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ABSTRACT

The integration of approaches that allow the incorporation of stochasticity of gene histories with phylogenetic methods resulted in new approaches for the old issue of species delimitation. Nevertheless,
coalescent methods seem problematic for taxa with large effective population size and shallow temporal diversification (like marine fishes). Here, we investigate the performance of single-locus (cytochrome oxidase 1, commonly used in DNA barcoding initiatives) methods for molecular species
delimitation in snappers of Lutjaninae from the Western Atlantic and Pacific Eastern. Our results show
incongruences among methods. ABGD, PTP and mPTP trend towards a lower number of estimated species. Phylogenetic-coalescent methods with single threshold were majority congruent for a same number of lineages. On the other hand, algorithms with multiple thresholds tend to estimate a higher
number of potential species. We do not endorse the use of single-locus for species delimitation, but we
do reinforce that single-locus data is sufficient to flag many problems.

Introduction
Species are the fundamental entity in many areas of comparative biology and methodologies designed for their proper
identification have a great importance in all the biological sciences. With current low pricing for the generation of DNA
sequence data, the usage of molecular based criteria for species identification and delimitation is becoming routine
(Carstens et al. 2013; Flot 2015). Propelled by global initiatives
for DNA based identification (e.g. DNA barcode), methods for
species delimitation based on a single locus have increased
in number and are now widely used (Hebert et al. 2003;
Schoch et al. 2012). Several authors have highlighted the difficulty and alleged inaccuracy of delimitation based on a single locus, mostly due to several natural processes that can
mislead phylogenetic signal (e.g. incongruences between
gene histories and species trees) (Carstens et al. 2013;
Dowton et al. 2014; Hubert and Hanner 2015). Nonetheless,
single locus species delimitation methods continue to be
used and its impact in inferences of species diversity must be
extensively evaluated.

DNA based species delimitation: a very brief history
There are many methods available with the main purpose of
elaborating hypotheses of species delimitation from DNA
sequence data. Each of these methods relies extensively on a
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number of simplifying assumptions that relate to parameter
space these methods are allowed to explore (Carstens et al.
2013).
Early approaches for species delimitation include mainly
methods that are non tree based (see Sites and Marshall
2003 for a review). The most notorious non tree based
approach is the Population Analysis Aggregation (Davis and
Nixon 1992). The PAA methodology is based in the following
principle: if individuals from different populations share the
same profile (genotype, morphological character), this is an
indicative of conspecificity (Sites and Marshall 2003).
Derived from PAA, the character haplotype aggregation
(CHA) (Brower 1999) is another very popular approach used
in species delimitation. CHA is a tree based method, and uses
the profiling of haplotypes in a network for discriminate species, hence shared identical haplotypes are used as indications of conspecificity.
With respect to current methods for DNA-based species
delimitation, Hubert and Hanner (2015) roughly arranged
these approaches into categories: phylogenetic methods,
coalescent methods and phylogenetic-coalescent methods.
Phylogenetic methods rely on the branching pattern of a
given tree topology (without the modelling of coalescent
process within species) to define thresholds of sequence
divergence to determine individual clusters which are then
recognized as species (Hubert and Hanner 2015). An example
of a widely used implementation of phylogenetic species
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delimitation is the Automatic Barcode Gap Discovery – ABGD
(Puillandre et al. 2012). In ABGD, the primary hypothesis of
species is defined after the assumption of the existence of a
gap for the distance values within and between groups of
individuals, after successive tests of clustering and thresholds
(Puillandre et al. 2012).
With the popularization of the coalescent theory, the use
of genealogy-based criteria (i.e. coalescent methods and
phylogenetic-coalescent methods) for species delimitation
has grown in popularity (Dowton et al. 2014).
Among methods of species delimitation that account for
phylogenetic-coalescent processes, and which are based on
single locus, the General Mixed Yule Coalescent – GMYC:
(Pons et al. 2006) is one of the most popular algorithms. The
GMYC identifies species by optimization of a point of
exchange between the coalescent process and a most depth
pattern of branching, characteristic of the arising of species
(Pons et al. 2006), i.e. similar to the tokogenetic and the
phylogenetic process of Hennig (1966). The GMYC, nevertheless is only suitable for ultrametric trees (all paths from the
root to a leaf have the same length). Here, ultrametric trees
are commonly obtained as consensus trees from the software
that implement Bayesian searches. However, in these situations, the stochasticity present in the Markov Chain Monte
Carlo search is not exploited of an adequate way (Reid and
Carstens 2012). This issue is solved with methods that allows
for the use of multiple trees from the posterior distribution of
trees from Bayesian analyses (Reid and Carstens 2012).
To that end, the multiple GMYC (mGMYC) is an implementation that allows most credibility to GMYC including the use
of multiple temporal thresholds for the differentiation of the
process of shallow branching (coalescent process) and deeper
branching (inter-specific diversification) in a phylogeny (see
Monaghan et al. 2009).
All of the algorithms discussed above use genealogies
whose branch lengths are given in time unities. However,
Zhang et al. (2013) implemented the Poisson tree processes
(PTP) as an alternative to GMYC. In the PTP, the diversification
process of speciation is obtained considering the number of
substitutions (in place of time as in GMYC) in a given branch,
in principle the number of substitutions seems to be higher
between species than within species (Zhang et al. 2013). In a
new implementation of PTP (multi-rate Poisson tree processes, mPTP), the distinct values of intraspecific divergence
caused by differences in the evolutionary process are
accounted, and should confer more credibility for species
delimitation (Kapli et al. 2017).

Species delimitation in snappers
Herein, we test the influence of multiple methods of species
delimitation, using a single locus, in the evaluation of taxa
diversity within a large group of fishes (Perciformes:
Lutjanidae: Lutjaninae). To that end, we applied a selection of
different discovery operations to delimit species within
Lutjaninae, which represent popularly used algorithms. All of
these based on explicit optimality criteria to the definition
and number of species in a given clade. We compare the

results of our analyses to the currently adopted taxonomy of
the group, one that is largely based on morphology.
Lutjanidae, commonly known as snappers, is a widely distributed family of perciform fishes, composed of generally
large bodied and mostly marine taxa (rarely estuarine)
(Nelson et al. 2016). Lutjanidae is composed of 110 species
recognized in 17 genera and four subfamilies: Etelinae,
Apsilinae, Paradicichthyinae and Lutjaninae (Nelson et al.
2016 and their references). Lutjanidae seems an excellent
model for comparative analyses of molecular methods of species delimitation, because the family is widely distributed and
adults of most species in Lutjanidae are easily distinguished
from other species with the use of morphology alone (Allen
1985).
Moreover, recent molecular analyses suggest that some
pairs of close species may have arisen after known events of
alopatric speciation, e.g. by closure of isthmus of Panama
(Lutjanus guttatus/L. synagris; L. inermis/O. chrysurus; L. argentiventris/L. jocu; L. peru/L. campechanus) (Gold et al. 2011,
2015). Additionally, Gomes et al. (2008, 2012) using DNA
sequences from the mitochondrial control region, showed
that red snappers L. campechanus and L. purpureus are probably a single widespread species of red snapper.
Lutjanidae is a good model for comparative analyses of
molecular methods of species delimitation and their congruence with the previous classification by mean of morphological criteria. Herein, we use members of the subfamily
Lutjaninae inhabiting the Western Atlantic and Eastern Pacific
(EP) to test the effectiveness of species delimitation methods
based on a single mitochondrial locus standardized for DNA
barcode for all metazoa (cytochrome C oxidase subunit I –
Cox1).

Materials and methods
Sampling
We obtained sequences of 652 bp corresponding to fragment
of the Cox1 for 114 specimens of Lutjaninae and three of
other Lutjanidae (Appendix I). Most sequences used herein
were previously published (Gold et al. 2011, 2015; Veneza
et al. 2014) and were obtained from Genbank (accession
numbers and metadata for samples included are as
Supplementary Data). We generated new sequences for L.
buccanela and L. cf. alexandrei, using the primers FishF1/
FishR1 (Ward et al. 2005), following the protocols used in
Veneza et al. (2014).
The dataset compiled for this study include 22 species,
without outgroups (four species), representing nearly 90% of
the nominal taxa in the Western Atlantic (WA)/EP region.
Here we also include L. notatus because of your close relationship with L. viridis (EP) (Gold et al. 2015).

Species delimitation analyses and parameters
The sequence alignment method used in all phylogenetic
analyses was the same, although two different datasets were
compiled from the alignment: (1) full dataset; (2) reduced
dataset. The full dataset alignment included all available
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sequences and was obtained in ClustalW 2.1 (Larkin et al.
2007) using default parameters. To exclude redundancies in
the matrix, the full dataset was trimmed to an alignment
with a single individual per haplotype – this was performed
~ a et al. 2010). All DNA sequenin the software Alter (Glez-Pen
ces used here are available in Genbank (see Appendix I).
At first, we used cladistic haplotype analysis – CHA
(Brower 1999) based on a network made in Haploviewer
(Salzburger et al. 2011) following the parameters recommended by the software’s authors.
For inference of the level of barcode gap, we used the
software ABGD (Puillandre et al. 2012), using the following
settings: (Pmin ¼ 0.001, Pmax ¼ 0.1, Steps ¼ 10, NBins ¼ 20,
Relative gap ¼ 1, JC69).
The guide trees used for GMYC and bGMYC analyses were
obtained in Beast v. 2.3.1 (Bouckaert et al. 2014) using a strict
clock and empirical frequency base priors. We performed
multiple runs using different random seeds. Each run was
performed with 107 steps and topologies were sampled each
1000 generations. We discarded 10% of the genealogies as
burn-in. The choice of the evolutionary model that best fit
the data was performed in Kakusan v. 4 (Tanabe 2007).
Convergence was verified in TRACER v. 1.6 (available at:
http://beast.bio.ed.ac.uk/tracer). All ESS values remained
above 200 for GMYC/bGMYC. Moreover, we also tested the
influence of different tree priors (‘Coalescent’, ‘Yule’ and ‘Birth
Death’) on species delimitation scenarios.
The GMYC with a single threshold (sGMYC) (Pons et al.
2006) and multiple thresholds (mGMYC) (Monaghan et al.
2009) were conducted in the Splits package, available in the
software R v. 3.2 (R Core Team 2012). For both approaches
(sGMYC and mGMYC), we used a tree summarized from the
Beast analyses. The function ‘multi2di’ was used in order to
avoid branch-lengths of zero.
The bGMYC allows for the use of a set of trees in order to
consider the stochasticity in the posterior distribution. Thus,
for bGMYC we sampled a set of 100 trees of posterior
distribution of the Beast runs, using the script BurnTrees
(J. Nylander; https://github.com/nylander/Burntrees). The
bGMYC was also performed in R, using the bGMYC package
(Reid and Carstens 2012), following the settings recommended by the authors.
For species delimitation via PTP and mPTP, we used a
phylogenetic tree of maximum likelihood made in the RaxML
v. 8.1 (Stamatakis 2014), using the fast method of bootstrap
(100 replications). The analyses were conducted in the PTP
and mPTP web servers (http://species.h-its.org/and http://
mptp.h-its.org/#/tree).

Results
The phylogeny of Lutjaninae
Final datasets included 600 bp for 117 individuals (full database) and 67 individuals (database collapsed). Both maximum
likelihood and Bayesian inference topologies consistently
recover Lutjanus to be paraphyletic with respect to Ocyurus
chrysurus and Rhomboplites aurorubens, as shown previously
(Gold et al. 2011; Fr!ed!
erich and Santini 2017).
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Species delimitation analyses
With respect to species delimitation with distance methods,
the ABGD analysis recovered 18 putative species (Figure 1).
After recursive partitions of the threshold values in the analyses, the number of groups varied between 18 and 46 putative species (Appendix II).
For CHA and phylogenetic-coalescent based methods, the
number of species within Lutjaninae ranged from 16 to 25
(Figure 1, Table 1 and Appendix III), whereas we observed a
higher number of putative species for methods with multiple
thresholds. However, when we compared likelihood scores of
single threshold methods with multiple thresholds, we found
better scores of probabilities favouring methods with a single
threshold (Table 1), which suggests a better performance of
these approaches over multiple thresholds algorithms. With
respect to the performance of GMYC with data sets collapsed
to haplotypes and full data sets, only discrepancies for GMYC
with multiple thresholds were observed (Table 1).
Their little difference between species delimitation related
to tree priors (Yule, Coalescent and Birth Death) for the
GMYC with a single threshold recovered the same 22 lineages. However, we observed differences in the bGMYC analyses, which recovered 24 lineages.

Discussion
Even with the knowledge of the limitations caused by stochasticity of the coalescent process, species delimitation
methods based on DNA sequence data from one locus are
still frequently used – special reference is given to identification of species and specimens by means of DNA barcode
(e.g. Fujisawa and Barraclough 2013; Hubert and Hanner
2015). Our results suggest that the resulting species delimitation of snappers using a single locus varies widely.
In the present study, the ABGD was able to distinguish 18
groups, whose threshold for intraspecific distance was nearly
2%. Methods of species delimitation were based only on
nucleotide divergence and do not include any information on
evolutionary process (see Fujisawa and Barraclough 2013) –
this approach has many flaws. Therefore, it is wise to support
species delimitation methods that have an evolutionary basis
(Yang and Rannala 2016).
In regard to phylogenetic-coalescent methods, the lower
numbers of putative species recovered were obtained with
PTP and mPTP (Figure 1). In other studies, these methods
also lead to a lower number of species in comparison with
other methods, such as GMYC (Aguila et al. 2017; Correa
et al. 2017). In some of these cases, this fact is superficially
treated as over splitting of lineages occurring in GMYC.
However, the over splitting suggested for GMYC, and another
methods, does not seem to be a likely scenario here.
The ABGD (with the initial partition) and the mPTP were
unable to distinguish various pairs of sister species that are
easily recognizable from morphology and which were likely
isolated since the closure of the Isthmus of Panama
(Lessios 2008) (L. jocu " L. argentiventris; L. purpureus "
L. campechanus " L. peru; L. novemfasciatus " L. cyanopterus;
L. synagris " L. guttatus). Even with maximum number of
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Figure 1. Ultrametric tree showing different scenarios of species delimitation is encountered here. Vertical bars correspond to each lineage own as a potential species. Dots above branches represent values of posterior probability (>0.95). Generic name abbreviations are as follows: L. (Lutjanus), O. (Ocyurus), R. (Rhomboplites),
E. (Etelis), A. (Apsilus), and P. (Pristipomoides). ABGD 1, ABGD 2, ABGD 3, represent different thresholds for intraspecific divergence.

recursive partitions (see Figure 1), ABGD was not able to distinguish between the pair of species L. jocu and L.
argentiventris.
The species listed above are isolated by a minimum of 3
millions of years (Gold et al. 2011) and present several diagnostic phenotypic characters, which support recognition of
them as distinct taxa. Marine fishes have higher effective
population size (McCusker and Bentzen 2010), therefore in
loci whose evolution is driven by neutral process, the time
necessary for establishment of larger values of nucleotide
divergence or even lineage sorting can be much higher than
a few millions of years (Yang and Rannala 2016). This might

be one of the causes of under-splitting observed in some of
our analyses.
In many of the tree based on species delimitation, species
are distinguished by means of the optimization of thresholds
between coalescent process, i.e. short branches typical of
intraspecific diversification and deep branching, typical of
speciation process (Pons et al. 2006; Esselstyn et al. 2012).
Therefore, methods such as the GMYC (and related methods)
are largely rooted on the phylogenetic species concept
(Zhang et al. 2013), which support the notion that species
should be unambiguously monophyletic. On the other hand,
even for tree-based methods, the use of operations for
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Table 1. Dataset, implementation/tree priors, number of entities, and log likelihoods for GMYC analyses (sGMYC þ mGMYC) of the present study.
Data set

Method/tree prior

Number of entities

Full
Full
Full
Full
Full
Full
Collapsed
Collapsed
Collapsed
Collapsed
Collapsed
Collapsed

sGMYC/Yule
sGMYC/birth-death
sGMYC/coalescent
mGMYC/Yule
mGMYC/birth-death
mGMYC/coalescent
sGMYC/Yule
sGMYC/birth-death
sGMYC/coalescent
mGMYC/Yule
mGMYC/birth-death
mGMYC/coalescent

22
22
22
25
23
24
22
22
22
24
21
21
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Number of entities does not include outgroup taxa.

Log likelihood
$950.8829
$993.3962
$951.5797
$952.3841
$994.3212
$951.6738
$429.7938
$436.8823
$436.7826
$431.2117
$437.6848
$437.2014

species delimitation based on a unique locus has strong theoretical limitations. Special attention should be given to inference of false positives caused by incomplete lineage sorting
or differences between gene trees and species tree.
Nonetheless, approaches for species delineation with one
locus can be very helpful in many situations, for example, in
‘turbo-taxonomy’ (Butcher et al. 2012; Dentinger and Suz
2014), or for next-generation environmental barcoding
(Hajibabaei et al. 2011).
Other issues are also mentioned as causes of incongruence
in tree-based methods for species delimitation. For example,
the use of trees with branches of zero length has been mentioned as a relevant point for the correct identification of the
transition point between coalescent and speciation processes
(Tang et al. 2014). The process of the intraspecific diversification process, also can lead to phylogenetic arrangements
with long branches and then these populations should be
identified as potential species (Esselstyn et al. 2012).
The choice of tree priors for inferring the phylogenetic
tree is another aspect relevant for the species delimitation
process. As an example, under a Yule process prior there is
an unrealistic assumption in regard to arising and extinction
of lineages (i.e. Yule process assumes only the birth of a lineage, and the rate of extinction is zero) (Esselstyn et al.
2012). In this way, tree priors such as Birth-Death or a coalescent prior, seem to provide more adequate assumptions with
regards to evolutionary history (Ceccarelli et al. 2012). Here,
however, we did not observe differences between species
delimitation in relation to tree priors for GMYC with a single
threshold (Yule, Coalescent and Birth Death) and CHA, with
all these methods converging in resolving 22 lineages.
However, for all bGMYC, we found a number of 24 lineages with a splitting within L. analis and O. chrysurus.
Curiously, L. analis seems to exhibit a pattern of potential
speciation between Caribbean and south Atlantic (Brazilian)
individuals. Some studies have suggested restriction of gene
flow between Caribbean and Brazilian localities, including O.
chrysurus (Vasconcellos et al. 2008; da Silva et al. 2015) and L.
synagris (Silva et al. 2018), however, no information is available in regard to levels of genetic connectivity between Brazil
and Caribbean for L. analis.
We did not observe discrepancies between data sets collapsed and species delimitation scenarios with the full data set
(i.e. including branches with length of zero), in accordance
with (Talavera et al. 2013), which punctuate as the main factor
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for choice between full data sets and data set collapsed, seem
to be the lower computational effort. The sGMYC and CHA
provide species delimitation scenarios that are very similar to
the currently accepted taxonomy of Lutjaninae. On the other
hand, the GMYC with multiple thresholds leads to a higher
number of molecular entities than the currently accepted
method for the formal taxonomy of Lutjaninae. Moreover,
methods like mGMYC allow many temporal thresholds for speciation, and therefore are most sensible to deep coalescent
process at population level (Esselstyn et al. 2012), this can lead
to overestimation of the species number.
Another aspect inherent to molecular species delimitation
with one locus refers to the low accuracy of these algorithms
in species with larger effective population sizes (Esselstyn et al.
2012), a very common scenario in marine teleosts (McCusker
and Bentzen 2010). Therefore, in such situations, species
delimitation with a single locus has been extensively criticized
on many fronts, but these approaches can undoubtedly still
be used as valid method for species delimitation in many taxa.
In the present study, our dataset is limited, both in number
of individuals and number of loci, and so our results should
be evaluated carefully. Nonetheless, the congruence among
most methods (often based on widely discrepant assumptions)
suggests that there is some consistency of inferred species limits, despite obvious philosophical and operational differences
among the implementations (Carstens et al. 2013). We do not,
however, endorse the use of single loci approaches as the
best practice in these kinds of studies. Merely, we reinforce
that single locus data are sufficient to solve many systematic
problems, including within Lutjanidae (see also Veneza et al.
2014). If method of analysis is robust and adequately chosen
to fit the data at hand, when resources are available (e.g. samples, facilities, budget) – we do, however, reinforce that whenever possible more loci should be included.
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