences were included, with 46% of queries

being identical to a database sequence (vs. 10% when

only GenBank sequences were included) (Fig. 4a). The

number of species-level identifications at the 1% p-dis-

tance threshold doubled when the local reference was

considered (Fig. 4b). The results of the ‘strict’ tree-based
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Fig. 4 Identification of infertile plant samples against GenBank

or a combined GenBank and a local Nicaraguan SDTF reference

database. Distribution of ‘best-match’ distances, that is, dis-

tances of queries from their closest database sequence (a). Per-

centage of sequences identified at different taxonomic ranks,

when using a 1% distance threshold (b) or a ‘strict’ tree-based

criterion (c).
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identification at species level were not altered between

treatments (1% in both cases), but taxonomic assignment

at lower ranks was generally improved when the Nica-

raguan sequences were included, with a significant

increase in sequences identified at the genus or tribe lev-

els (Fig. 4c). In summary, there was an important contri-

bution of the local reference database for taxonomic

assignment at different ranks, even if the improvement

of species-level identifications would require including

several individuals per plant species to adequately rep-

resent intraspecific variation. Nevertheless, taxonomic

assignment at supraspecific ranks can still be very infor-

mative for biodiversity assessment and it can assist

greatly in the morphological identification of problem-

atic samples. For example, the reassessment of infertile

voucher specimens based on our automated taxonomic

assignment at higher ranks helped us to reach species-

or genus-level identifications in 45 cases or nearly half

of the unavailable identifications.

Example of automated identification: Assisting food-web
ecology

Plant sequences, including fragments longer than 150

nt (a suggested maximum size for faecal DNA samples;

Deagle et al. 2006), can be obtained from processed

food of herbivore insects (Jurado-Rivera et al. 2009). Of

79 leaf beetle extractions, we amplified and sequenced

successfully 59 putative diet sequences from 48 individ-

uals in four species, ranging between 110 and 620 nt.

27 psbA-trnH were sequenced directly from single PCR

products, while the rest required reamplification from

excised gel bands. Seven and two individuals were

sequenced for two and three coamplified products,

respectively, while in twelve samples only one band

was successfully sequenced.

Running the pipeline under the default settings

assigned taxonomically 54 of the 59 diet sequences

(Fig. 5; Table S2, Supporting information); the other five

did not retrieve enough homologues from the database

hampering meaningful identifications. For the cassid

Parorectis rugosa, reported as feeding on groundcherries,

our inferences showed that 16 (76%) of the retrieved

sequences correctly fell within the Physalis clade (Fig. S2,

Supporting information), one extra sequence was

assigned to the closely related Solanum, and four

sequences matched other families. In the case of the other

cassid, Physonota alutacea, a manjack specialist, 70% of

the sequences correctly fell within a Cordia+Varronia

clade (two mutually paraphyletic borage genera, treated

as synonyms by some authors; de Stapf 2010) (Fig. S3,

Supporting information). The remaining three sequences

matched other families. For the hispid Brachycoryna pu-

mila, there were seven sequences matching the expected

result at genus level (i.e. the mallow Sida) and two

matching other families, while for the other hispid, Het-

erispa vinula, there were eleven sequences matching the

expected genus or family and five matching other fami-

lies. Overall, these results show that the framework

developed here, that is, the automated identification

pipeline together with a local reference database (even if

incomplete), provides a great potential for inferring her-

bivore diet in the Mesoamerican SDTF, at least at generic

level or above. This degree of resolution is already very
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Fig. 5 Summary of diet inferences (at the

plant generic level) after applying the

automated taxonomic assignation

BAGpipe procedure to identify psbA-trnH

putative diet sequences from four species

of leaf beetles of known dietary prefer-

ence. (scale bars = 2.0 mm.)
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important, as herbivore specialization is not necessarily

realized at the species level, but possibly at higher ranks

(Barrett & Heil 2012). Moreover, the results of the pipe-

line inform about which herbivores share the same diet,

even in the absence of species-level plant identifications,

which can still be useful to infer range of associations or

food-web structure, among others. Unexpected family

hits in inferred diets represent relevant ecological find-

ings, maybe related to higher tolerance by adult insects

to plant utilization compared to larvae, for instance,

although we should not discard potential contamination

or other artefacts.

Conclusions

We have developed a robust automated procedure for

taxonomic identification based on DNA sequence data.

Several highlights can be extracted from this study.

(i) The phylogenetic framework is necessary for DNA-

based taxonomic assignment of plant sequences against

incomplete reference databases, a situation currently

unavoidable in the tropics, given that the ‘strict’ tree-

based criterion is the safest approach to avoid false

positives. All identification procedures are sensitive to

taxonomic coverage, to completeness of the reference

system, and ours is not an exception. But we provide

here with a flexible and fully automated approach which

will allow us to investigate in a systematic way the

impact of reference database composition on identifica-

tion success rates. (ii) To compensate incompleteness of

the reference database for our focal taxonomic and geo-

graphical scope, we have made a first step towards the

construction of a sequence database for the Mesoameri-

can SDTF, which will greatly enhance the efforts for

inventorying plant diversity and recording ecological

interactions in this threatened ecosystem. (iii) The psbA-

trnH marker, despite some problematic features, has

overall performed well for taxonomic assignment across

a wide range of tropical plant taxa. We provide a tool,

specifically designed to overcome alignment difficulties

of this marker and use it efficiently for species identifica-

tion and taxonomic assignment within both phylogenetic

and phenetic frameworks. This approach can be easily

extended and applied to the two protein-coding plant

barcode markers, rbcL and matK, to take advantage of the

growing reference databases for these markers, respect-

ing the standards set by CBOL Plant Working Group

(2009). And (iv) we contribute the script suite ‘BAGpipe’

(pipeline for Biodiversity Assessment using GenBank

data), specifically developed for large-scale plant biodi-

versity assessment in the tropics, but readily adjustable

to the purposes of other sequence-based identification

projects using any marker or taxon. We are currently

working on a server-based implementation of ‘BAGpipe’

and intend to make it available for other commonly used

markers in plant and animal biodiversity studies (Papad-

opoulou et al., unpublished).
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tion of flora in the Mesoamerican seasonally deciduous tropical
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Table S2 Species of Cassidinae (Coleoptera: Chrysomelidae) of
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Fig. S2 Maximum-likelihood tree with clade support values

above 70% produced automatically by the BAGpipe pipeline for

a group of 16 putative diet sequences of the cassid Parorectis rug-

osa. The pipeline isolated a group of closely related sequences

from GenBank and our purpose-built SDTF local reference (NPL

codes) and placed the diet sequences within a Physalis clade

with high confidence.
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above 70% produced automatically by the BAGpipe pipeline for

a group of seven putative diet sequences of the cassid Physonota
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sequences from GenBank and our purpose-built SDTF local ref-

erence (NPL codes) and placed the diet sequences within a spe-
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confidence.
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