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In the present thesis I use a group of butterflies (Lepidoptera, Nymphalidae, Euptychii-
na) as model organisms and a variety of Molecular Systematics methodologies in order 
to reconstruct the phylogenetic history and to elucidate the different relations and the 
time of origin and diversification of these insects during the past million of years. This 
group of butterflies is named as the “Taygetis clade” and it belongs to one of the five 
major groups in the highly diverse subtribe Euptychiina, occurring exclusively in the 
Neotropics or roughly the entire Latin America. “Taygetis clade” is apparently a natural 
or monophyletic group based on their phylogenetic relationships. Furthermore, previous 
studies indicate that such group is largely congruent and well supported but the relations 
within the clade is unclear, plagued by unnatural genera and many undescribed species.  
 
In this sense, the main aims of this study is to propose a phylogenetic hypothesis on the 
“Taygetis clade” inferred from molecular information, to test the monophyly of each of 
the nine genera within “Taygetis clade” and to estimate the times of origin and diversifi-
cation of the species in the group. This thesis contributes towards a better understanding 
and the clarification of the systematics of “Taygetis clade” as it includes an extensive 
sampling of most of the described species in the group and it is based on phylogeneti-
cally informative molecular markers previously used in other studies dealing with mole-
cular systematics of butterflies. Moreover, the inferences made on the basis of the pre-
ferred dated phylogeny will lead to understand the origin and maintenance of the high 
biodiversity in the Neotropis as well as to test whether important speciation events hap-
pened during a short period of time as stated by the “refugia hypothesis” or it was ac-
tually a long time process in the case of “Taygetis”. 
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1. INTRODUCTION 

 

To our understanding, extant living organisms are the result of a series of transforma-

tions through time in the frame of an evolutionary continuity. Such continuity has been 

classically represented as tree-like graphs depicting species evolutionary relationships 

(phylogenies) ever since the formalization and birth of the evolutionary theory. As an 

example, Charles Darwin, aware of the significance of a simple diagram to explain his 

theory, included a single tree describing hypothetical evolutionary relationships as the 

only figure in his famous “On the origin of Species” (1859). 

 

On the other hand, clustering of species based on similarities among organisms has been 

used since Aristotle classification of “beings” as an effort to order and to categorize the 

natural world. Nevertheless, only similarities due to the evolution of ancestral states on 

particular traits, the so-called homologous similarities, can be actually utilized for re-

constructions of genealogical relationships as they reflect the actual evolutionary history 

of organisms (Hennig, 1965). Conversely, homoplasies are non-ancestral similarities 

mainly caused by convergences, such as the presence of wings in birds, bats and butter-

flies or an Adenine base at two totally distinct nucleotide sites in a DNA sequence. 

Therefore, the proper identification of homologous characters is the cornerstone of 

every phylogenetic analysis.  

 

Perhaps one of the most beautiful, charismatic and harmless bugs for laypeople are the 

butterflies (Order Lepidoptera, Series Papilioniformes). For evolutionary biologists they 

are also suitable organisms for testing a variety of life history hypotheses. In this regard, 

there have been in the past few years several studies dealing with molecular systematics 

and historical biogeography of butterflies which have standardized protocols and made 

used of informative characters, including molecular markers, on these organisms. How-

ever, there are still several groups lacking even of an adequate taxonomical categoriza-

tion and, obviously, lacking information about their evolutionary relationships and pat-

terns of diversification. 

 

Only in the Neotropical realm (roughly the entire Latin America) there are over 7700 

butterfly species (some 40% of butterflies in the world) and the estimates of total diver-

sity of butterflies in this region range between 8400-8700 species (Lamas, 2004). Of 

these, the species classified within the subtribe Euptychiina (Family Nymphalidae, 
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Tribe Satyrini) present some of the most difficulties in regards to its taxonomy, syste-

matics and evolutionary history at genus and species level. For instance, it was not until 

recently that Murray & Prowell (2005) made a revision and proposed the subdivision of 

Euptychiina into several well-supported and apparently monophyletic groups (or 

clades). “Taygetis clade” is one of them, and one of the most poorly understood groups, 

with unclear phylogenetic relationships and doubtful taxonomical arrangements at ge-

nus level.    

 

Phylogenetic inferences depend, as stated above, on the usage of homologous charac-

ters, but the analyses also need variation within the traits in order to make comparisons 

among organisms. Changes on traits can arise at any point during the existence of an 

organism but they must occur exclusively at the heritable material in the germ-line to be 

considered as evolutionarily-significant transformations, passing through to descendants 

generation by generation. In this sense, deoxyribonucleic acid (DNA) can be considered 

as the ultimate record of evolutionary signal. In addition, DNA contains a great amount 

of variation caused mainly by selectively neutral or nearly neutral modifications (Ki-

mura & Ohta, 1971; Ohta, 2002). Therefore, DNA sequence, as a source of characters 

with phylogenetic signal, appears to be a valuable information for evolutionary history 

reconstructions when classical methods using other sources, such as morphology, fail 

possibly due to the small amount of available characters or the extreme complexity be-

hind phenotypic expression. 

 

On the other hand, Kimura’s neutral theory (1968, 1986) has had an enormous impact 

on molecular phylogenetic inference (Prillinger et al., 2002) as well as in laying the ba-

sis of the molecular evolutionary clock hypothesis (Zuckerkandl and Pauling, 1962). 

Mathematical models based on the postulate:  “Base substitution on the DNA sequence 

of certain genes follows more or less a regular pattern over a long period of time” can 

be also useful to compare distantly related organisms and is currently one of the most 

widely-used methods to obtain dates of origin and diversification over a phylogeny (Nei 

& Kumar, 2000). 

 

In the present study, my main goal is to propose a phylogenetic hypothesis on the origin 

and diversification of the butterflies grouped in “Taygetis clade” (Nymphalidae, Sa-

tyrini, Euptychiina) by using molecular characters. Furthermore, based on the preferred 

phylogenetic inference, I aim to test the monophyly of the genera within this group of 
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butterflies as well as to estimate the time of origin and diversification of the genera and 

species within “Taygetis”. 

 

1.1 Molecular phylogenetics  

 

Phylogenetic Systematics is the field that infers and describes the nature of phylogenetic 

relationships and the evolutionary history of taxonomically classified organisms (Hen-

nig, 1965; 1966). Based on the type of characters used to infer a phylogenetic hypothe-

sis, Phylogenetic Systematics has been divided by some authors into classical and mod-

ern systematics even though both remain the same in principle. In this respect, classical 

systematics employs morphological characters while modern systematics refers to the 

usage of molecular characters to infer phylogenies. Furthermore, Phylogenetic Sys-

tematics uses statistical techniques (Li, 1997) due to the lack of direct information from 

ancestral organisms as fossil records are incomplete and poorly identified, such as in the 

case of Lepidopteran fossil record which is sparser than those of any other major insect 

order (Labandeira & Sepkoski Jr., 1993). 

 

Phylogenetic Systematics based on molecular data (or Molecular Systematics), evalu-

ates ancestral similarities recorded in molecular characters to assess the degree of relat-

edness between two organisms with respect to a third one. Each nucleotide site on a 

DNA sequence is considered to be one character because it is a feature that is an “inde-

pendent” heritable attribute of an organism, found in two or more specimens (Wiley et 

al., 1991). The evidence of common ancestry regarding two or more taxa (or DNA se-

quences) comes in the form of shared derived character states (synapomorphies) indicat-

ing the existence of a phylogenetic relationship among them compared to a sister taxon 

(or taxa) (Wiley et al., 1991). Therefore, synapomorphies are important for phylogeny 

reconstruction as they can provide information in favour of some trees over the others 

(the so-called Informative sites).  

 

On the other hand, Hennig’s cladistics defines “natural groups” as those taxa sharing a 

set of common ancestry relationships and not shared with any other species placed out-

side the group (Hennig, 1966). In this sense, a monophyletic group is considered to be a 

(natural) group of species including a common ancestral species and all of its descen-

dants (Wiley et al., 1991) (Figure 1) and it is the only kind of grouping that Cladistics 

claims to be taxonomically recognizable. 
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Figure 1 – Examples of monophyletic or natural (A, Sauropsida), paraphyletic (B, “Rep-

tiles”), and polyphyletic (C, Warm-blooded animals) groups. 

 

1.1.1 The Maximum Parsimony  

 

The Parsimony criterion is a logical and methodological procedure in Systematics that 

prefers only evolutionary hypotheses with the fewest amounts of evolutionary changes 

(Cavalli-Sforza & Edwards, 1967). Although evolution itself is not necessarily parsimo-

nious, it has been proposed that a most parsimonious tree has a high degree of corre-

spondence to the true phylogeny (Camin & Sokal, 1965). In this sense, the Maximum 

Parsimony method involves the assignment of parsimony scores to a given hypothesis 

and the exploration of the most parsimonious hypotheses among the universe of possi-

ble trees (Lin et al., 2007). 

 

Parsimony scores are computed by counting the number of changes required to explain 

a given phylogenetic tree. However, finding scores on each alternative tree is extremely 

tedious when more than four taxa are included in the analysis (e.g. the number of possi-

ble trees for 4 taxa are 15, for 5 taxa are 105, and for 50 taxa approximately 2.7 x 1076 

trees). In an attempt to overcome this difficulty, it has been developed several algo-

rithms to reduce the intensity of computations, such as the Fitch (1971) or the Sankoff 

algorithms (Sankoff & Rousseau, 1975). The latter is considered to be a more general 

Root 

Branch 

Node, or most recent common ancestor of 
the descendants 

Internal branch 
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approach and it is utilized by several programs to compute costs of DNA substitution 

changes based on a cost matrix (e.g. lower costs for changes within the same type of 

nitrogenous bases -purines or pyrimidines) as well as the algorithm counts the minimum 

number of changes in a phylogenetic tree by hypothesizing ancestral character states on 

each node over the tree. 

  

Heuristic searches (“trial-and-error method”) are usually performed as a way to generate 

several trees by rearranging branches of pre-existing trees and considering only those 

with better parsimony scores (local optimum) (Felsenstein, 2004). In this regard, some 

strategies have been developed in order to facilitate rearrangements of branches on phy-

logenetic trees, such as Tree Bisection and Reconnection (TBR) which is one of the 

most widely employed. Furthermore, Goloboff (1999) recommends the usage of algo-

rithms known as “New technology” (Parsimony Ratchet (Nixon, 1999), Sectorial 

Searches, Tree-Fusing and Tree-Drifting (Goloboff, 1999)) when the analyses include 

larger datasets (e.g. >50 taxa), in order to facilitate the search of the most parsimonious 

trees (global optimum) over several local optimum.  

 

Support values in phylogenetics are computed by statistical tests as an attempt to meas-

uring the confidence level on phylogenetic hypotheses. The most widely used is the 

Bootstrap (Felsenstein, 1985) which consists on randomly resampling the characters 

followed by replacement of those characters into the original dataset hence the charac-

ters can be sampled again with the same probability for N times. The proportion of rep-

licates producing a same phylogenetic pattern (i.e. the same group of taxa in one clade) 

is taken as a value of support for such clade. On the other hand, Partitioned Bremer sup-

port (PBS) (Baker and DeSalle, 1997) is another test which permits to evaluate the con-

gruence in combined datasets (e.g. morphological and molecular data; or several genes 

data) by assessing the level of contribution of each dataset to the final support of one 

clade on the tree. In this sense, positive PBS values indicate that a dataset supports a 

clade in the consensus tree over the shortest tree which does not contain such a clade 

while negative values indicate that the dataset supports the tree without a particular 

clade over the consensus tree (Lambkin et al., 2002). 

 

1.1.2 The Bayesian Inference 
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Model-based approaches of phylogenetic reconstructions are those methods requiring an 

explicit evolutionary model in order to infer phylogenies. Within those, there are two 

currently widely used, the Maximum Likelihood and the Bayesian Inference methods.  

 

Evolutionary models are assumptions regarding probabilities of DNA substitutions. 

Models of DNA evolution incorporate rates of nucleotide substitution and averages of 

base frequencies in a particular DNA sequence. Therefore, the complexity of a model 

ranges from the assumption of single substitution rate on every base pair over the DNA 

sequence and equal base frequencies p=0.25 (the Jukes-Cantor model, 1969), to the as-

sumption of six distinct substitution rates and variable base frequencies (the General 

Time-Reversible GTR model, Lanave, 1984).  

 

In this regard, estimation of branch lengths requires the use of such models in order to 

“correct” differences between two sequences and to compute genetic distances. The 

main consequence of using “non-corrected” sequence differences, predominantly be-

tween distantly related or rapidly evolving taxa, is the incongruent grouping of taxa in 

the phylogenetic tree, the so-called Long Branch attraction artifacts (Bergsten, 2005). 

Moreover, Gamma-distributed rates can be utilized together with the evolutionary 

model in order to standardize variations in substitution rates among different nucleotide 

sites. Estimation of parameters and the selection of an evolutionary model can be exe-

cuted by using a likelihood function obtained from the observed data, such as the Like-

lihood Ratio Test (Huelsenbeck & Crandall, 1997; Frati et al., 1997) or the Akaike In-

formation Criterion (Akaike, 1974).  

 

Bayesian Inference relies as well on the conditional probability postulate, known as the 

Bayes’s theorem (Eq. 1.1) 

 

                      
 

As a result, it is expected to obtain the distribution of posterior probabilities that a cer-

tain tree is correct given the observed data (Pr[Tree | Data]) (Huelsenbeck et al., 2001). 

The distribution is obtained by combining the likelihood of the observed data given a 

certain tree (Pr[Data | Tree]) with the prior probability density of the phylogeny 

(Pr[Tree]) and divided by the unconditional probability of the data (Pr[Data]), which is 

Eq. 1.1 
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a constant required to normalize all possible trees so that the sum of posterior probabili-

ties is always one (1).  

 

Furthermore, Bayesian methods incorporate several algorithms in order to overcome 

computational difficulties. Since the denominator in Equation 1.1 is analytically impos-

sible to compute as it involves the summation of all possible trees, Markov chain Monte 

Carlo methods have been implemented in the phylogenetic analyses as an attempt to 

approximate the posterior probability of a tree (Huelsenbeck et al., 2001). The Metropo-

lis-Hastings algorithm (Metropolis et al., 1953; Hastings, 1970) is one of the most 

widely used Markov chain Monte Carlo (MCMC) consisting on computing acceptance 

ratios of the posterior probabilities of a given tree versus new perturbed trees, accepting 

a new tree only if it has higher posterior probability. In this sense, the chain would run 

for a certain amount of generations without actually calculating the “Pr[Data]” function. 

Therefore, the proportion of times that any single tree is accepted during the run of the 

chain is a valid approximation of its posterior probability (Huelsenbeck & Ronquist, 

2001). However, the algorithm tends to become trapped within local optima hence it 

does not “visit” other regions in the tree universe. Metropolis-coupled Markov chain 

Monte Carlo (MCMCMC or MC3) (Geyer, 1991) is a variant of the MCMC algorithm 

and it has been implemented to explore effectively the universe of phylogenetic trees. It 

basically consists on running several chains at the same time and only one of them (the 

heated chain) is used to swap the chains across the many local optima, resulting in a 

better resolution of the “landscape” of the tree universe (Huelsenbeck et al., 2001). 

 

1.1.3 The Molecular Markers 

 

The main properties of ideal molecular markers are: to be of single-copy in the haploid 

genome; to have appropriate substitution rates to provide sufficient number of informa-

tive sites and to avoid saturation or multiple substitutions; to have stable base composi-

tion among the studied taxa; to produce sequences easy to align, and to be standard 

markers already used in other studies (Cruickshank, 2002). Furthermore, analyzing 

many genes or regions in the genome and using different phylogenetic reconstruction 

methods is the consensus methodology currently accepted for inferring phylogenies.  

 

On the other hand, there exists several universal primer pairs designed to amplify differ-

ent regions in the genome of insects which work perfectly in butterflies (e.g. Folmer et 
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al., 1994; Cho et al., 1995; Simon et al., 1994). Additionally, Wahlberg and Wheat 

(2008) designed various useful and efficient specific primer pairs for Lepidoptera. All 

of them have been tested in previous studies and four standard molecular markers have 

demonstrated to contain informative characters for phylogenetic reconstructions at 

lower taxonomic levels (i.e. at genus- and species-level) within the butterfly family 

Nymphalidae (e.g. Kodandaramaiah & Wahlberg, 2007, 2009; Leneveu et al., 2009; 

Aduse-Poku et al., 2009; Peña et al., 2010; Müller et al., 2010). Such markers are re-

gions of the mitochondrial gene Cytochrome c oxidase subunit 1 (COI) and of the nu-

clear genes Elongation factor 1-α (EF-1α), Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) and the 40S Ribosomal protein S5 (RpS5).  

 

Cytochrome c oxidase (CO) is a complex transmembrane protein of the electron transfer 

chain involved in cellular respiration and located in the mitochondria of eukaryotes (Li 

et al., 2006). In addition, a portion of the CO subunit I (COI) sequence has been pro-

posed as a DNA barcode region, a sort of global bio-identification system for animals 

(Hebert et al., 2003). Nuclear genes, however, are sexually inherited and contain poly-

morphisms in the same individual as well as they present intermolecular genetic recom-

bination. Moreover, the higher population size and the lower mutation rate of nuclear 

genes, make them useful for macroevolutionary studies (Avise, 2000). EF-1α is a pro-

tein required for peptide synthesis, delivering tRNAs to the ribosome in order to com-

pleting the peptide bond formation (Hames & Hooper, 2000). GAPDH is a multifunc-

tional intracellular protein involved in production of cellular energy in the glycolytic 

pathway, in apoptosis induction, as repressor-associated kinase, in exporting tRNAs and 

in repairing DNA (Tarze et al., 2007). RpS5 is a protein part of the small 40S subunit in 

eukaryotes ribosome, which in conjunction with other proteins and rRNAs is involved 

in protein synthesis (Hames & Hooper, 2000). The utility of these genes in solving phy-

logenetic relationships at higher and lower level has been shown even though their con-

servative functions do not allow a faster evolution over them. 

 

1.2 Molecular Clock  

 

One of the main purposes of molecular phylogenetics is to estimate the time of origin 

and diversification of organisms sharing a common phylogenetic history (Li, 1997). The 

molecular clock hypothesis (Zuckerkandl & Pauling, 1965) has contributed enormously 
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to the developing of dating approaches over phylogenies by assuming a nearly constant 

accumulation of differences between DNA sequences over absolute time. In this sense, 

by using calibration rates it is possible to correlate genetic distances with the time since 

the separation of two lineages, given a phylogenetic tree (Bromham & Penny, 2003).  

 

The neutral theory of molecular evolution proposed by Motoo Kimura (1971, 1986) 

actually explains and permits an effectively usage of the molecular clock approaches. 

The early empirical observations of roughly proportional rate of molecular evolution to 

time for certain protein or DNA sequences was explained by suggesting that neutral 

mutations cause the majority of molecular changes in evolution and that the rate of nu-

cleotide substitution (the number of mutations fixed in a population per unit time) is 

depending on only the mutation rate under a neutral scenario. However, nucleotide sub-

stitution rates can vary between taxa, genes and even within a single gene sequence, 

caused by several factors including changes in the influence of selection and drift in a 

particular gene or sites in genes, differences in the DNA-repair system or fluctuations in 

population sizes between species or over time (Bromham & Penny, 2003). Therefore, 

models of sequence evolution and substitutions must be incorporated in the analyses, 

and calibration rates need to be estimated for any data set by fixing a node on the tree 

with a known ancestral date (usually from the fossil record) (Page & Holmes, 1998).  

 

Once the calibration information has been incorporated, dates of ancient divergence 

events are estimated by extrapolations over the whole phylogeny. Because of the varia-

tion in substitution rates hence the non-universal linearity of the clock, however, the 

extrapolated dates could be over- or under- estimated if an adequate model of evolution 

is not included in the analyses, especially when the calibration point and the estimated 

node are far distanced each other on the tree (Bromham & Penny, 2003). Moreover, the 

incorporation of calibration dates must include incertitude statistical estimates such as 

uncertainties and imprecision values, in order to evaluate the impact of the “extrapola-

tion errors” in the final estimates (Graur & Martin, 2004).   

 

The earliest approaches for inferring dates based on the molecular clock assumed that 

all lineages evolve at the same rate based on the empirical observations of Zuckerkandl 

and Pauling (1965) and Kimura’s neutral evolution assumption (1971), the so-called 

“strict molecular clock” model. Nonetheless, several alternatives have been proposed in 

order to “relax” the clock by allowing the molecular rates to vary among branches on 
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the tree (Drummond et al., 2006). Most of the “relaxed clock” models assume that 

closely related lineages have similar evolution rates, correlating rates from ancestral to 

descendant lineages and resulting in similar rates in neighbouring branches (Autocorre-

lation) (Pybus, 2006). Dealing with longer timescales, on the other hand, might result in 

the breakage of the autocorrelation due to the usage of more distant lineages and sparser 

taxon sampling. In this sense, some algorithms estimate rates for each branch independ-

ently as well as those can evaluate the autocorrelation between rates for a given data set 

without making any assumption of correlation of the rates of evolution (Drummond et 

al., 2006). 

  

1.3 The Neotropical region  

 

1.3.1 The Neotropics now 

 

Modern biogeography has classified the continents on Earth in biogeographic regions as 

an attempt to explain the intrinsic relationship between geography, ecology and evolu-

tion (Zunino & Zullini, 2003). The current classification is basically the same as the 

proposal made by Wallace (1876) under a zoogeographic frame. The Neotropical realm 

includes the Mexican lowlands, Central America, Antilles, Galápagos Islands and South 

America (Udvardy, 1975). Most of Central and South America are below 500m eleva-

tion, consisting mainly of lowlands and valleys separated from each other by elevations 

and mountains in northern (the Guiana shield), south eastern (the Brazilian shield) and 

the western margin (the Andes) of the South American continent, and by a backbone of 

mountains formed in the Isthmus of Panama and Central America (Whitmore & Prance, 

1987) (Figure 2). Because of these attributes in conjunction with the tropical location of 

the continent and other physical systems, such as wind and marine currents, the region 

covers several climate types ranging from humid and dry tropical and subtropical, 

through humid and dry temperate, to sub-polar and high altitude glacial weathers (Clap-

perton, 1993). On the other hand, under a phytogeographic perspective, the region is 

divided into provinces based primarily on the distribution of plants which is largely 

caused by the relationship between the vegetation types and climate. Major provinces 

consist of large extensions of tropical rainforests in Central America and along the 

Amazon basin in South America, grasslands and savannas distributed across the 

Neotropics and deserts along the western slope of the Andes (Brown & Gibson, 1983). 

Plants play an important role in shaping the distribution and evolution of animals as 
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they provide food and shelter to organisms such as the butterflies (e.g. Wheat et al., 

2007; Peña & Wahlberg, 2008; Kodandaramaiah et al., 2010). 

 

1.3.2 Neotropics in the past (Neogene-Quaternary geological periods) 

 

The Neogene and Quaternary history (Figure 3) of the Neotropics is dominated by four 

geologic events which would have had a tremendous impact in the history and evolution 

of neotropical organisms: (1) the elevation of the Andes mountain range, (2) the closure 

of the Central American Isthmus, (3) the dynamics of the fluvial system in South Amer-

ica and (4) the palaeoclimatic glacial cycles during the Quaternary.  

 

 
Figure 2 – The Neotropical Realm and the configurations that affect the distribution of 

“Taygetis” butterflies. (A) Mexican lowlands, (B) Central American mountain ranges, 

(C) Llanos of the Orinoco basin grasslands, (D) Guyana highlands, (E) Amazonia, (F) 

Andes cordillera, (G) Gran Chaco lowlands, (H) Cerrado tropical savannah, (I) Brazil-

ian highlands, and (J) Pampas warm steppe. (Source: http://www.maps-for-free.com) 

 

The uplift of the Andes was for long time assumed to be a progressive and gradual 

event. However, isotopic-techniques-based studies determined that the major uplift oc-

curred geologically rapidly, in 1 to 4 million years (My), after a relatively stable rising 

period during tens of millions years (Garzione et al., 2008). By 10.7 million years ago 
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(Mya), the Central Andes had reached half of its current elevation (about 4km) (Greg-

ory-Wodzicki, 2000) and its major uplift possibly occurred during the late Miocene-

early Pliocene (Withmore & Prance, 1987; Gregory-Wodzicki, 2000). As a conse-

quence, the drainage of rivers and the whole fluvial system were rearranged and the 

Pacific and Amazonian faunas were separated by the high Andean cordillera, acting as a 

very effective barrier. Nevertheless, both faunas could have met along a broad zone 

between southwestern Venezuela and northeastern Colombia (Withmore & Prance, 

1987), since northern Andes were actually low discontinuous hills until early Pliocene 

and accelerated rates of elevation started rising the mountains for a span of 2My until 

reaching current elevations by around 2.7Mya (Gregory-Wodzicki, 2000). 

 

 
Figure 3 – Geologic Time Scale showing the subdivisions and ages in both Neogene 

and Quaternary Periods. (Source: The International Commission on Stratigraphy, 2009) 

 

The formation of the Central American Isthmus caused a profound ecological modifica-

tion in the Neotropics due to the extensive interchange of biotic elements between North 

and South America (Zunino & Zullini, 2003). Geologic events in the history of Central 

America began around the late Oligocene and early Miocene, from a primitive volcanic 

arc to the formation of the Isthmus of Panama connecting North and South America by 

3Mya (Coates & Obando, 1996; Kirby et al., 2008). On the other hand, once the isthmus 

was complete, a Savannah corridor allowed the interchange of open-environment-

adapted species between North and South America, although later the Andes formed an 
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important barrier to some taxa and in the late Pleistocene the Central American rainfor-

ests were developed, closing the “savannah route” (Jackson et al., 1996; Cox & Moore, 

2000). 

 

The fluvial system in South America changed around the Early Miocene due to the 

global climate change resulting in the establishment of a system of lakes, swamps and 

meanders at sea level in western Amazonia, denominated as the Pebas lake/wetland 

system (Wesselingh, 2008). The system was located at sea level and it experienced epi-

sodic marine influences due to connections with the Caribbean marine realm and possi-

bly episodic connections with the Pacific Ocean as well (Hoorn et al., 1995; Wesselingh 

& Salo, 2006). About 11Mya, the Andes had reached half of its current elevations and 

its uplift was accelerated during that time, which in conjunction with the persistent ma-

rine transgressions into the system, it would have led to the end of the Pebas system 

(Figuereido et al., 2008; Wesselingh, 2008). By late Miocene widespread wetlands were 

still present in western Amazonia until some 7Mya (Wesselingh, 2008), and both major 

rivers, the Amazonas and the Orinoco, acquire their modern west-to-east-flow system 

by 8Mya (Lundberg et al., 1998). 

 

During much of the Miocene, northern South America possessed the current tropical 

humid and subhumid climates with a strong seasonality (Hoorn, 1994; Guerrero, 1997). 

By late Pliocene and the whole Quaternary, the series of global climatic fluctuations, the 

so-called glacial/interglacial climates, affected the environmental conditions of the 

Neotropics (Clapperton, 1993; Hooghiemstra & van der Hammen, 1998; Bennett, 

2004).  As a consequence, during ice-ages the temperature at lower elevations was re-

duced in about 5°C and the sea-level was lowered due to the formation of large ice 

sheets in the Earth poles (Hooghiemstra & van der Hammen, 1998). Moreover, it has 

been hypothesized a reduced precipitation level compared to modern levels so that some 

regions in the Neotropics could have been characterized by arid conditions (Haffer, 

1969; Whitmore & Prance, 1987; Jackson et al., 1996). 

 

The Neotropical realm, and notably the Amazonian tropical rain forest, presents a high 

α-diversity or species richness within habitats (Tuomisto et al., 1995) and it is com-

monly portrayed as one of the most biodiverse regions in the world (Haffer, 1969; 

Hooghiemstra & van der Hammen, 1998; Nores, 2004). Several hypotheses have been 

proposed in order to explain such observations invoking different processes that would 
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have led to the great diversification of neotropical species, including Quaternary tem-

perature oscillations resulting in rain forests fragmentation and the establishment of 

“refuges” for species favouring allopatric speciation (e.g. Haffer, 1969; Withmore & 

Prance, 1987), palaeoegeographical reorganizations during the Neogene or earlier (e.g. 

formation of the Brazilian and Guiana shields, Andean uplift, closure of the Isthmus of 

Panama) (e.g. Colinvaux & de Oliveira, 2001; Willis & Niklas, 2004; Bush & de 

Oliveira, 2006), rises in sea level during warm stages of the Cenozoic (Nores, 1999; 

2004) or disturbance-vicariance and altitudinal migrations (Noonan & Gaucher, 2006). 

Nevertheless, such processes do not necessarily exclude each other but can be manifes-

tations of forces acting at different regional locations and/or histories and with distinct 

outcomes depending on the kind of taxa. There is little doubt, however, about the influ-

ence of geographical rearrangements in rising or vanishing bridges and barriers favour-

ing dispersion and/or vicariance of organisms in a long-term period (Rull, 2008). The 

influence of climatic fluctuations, on the other hand, undoubtedly resulted in infraspeci-

fic differentiations and range of distribution alterations (Withmore & Prance, 1987), but 

its influence in macroevolutionary processes is still controversial.  

 

1.4 The butterflies  

 

The butterfly subfamily Satirynae (Lepidoptera, Nymphalidae) is one of the largest 

groups of butterflies distributed throughout the entire world whose higher level phylo-

geny was recently proposed by using molecular methods (Peña et al., 2006). Within 

such a subfamily, the mostly-Neotropical-subtribe Euptychiina (Satyrinae, Satyrini) is 

one of the biggest and taxonomically difficult groups (Murray, 2001; Lamas, 2004). It 

was not until recently that two phylogenetic studies dealing with the entire subtribe 

were conducted (Murray & Prowell, 2005, Peña et al., 2010), proposing the division of 

the group into several subgroups or “clades” based on their phylogenetic relationships.  

 

1.4.1 The “Taygetis clade” 

 

The “Taygetis clade” is one of the five major clades in subtribe Euptychiina. This in-

formal group is apparently monophyletic and largely congruent, but the relationships 

inside the group are not well defined, plagued by unnatural genera (non-monophyletic) 

and many undescribed species (Lamas, 2004; Murray & Prowell, 2005; Peña & Lamas, 

2005; Freitas & Peña, 2006; Peña et al., 2010; Brown et al., 2007; Freitas, 2007; Pulido 
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& Andrade, 2008). “Taygetis clade” currently comprises nine genera (Forsterinaria, 

Harjesia, Parataygetis, Posttaygetis, Guaianaza, Pseudodebis, Taygetomorpha, Tayge-

tina and Taygetis) and 67 described species (Table 1) distributed solely in the Neotropi-

cal region and restricted to lowland, pre-montane and montane forested and open habi-

tats throughout Central and South America. Larvae feed on plants of the grass family 

Poaceae but mainly in bamboo-like grasses (Subfamily Bambusoideae), which also 

serve as egg-placement sites (Miller, 1978; Young, 1984; Ackery, 1988; Peña & Lamas, 

2005; Freitas & Peña, 2006). The external appearance of these butterflies (Figure 4) is 

not necessarily one of the most colorful and popular for laypeople. They are dark brown 

medium-sized insects with small light concentric rings or eyespots on the edges of the 

ventral surface of forewings and hindwings, usually four to five on each wing; addition-

ally some taxa have small patches of light colors, dark orange or dark brown bands on 

the surfaces of the wings. These patterns are quite common among the nine genera of 

this group, making identification of species in the field difficult. Such is the uniformity 

in external characteristics that all members of this “clade” were once included within a 

single genus: Taygetis, until Forster (1964) split them into several genera. Conversely to 

the diurnal activity of other species in the group, several species within genus Taygetis 

exhibit crepuscular behavior, which in conjunction with their dark coloration, medium-

size and the flight within one meter from the ground may provide protection against 

visual predators (Murray, 2001).  

 

Although Murray & Prowell (2005) and Peña et al. (2010) found a well supported mo-

nophyletic “Taygetis clade”, the systematics of the genera and species within the clade 

is rather unclear. For instance, based on morphological similarities, the genus Forsteri-

naria can be divided into five species groups (sensu Peña & Lamas, 2005) and having 

the genera Harjesia and Taygetomorpha as sister groups. Peña et al. (2010) preferred 

hypothesis, however, shows a polytomy formed by Forsterinaria quantius, Harjesia 

blanda, Parataygetis albinotata and Posttaygetis penelea, while the genus Taygetomor-

pha actually is placed apart from Forsterinaria. On the other hand, the genus Guaiana-

za most closely resembles species of Forsterinaria and Harjesia blanda, but in the light 

of molecular phylogenetics, it appears to be within the remaining Forsterinaria species 

group and thus could be subsumed within the latter. According to Murray (2001) both 

genera Taygetis and Pseudodebis are morphologically similar, but it was found that 

these two genera are placed in distinct clades in the phylogeny of Euptychiina as poly-

phyletic and paraphyletic entities respectively (Murray & Prowell, 2005; Peña et al., 
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2010), although they included very few representatives of all the genera under study. 

Based on morphological similarities, Miller (in Lamas, 2004) proposed Taygetomorpha 

as a new genus closely related to Forsterinaria rather than to Taygetis, but molecular 

studies placed it actually within Pseudodebis, making the latter paraphyletic (Murray & 

Prowell, 2005; Peña et al, 2010). In addition, based on similarities in morphology and 

behavior described by Murray (2001), Taygetomorpha celia and other species within 

Pseudodebis show high resemblance each other. Nonetheless, the most extensive-

sampled phylogenetic analysis including “Taygetis clade” specimens was that con-

ducted by Peña et al. (2010), covering less than the third part of the current described 

species thus the phylogenetic relationships at both genus and species level and the sys-

tematics of the group are far unknown.  

 

 
Figure 4 – External appearance of the butterfly genera included within “Taygetis” clade 

(Nymphalidae, Satyrinae, Euptychiina). (Photos: Various available sources in Internet). 
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1.5 Study questions  

 

The taxonomy and the systematics at both genus and species levels are still unclear in 

the subtribe Euptychiina. “Taygetis clade” is one of the most poorly understood groups 

within Euptychiina in urgent need of taxonomic revision, since species were generally 

summed into different genera without in many cases of well-conducted diagnoses wor-

sened by the high intraspecific diversity, the use of few informative morphological cha-

racters capable to define species and the great resemblance among different species in 

the group. In this sense, are the lower taxonomical groupings (i.e. genus and species) 

within “Taygetis clade” actually monophyletic? A comprehensive study, including most 

of the described species and every type species (the taxonomical representatives of each 

genus) and using DNA sequences as a source of informative characters is highly re-

quired in order to elucidate the evolutionary relationships of the group and to test and 

order the current classification of “Taygetis clade”.  

 

When have early members of “Taygetis clade” been originated? And when did they start 

to diversify? By using the molecular clock approach and based on the preferred evolu-

tionary hypothesis, I aim to date the origin and diversification of the genera within the 

group. On the other hand, is there any relation between past historical events and the 

diversification of “Taygetis clade”? Postulates concerning about the origin of biodiversi-

ty can be evaluated by estimating the times and patterns of diversification based on mo-

lecular phylogenies and comparing those with important historical dates and events tak-

en place during the occurrence of ancestral lineages. Finally, a well supported phyloge-

netic hypothesis with confident dates of origin and diversification of major groups is 

important in order to evaluate whether important speciation processes in the Neotropics 

are related to a continuous process occurred during long-term periods and invoking 

geographical rearrangements or related to drastic climate oscillations for the last ~2My 

resulting in rapid distributional and ecological rearrangements. 
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2. MATERIAL AND METHODS 

 

2.1 Taxa Sampling 

 

The butterflies were collected in several localities across the Neotropical region by our 

collaborators (Appendix A). In most of the cases, each sample was taxonomically iden-

tified and two legs from each individual were sent to the Laboratory of Genetics, Uni-

versity of Turku, for further molecular analyses. Legs were previously preserved either 

dried or in 96% ethanol. For some specimens, the correct taxonomic identification was 

possible only after molecular analyses and a re-checking of the morphological charac-

ters by taxonomists. In addition, available DNA sequences from public databases were 

included in the analyses (Appendix A). All individuals and sequences used in the pre-

sent study were deposited in the Nymphalidae Systematics Group database 

(http://nymphalidae.utu.fi/db.php). 

 

Genus Described 
Species 

Included 
Species Coverage Included 

type species 

Forsterinaria Gray, 1973  23 14 61 % Yes 

Guaianaza Freitas & Peña, 2006 1 1 100 % Yes 

Harjesia Forster, 1964 5 2 40 % Yes 

Parataygetis Forster, 1964  2 2 100 % Yes 

Posttaygetis Forster, 1964  1 1 100 % Yes 

Pseudodebis Forster, 1964  5 2 40 % Yes 

Taygetina Forster, 1964  1 0 - No 

Taygetis Hübner, [1819]  28 20 71 % Yes 

Taygetomorpha Miller, 2004  2 2 100 % Yes 

* Coeruleotaygetis Forster, 1964 1 1 100 % Yes 

TOTAL 69 45 65 %  
     

Table 1 – Genera grouped in “Taygetis clade”. The table shows the number of described 

species (Lamas, 2004), the number of described species included in the study and the 

coverage of the sampling. In every case, type species were included except for Tayget-

ina. 

 

In order to make stronger postulates about the monophyly of each of the nine genera 

comprising the “Taygetis group” (Table 1), the present study have a broader sampling of 

taxa than previous works on the subtribe Euptychiina (Murray & Prowell, 2005; Peña et 

al., 2010) as well as it includes every type species. In addition, the monotypic genus 

http://nymphalidae.utu.fi/db.php
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Coeruleotaygetis was included in all the analyses in order to evaluate the relationship 

between it and the members of the “Taygetis group”. Moreover, seven out-group taxa 

from sister clades Hermeuptychia, Pareuptychia and Splendeuptychia (sensu Peña et al., 

2010) were included in the study (Appendix A). Several individuals of the same species 

were used in some cases in order to test the correct identification and the monophyly of 

those species by using COI-gene DNA sequences and following the DNA-barcoding 

approach (Hebert et al., 2003). 

 

2.2 Laboratory procedures 

 

2.2.1 DNA extraction 

 

Total DNA was extracted from two legs of each specimen by using the QIAGEN’s 

DNeasy® extraction kit and following the manufacturer’s instructions (Appendix B). In 

general, the purification of DNA is achieved through a combination of a silica-

membrane-based protocol and the microspin technology. 

 

Legs conserved in 96% ethanol were dried out by placing them into new Eppendorf 

tubes at room temperature for eight hours (overnight) in order to ensure Proteinase K 

activity in following steps, as ethanol can denature and it even may precipitate proteins 

due to its solvation properties. Next, a homogenization step including Buffer ATL® is 

carried out to ensure the breakage of the hard exoskeleton by mechanical disruption 

using a microtube pestle, releasing the muscle tissue into the solution. Following, Pro-

teinase K (600mAU/ml) is added into the homogenized sample in order to cleave the 

glycoproteins of the extracellular matrix and, to some extent, inactivate DNases/RNases 

(Gerstein, 2001). Heat is applied by incubation to the homogenized solution at 50ºC for 

two to eight hours and mixing the contents in the Eppendorf tube occasionally to en-

hance the tissue lysis process. 

 

Disruption of cell membrane is achieved by adding Buffer AL® to the homogenized 

solution and incubating at 70ºC for 10 minutes. The chaotropic salt Guanidine Hydro-

chloride (CH5N3•HCl) is one of the Buffer AL components, capable of lysing cells, pro-

ducing denaturation of globular proteins and inactivating enzymes, and dissociating 

nucleoproteins into its nucleic acid and protein moieties. Later, by incorporating abso-

lute ethanol into the solution, final denaturation of proteins is achieved and specific ad-
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sorption of DNA to the silica membrane is produced by adjusting the pH of the solution. 

Finally, proteins, enzyme inhibitors (e.g. divalent cations) and contaminants are sepa-

rated from nucleic acids by eluting the content of the Eppendorf tube through a 

QIAGEN spin column and applying simple microspin centrifugation. DNA at this step 

is bound to the silica membrane due to its hydrophobic adsorption to the silica. 

 

The last stages involve washing (getting rid of contaminants) the QIAGEN spin column 

by using a series of washing buffers AW1® and AW2®. Finally, approximately 60-80% 

of the DNA adsorbed to the membrane is eluted into a 1.5ml Eppendorf tube by chang-

ing the pH of the solution adding Buffer AE® (10mM Tris-Cl, 0.5mM EDTA, pH 9.0). 

Purified DNA has a size of up to 50kb, with fragments of 30 kb predominating 

(DNAeasy Tissue handbook, 2006). The eluted DNA is stored at 4 ºC, avoiding freezing 

and thawing of samples which may result in reduced DNA size by fragmentation of 

double-stranded DNA. 

 

2.2.2 DNA amplification 

 

The amplification of the DNA regions are conducted by using the Polymerase Chain 

Reaction (PCR) approach which consists in the specific amplification of millions of 

copies of certain DNA sequence directed by a pair of anchor-oligonucleotides (primers) 

and enzymatic reactions in a thermal cycling condition.  

 

PCR primers used in the present study are listed in Appendix B. In order to facilitate the 

DNA sequencing reaction each primer contains a non-homologous 5’ tails, either a Uni-

versal Forward Primer Tail or a Reverse Primer Tail. In that sense, all PCR products can 

be subjected to sequencing reactions with a single universal primer pair. PCR reactions 

are performed in a total volume of 20µl containing 1x PCR buffer, 2.5mM MgCl2, 

0.5µM of each primer oligonucleotide, 0.2mM dNTPs, 0.5U of Taq DNA polymerase 

and 1µl of genomic purified DNA. The amounts and concentrations of each reagent 

have been standardized by the Nymphalidae Systematics Group, allowing optimal and 

successful results when amplifying the molecular markers used in the group. A brief 

PCR protocol and the thermocycling profile are presented in Appendix B. 

 

The first stage in the thermocycling profile is to reach the initial 95ºC denaturation tem-

perature in order to separate the double-stranded genomic DNA and to activate the 
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DNA polymerase enzyme. Following the initial denaturation, 40 cycles of denaturation 

(94ºC for 30 seconds), primer annealing (50/55ºC for 30 seconds), and primer extension 

(72ºC for 90 seconds) are performed. Taq DNA polymerase extends primers at 72ºC in 

presence of Mg+2
 by incorporating each of the four dNTPs (ATP, GTP, CTP, TTP) into 

the new strand according to a DNA template sequence. A final extension step for 10 

minutes is programmed in order to facilitate the synthesis of the last DNA fragments 

initiated during last cycles. 

 

2.2.3 DNA electrophoresis 

 

The success of each amplification reaction was evaluated by visualizing the amplifica-

tion bands in 1.0% TBE agarose gel and using ethidium bromide stain. Amplified DNA 

loaded into the electrophoresis system move in a horizontal electric field towards the 

positive pole separating DNA fragments (negatively charged) of different sizes accord-

ing to an electric and mass gradient created in the gel. Therefore, uniform-sized ampli-

fied DNA can be visualized in a form of unique band. Visualization of DNA is achieved 

when the DNA-intercalating agent Ethidium Bromide is exposed to ultraviolet light, 

emitting a fluorescence signal which is detected by the Gel Doc XR Documentation 

System® (Bio-Rad). Gel image is then transferred to the computer by using the Quantity 

One 1-D analysis software® (Bio-Rad) and saved as .jpg file. Samples with only one 

high intensity band (representing the DNA sequence of interest) are selected for se-

quencing. Double bands are scored as failed PCR reaction by contamination. 

 

2.2.4 DNA sequencing 

 

An optimal sequencing reaction relies on an adequate purification of PCR products, i.e. 

the removal of unincorporated dNTPs and primers. By using thermosensitive alkaline 

phosphatase FastAP™ (Fermentas), phosphate groups are removed from nucleotides 

causing the degradation of dNTPs. Removal of primers is performed by the addition of 

Exonuclease I (ExoI) which degrades single-stranded DNA removing nucleotides in the 

3’ to 5’ direction.  

 

Automatic Sequencing reactions are carried out by the company Macrogen-Korea. Se-

quencing reactions are performed by employing the Dye-labelled terminators approach 

which consists on using BigDye™ terminators (dideoxy terminators, ddNTPs) labelled 



22 
 

 

with one of the four dRhodamine acceptor dyes, representing the four nucleotides in 

DNA. A series of successive rounds of denaturation, annealing and extension is then 

performed and due to the inability of polymerase to growing the DNA chain when one 

ddNTP is incorporated, the reaction results in a linear amplification of extension prod-

ucts. The different growing DNA chains are then separated by sizes (electrophoresis) 

and read by an Automatic Sequencer. The readings are provided by the company as 

electropherograms, which are plots of the dye signal at each base pair and displaying the 

actual DNA sequence. 

 

2.3 Phylogenetic analyses 

 

2.3.1 Editing and aligning the DNA sequences 

 

Electropherograms and DNA sequences were analyzed, edited and aligned by using the 

program BioEdit v7.0.5 (Hall, 1999). The sequences were manually edited by checking 

electropherograms and comparing them with their corresponding sequence. Careful at-

tention was paid when analyzing the signal intensities of each peak in the electrophero-

gram and only one criterion was used for any editing process, where changes are al-

lowed only in ambiguous sites, treating them as missing data and typing a question 

mark “?” on the respective nucleotide position, and in obvious heterozygous sites, rep-

resented as two overlapping peaks with equal signal intensities, including one of the six 

IUPAC nucleotide codes for polymorphic sites in diploid organisms onto such nucleo-

tide site. Alignment of sequences was made after verifying the correct DNA sequence 

on each sample. Because the DNA sequences of the four genes used in the study are 

highly conserved and no observations of insertion-deletion events was made, except for 

a three-base pair gap at the beginning of RpS5 gene sequence, homologous characters 

were clearly identified and alignment of sequences were manually verified.  

 

2.3.2 Data characterization 

 

DNA sequences were subjected to further characterization before phylogenetic analyses 

in order to describe and asses the ability of the data to recovering a resolved and well-

supported phylogenetic hypothesis. DNA polymorphisms represented by the variable 

and parsimony-informative sites and the nucleotide composition by gene and by codon 
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position were calculated and summarized by using the program Mega4 (Tamura et al., 

2007).   

 

Nucleotide substitution saturation is one of the most common problems when dealing 

with distanced related taxa and/or rapidly evolving sequences. Similarly, using datasets 

with strong base bias may produce the same difficulties, as they can lead the evolution 

of sequences towards a particular direction and causing the appearance of long-branch 

attraction artifacts in the phylogenetic tree. In any case, long-branch attraction artifacts 

can be detected and evaluated by comparing single-genes and combined-dataset phy-

logenetic trees such that particular and unexpected arrangements on separate trees can 

be detected and further analyses excluding the involved samples may be carried out. 

Similarly, in order to evaluate any significant evidence of substitution saturation on the 

rapidly evolving third codon position, phylogenetic analyses were carried out by using 

only the first and the second codon positions and the resulting tree topology is compared 

with previous results. 

 

Finally, in order to choose the best model of evolution that explains our dataset, the free 

web server FindModel (Tao et al., 2009) was used to analyze the dataset based on an 

initial tree generated by the Weighbor method (Bruno et al., 2000) and the algorithms 

implemented in PAML (Yang, 2007) and ModelTest (Posada & Crandall, 2001) in or-

der to calculate the Log likelihood values and the Akaike Information Criterion (AIC) 

respectively.  

 

2.3.3 Maximum Parsimony analyses 

 

Phylogenetic analyses were conducted separately for each of the four genes and as a 

combined dataset but partitioned into four subsets corresponding to the four genes. 

Therefore, five distinct datasets consisting of matrices of characters were constructed 

and saved in two different input formats, as TNT and as NEXUS data files. In addition, 

four more different matrices including the four amplified regions in both COI and EF-

1α genes, two in COI and two in EF-1α (Appendix B), were constructed in order to 

evaluate the congruence of characters within each gene. The combined analysis includ-

ing four genes consisted of 105 taxa belonging to the “Taygetis clade” plus 7 more taxa 

from sister groups in subtribe Euptychiina and a total number of 4035 characters. Sepa-
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rate analyses of each gene included in some cases less number of taxa due to missing 

sequences in the dataset (Appendix A). 

 

Maximum parsimony analyses as implemented in the software TNT v1.1 (Goloboff et 

al., 2003) were carried out for each dataset. TNT files were used as an input data file for 

the program. Heuristic searches were performed using a level of search of 15 and em-

ploying the New Technology Search algorithms consisting of sectorial searches, ratchet, 

tree-drifting and tree-fusing. Once the analysis is finished, the strict consensus method 

is used in order to collapse and summarize the results into only one phylogenetic hy-

pothesis. 

 

Clade support values were measured by using two distinct approaches, the resampling-

based Bootstrapping measures and the Bremer support values. For Bootstrap, the re-

sampling routine was defined with the standard method consisting of sampling with 

replacement and performing 1000 replicates. Bremer support values were calculated by 

the total contribution of each gene evaluated with the Partitioned Bremer Support (PBS) 

in the combined analysis. Partitioned Bremer Support values were calculated from the 

strict consensus tree recovered by the maximum parsimony analysis and using the 

Bremer Support script written by Peña et al. (2006). In order to facilitate the analyses 

and discussions, support values are defined as “weak” for values ranging 1-3 (Bremer 

support) and 50-60% (Bootstrap), as “moderate” when Bremer support values range 

from 4-6 and Bootstrap from 61-75%, as “good” for Bremer support values of 7-11 and 

for Bootstrap of 76-90% and as “strong” when Bremer supports are 12 or higher and 

Bootstrap ranges between 91-100%. 

 

Phylogenetic trees were saved in two different formats, as an extended metafile and as a 

“.tree” file. The extended metafile can be imported into the graphic editor program 

CorelDraw in order to improve the final quality image. In addition, saving the results in 

a “.tree” file permits to save all the trees into a single file and to perform later re-

analyses.  

 

2.3.4 Bayesian Inference analyses 

 

Bayesian analyses were carried out by using the software MrBayes v3.1 (Ronquist and 

Huelsenbeck, 2003). Analyses were made for all datasets described above and written in 
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NEXUS format. The General Time Reversible (GTR) model with a gamma correction 

for rate variation among sites was used for every partition as a model of evolution. A 

small script specifying the parameters, the partitions and the model of evolution by gene 

and by codon position in the dataset was included in every matrix in order to automate 

the computations.  Parameters and the model of evolution were unlinked across charac-

ter partitions. The analyses were run twice using the algorithm Markov Chain Monte 

Carlo (MCMC) for five million generations, sampling the trees every 1000 generations 

and employing four simultaneous chains each run. Possibly due to the complexity of 

some data sets, the final average standard deviation of split frequencies was more than 

the preferred 5%, which was solved by increasing the number of generations and the 

timing of computation for some datasets. Therefore, the number of generations for the 

combined analysis and the separate EF-1α, GAPDH and RpS5 analyses were 8 million, 

10 million, 8 million, and 8 million generations respectively, leaving only the COI 

analysis with 5 million generations. 

 

Parameters and all the trees sampled in the two independent runs were summarized in 

the outputs. Convergence of the two runs was evaluated by plotting the log likelihood 

values against the number of generation, discarding iterations at the beginning of the 

runs (usually few hundred thousand generations) as an attempt to include only the sam-

pled parameters and trees close to the equilibrium distribution represented as a station-

ary distribution of log likelihoods, a procedure called as “burn-in”. Trees are summa-

rized by using the consensus method “50 percent majority rule” and the cladogram with 

the posterior probabilities on each node together with the phylogram with mean-branch 

lengths are saved as a single “.tree” file. Such a file is then exported to the graphical-

viewer of phylogenetic trees program FigTree v1.3.1 and figures for publications were 

produced in the same program.  

 

2.4 Time of divergence estimates 

 

The four matrices in format NEXUS representing every gene partition are imported into 

the program BEAUti (Drummond & Rambaut, 2007) in order to create an “.xml” file, 

which is the input file for the program BEAST v.1.5.2 (Drummond & Rambaut, 2007). 

The nucleotide substitution model used in the analyses is the GTR + Gamma site het-

erogeneity model and the rates of evolution on each branch are independently estimated 

(uncorrelated) following a Log normal distribution under a “relaxed” molecular clock 
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model. Both the substitution and the clock models are unlinked between different parti-

tions. The “tree” prior was set to the Birth-Death speciation process and other priors 

were left to the default values except for the “ages of origin” priors. Two non-

independent calibration points were used in order to estimate the times of origin and 

diversification in “Taygetis clade”. Both ages were taken from Peña et al., (2010) who 

estimated the crown age of “Taygetis clade” at 15Mya with a standard deviation of 

4Mya and the age of split between Taygetis ypthima and Taygetis rectifascia between 

10 and 4Mya, based on secondary calibration points taken from Peña & Wahlberg 

(2008) who estimated ages for the whole subfamily Satyrinae based on one satyrine 

fossil. The choice of two calibration points was due to the inability of new versions of 

BEAST to find out dates based only on the root age in some cases (N. Wahlberg, pers. 

comm.). In this regard, the root of the tree (crown age of “Taygetis”) was calibrated 

with a normal probabilistic range with a mean of 15Mya (SD: 4Mya), and the second 

point was calibrated with a uniform range between 10-4Mya in order to allow more var-

iations when dating such node. The analysis was run independently four times for 10 

million generations and the log parameter estimates sampled every 1000 generations 

after an initial “burn-in” of 100000 generations. 

 

The resulting files are summarized by the program Tracer v.1.5 (Rambaut & Drum-

mond, 2007) which allows further examination of the MCMC chains behavior, conver-

gences and the 95% highest posterior densities (HPDs) as well as the evaluation of con-

gruence between the combined log files. Once the estimates were verified to be optimal, 

usually having the continuous parameters with effective sample sizes (ESS) values 

above 100, the trees are summarized by using the program TreeAnnotator v.1.5.2 

(Drummond & Rambaut, 2007) and one Maximum Clade Credibility tree (a tree having 

the maximum sum of posterior clade probabilities) is produced. The estimated diver-

gence times are summarized by reporting the mean node heights in the final tree. Fi-

nally, trees are visualized and edited in the program FigTree v1.3.1 (included in the 

BEAST package). 
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3. RESULTS 

 

3.1 Nucleotide sequences 

 

The combined dataset comprising four different gene regions, one mitochondrial and 

three nuclear fragments, consisted of 4035bp of which 1093 (27%) were parsimoniously 

informative characters. Most of the sequence variability was found in the third codon 

position (Table 2), as expected for protein-coding genes due to the degeneracy of the 

genetic code and resulting in faster rates of evolution on those sites compared to the first 

and second codon positions.  

 

 
Table 2 – Sequence variability and informative sites by gene and by codon position. 

Very high (>70%, red), High (50-69%, blue), Moderate (20-49%, green) and Low 

(<19%) 

 

Nucleotide composition bias is usually evidenced by a high increase of certain base 

pairs frequencies. Average base frequencies by gene and by codon position (Figure 5) 

reflect a nearly homogeneous nucleotide composition in nuclear genes but a strong AT 

bias in COI gene and strikingly at its third codon position (94%). Although butterflies 

and insects in general have a high AT bias in such a mitochondrial gene, the perform-

ance of the phylogenetic analyses previously conducted over them has not been appar-

ently influenced by such biases (Murray, 2001). On the other hand, a slight increase of 

purines (AG) frequencies at the first codon position as well as a non-significant prefer-

ence of pyrimidines (CT) at the third codon position have been observed in the nuclear 

genes data set. 
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FindModel selected the General Time Reversible substitution model plus gamma-

distributed rate heterogeneity (GTR+G) for every gene partition, by using the Akaike 

Information Criterion (AIC) estimates and Log likelihood values (Table 3). However, in 

the case of EF-1a the program selected first the Jukes and Cantor model (JC) but further 

analyses excluding missing data from the dataset resulted in the choice of the GTR+G 

model fo that gene. Apparently initial trees inferred by Weighbor method, as employed 

by FindModel, are highly sensitive to missing information since the methodology in-

volves pairwise comparisons of sequences.  

 

 
Figure 5 – Estimated nucleotide base frequencies by gene and by codon position. 

 

The phylogenetic trees inferred from the analyses based on characters in the first and 

second codon positions (Appendix C) were largely congruent to the entire-dataset 

analyses (see below), although it was, as expected, less resolved but conserving major 

groupings (genera). Nonetheless, due to the usage of few variable sites, the Bayesian 

analysis suffered some difficulties related to non-convergence of results in MrBayes (a 

problem known as getting trapped in local optima of long trees). For that reason, the 

prior on branch lengths was modified following the “short branch method” as suggested 

by Marshall (2010). 
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Table 3 – Akaike Information Criterion (AIC), Log likelihood (LnL) and the selection 

of the appropriate evolutionary model for every partition found by FindModel. 

 

3.2 “Taygetis” phylogeny 

 

The inferred Maximum Parsimony (MP) and Bayesian Inference (BI) phylogenetic trees 

were highly congruent each other. Alike, the tree topologies obtained from the analysis 

of individual gene data sets (Appendix C) recovered the same relationships as in the 

combined data set analyses, except for some inter-generic groupings. On the other hand, 

the level of conflict between different partitions as indicated by the Bremer support val-

ues is fairly low and the phylogenetic relationships at genus level are quite resolved. 

The strict consensus of 13 most and equally parsimonious phylogenetic trees is shown 

in Figure 6, and the 50% majority rule consensus tree from the BI analysis is shown in 

Figure 7. 

 

The monophyly of Parataygetis is confirmed by the well supported clade including the 

two described species, Parataygetis lineata and Parataygetis albinotata. Due to the lack 

of resolution, however, it is difficult to infer the position of such a genus within the 

whole “Taygetis clade” neither to determine its sister taxa/genera. Similarly, the mono-

typic genus Posttaygetis has an uncertain position within “Taygetis clade” in every 

analysis. Nonetheless, Posttaygetis penelea represented by three individuals from Co-

lombia, Peru and Brazil is recovered as a monophyletic entity even though they were 

collected in far-distanced localities. 
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Figure 6 – Strict consensus topology of the 13 most parsimonious trees inferred by the 

Maximum Parsimony analyses from the combined dataset in TNT (length 5647, CI 

0.351 and RI 0.663). Numbers given above each branch represent Bootstrap values and 

below branches are Bremer support values.  
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Figure 7 – Majority rule consensus BI tree estimated by MrBayes. Numbers on the right 

of each node represent the posterior probability of the clade. 
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Although only two described Harjesia species have been included in the analyses, the 

genus is recovered as a polyphyletic entity. Harjesia blanda is recovered as one of the 

early-diverged taxa within the whole “Taygetis clade” in some cladograms while the 

non-described and monophyletic Harjesia sp. n. represented by individuals from Ecua-

dor, Peru and Brazil is closely related to H. blanda. Moreover, the genetic distances 

represented by branch lengths in the BI trees between both are quite high thus such spe-

cies can be considered as distinct after further morphological diagnoses. On the other 

hand, Harjesia oreba is a sister taxon of the group formed by Taygetis kerea, Taygetis 

weymeri and the monotypic genus Coeruleotaygetis (MP = 82; BI = 1.0), but it is 

weakly supported by the GAPDH gene trees (MP = 38; BI = 0.86) and the Bayesian EF-

1a and RpS5 trees (BI = 0.8 and 0.86 respectively). 

 

The genus Forsterinaria is clearly a non-monophyletic group. An early branching event 

evidenced in the cladograms separate the Brazilian Forsterinaria necys and Guaianaza 

pronophila from the rest of the group, while the Brazilian Forsterinaria quantius is 

placed as sister to all the Forsterinaria + Guaianaza group in the combined BI clado-

gram (BI = 0.93) as well as in the EF-1a- and GAPDH-gene BI cladograms but with 

low-moderate support (BI = 0.64 and 0.7 respectively). Nevertheless, relations within 

Forsterinaria are quite resolved and highly congruent, although the relationships be-

tween F. rotunda, F. punctata, F. proxima with the rest of the group are not clear. F. 

neonympha, F. antje and F. pseudinornata are sister taxa of the “boliviana-group” 

(sensu Peña & Lamas, 2005, and represented in the study by F. inornata, F. boliviana 

and F. coipa) (MP = 92; BI = 1.0). On the other hand, F. rustica is more closely related 

to the “boliviana-group” rather than to the morphologically-similar species in the 

“pichita-group” (sensu Peña & Lamas, 2005, represented in the cladograms by F. ro-

tunda, F. guaniloi and F. pichita). 

 

A well supported and congruent clade is that grouping the genus Pseudodebis and the 

genus Taygetomorpha (MP = 100; BI = 1.0; BS = 16). The genus Pseudodebis is clearly 

a paraphyletic group, since Pseudodebis marpesa is more closely related to the genus 

Taygetomorpha than to other Pseudodebis species (MP = 80; BI = 1.0). Nevertheless, 

Taygetomorpha, Pseudodebis marpesa and Pseudodebis valentina are recovered as mo-

nophyletic groups respectively by the analyses including individuals from Peru and 

Brazil. On the other hand, the position of Taygetis ypthima and Taygetis rectifascia is 

rather unclear, although the BI tree confirmed the closeness of both to Pseudodebis and 
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Taygetomorpha (BI = 0.96) as well as the GAPDH-gene (MP = 31; BI = 0.99) and 

RpS5-gene (BI = 0.99) cladograms. 

 

The largest and representative genus in “Taygetis clade”, the Taygetis genus, consists of 

28 described species. Apparently Taygetis is a non-monophyletic genus having at least 

four species under uncertain position (T. kerea, T. weymeri, T. ypthima and T. rectifas-

cia). However, the majority of the Taygetis species are grouped in a unique group with 

high support values and congruence (MP = 99; BI = 1.0; BS = 15) and only weakly 

supported by the MP EF-1a- and GAPDH-gene trees (MP = 16 and 33 respectively). 

Furthermore, three groups within the genus Taygetis can be clearly distinguished: the 

mermeria-, virgilia- and laches-groups.  

 

The “mermeria group” (MP = 91; BI = 1.0; BS = 5) includes T. mermeria, T. imperator 

MS and T. larua. Interestingly, a Mexican T. mermeria is distantly related to the South 

American T. mermeria, although the species as a whole is recovered as a monophyletic 

group (MP = 100; BI = 1.0) and sister of T. larua. The “mermeria group” is placed as 

“basal” clade regarding the virgilia- and laches- groups in every analysis. 

 

The well supported “virgilia group” (MP = 94; BI=1.0; BS = 7) is represented by T. 

virgilia, T. rufomarginata, T. chrysogone, T. sylvia and T. tripunctata. The closer rela-

tionship between T. virgilia and T. rufomarginata is confirmed in every analysis, al-

though one specimen described as T. rufomarginata is placed in a separate position 

within “virgilia group”, in need of further morphological confirmation. Moreover, T. 

chrysogone is intimately related to both T. virgilia and T. rufomarginata (MP = 98; BI = 

1.0; BS = 14). On the other hand, T. sylvia and T. tripunctata are sister species (MP = 

100; BI = 1.0) and the BI branch length is shorter enough to consider them even as sin-

gle species. Additionally, three specimens described as a small variety of T. virgilia 

based on morphology were actually placed far away from the rest of T. virgilia in the 

cladograms thus the former specimens could be considered part of a distinct species 

closely related to T. sylvia and T. trinpunctata (MP = 84; BI = 1.0; BS = 5). 

 

Members of the “laches group” include T. laches, T. uncinata, T. echo, T. sosis, T. tha-

myra and T. cleopatra (MP = 100; BI = 1.0; BS = 15). The Central American-restricted 

T. uncinata is closely related to the widely distributed T. laches while other relation-

ships in the group are rather unclear, though T. thamyra weakly appears close to T. 
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sosis. The widely spread T. laches is recovered as a monophyletic group in every analy-

sis even though the specimens were collected in Costa Rica, Colombia, Ecuador, Peru 

and Brazil. 

 

3.3 Divergence time estimates 

 

The results of the four independent Bayesian inference analyses in BEAST were sum-

marized into four different ultrametric trees (Appendix C). Since all the trees remain the 

same in topology and divergence time estimates, the congruence between the independ-

ent analyses was confirmed and one tree was chosen as the final dated ultrametric tree 

(Figure 8) in order to obtain absolute time of divergences. 

 

Divergence dates credibility intervals produced by the analyses are quite wide for some 

nodes, particularly those closer to the root of the tree. Such wider intervals are expected 

as the two secondary calibration points used to constrain the tree have broad confidence 

intervals, consequently, the estimates may produce a wide distribution of ages for cer-

tain nodes (Graur & Martin, 2004). Furthermore, including few calibration points results 

in a less “accurate” estimation of dates in the tree while including more constrains pro-

duce pseudo-accurate results with narrow credibility intervals (data not shown). 

 

The topology of the dated phylogeny is similar to the topologies recovered by the MP 

and BI analyses. The diversification of “Taygetis clade” is proposed to have occurred 

during the mid/late Miocene while the origin and diversification of every extant genus 

in the clade happened during the late Miocene, though the credibility intervals in some 

cases reach the early Pliocene period. It is not possible, however, to estimate the time of 

diversification of Harjesia blanda, Parataygetis, Posttaygetis, Guaianaza nor Forsteri-

naria, since the relations between those are not fully resolved. Nonetheless, excluding 

Forsterinaria quantius from the analyses resulted in a more resolved phylogeny but 

with weaker support values (data not shown). Estimates of divergences at species level, 

on the other hand, were successful as the phylogeny is resolved and well-supported. 

Furthermore, the clade including Pseudodebis, Taygetomorpha, Coeruleotaygetis, Har-

jesia oreba and Taygetis has stronger posterior probabilities supporting the resolved 

relationships between and within those genera. 
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Figure 8 – Estimated ultrametric tree in BEAST based on two secondary calibration 

points. Numbers on the left of nodes represent posterior probabilities and horizontal 

bars are time of divergence credibility intervals. An absolute time scale is in the bottom 

of the tree. 
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The diversification of Harjesia blanda, Parataygetis and Posttaygetis happened princi-

pally during late Miocene/early Pliocene, followed by a “stasis” period of apparent non-

major diversification. Conversely, Forsterinaria started to diversify at the late Miocene 

and the process continued through time in a gradual manner, giving rise to the high 

number of extant species in the genus. Furthermore, the split between the Brazilian 

Forsterinaria-Guaianaza and the rest of the species in the genus occurred during the 

late late-Miocene. Nonetheless, diversification at species level in Forsterinaria was 

mainly during the Pliocene and early Pleistocene while infraspecific differentiation (e.g. 

subspecies of F. rustica) occurred through the mid- and late Pleistocene.  

 

The well-supported group formed by Pseudodebis, Taygetomorpha, Taygetis rectifascia 

and Taygetis ypthima is sister to Taygetis, Coeruleotayegtis and Harjesia oreba. Major 

diversification events in the former group occurred in the late Miocene. On the other 

hand, the group composed by Harjesia oreba, Taygetis weymeri, Taygetis kerea and 

Coeruleotaygetis is sister to the rest of genus Taygetis species, diverging from them at 

around 10Mya during the early late-Miocene. The split between the members of such 

group happened in a rapid manner during the late Miocene but before Pliocene, fol-

lowed by a period of apparent non-diversification events. 

 

Finally, the genus Taygetis started to diversify during the late Miocene, giving rise first 

to the “mermeria-group” at around late late-Miocene. Taygetis imperator, T. larua and 

T. mermeria became differentiated each other during most of the Pliocene while differ-

entiation at population level occurred through the whole Pleistocene, remarkably in the 

case of Taygetis mermeria in which the Mexican individual split from its sister South 

American taxa during the early Pleistocene. The “virgilia-group” was originated and 

diversified during the Pliocene and continues through the early and mid-Pleistocene. T. 

rugomarginata, T. chrysogone and T. virgilia diverged at around the late late-Pliocene 

and early Pleistocene while the morphologically-similar-to-Taygetis virgilia specimens, 

Taygetis sp. n., became differentiated during the late Pliocene and the Mexican individ-

ual split up from the South American (Peru and Brazil) taxa during the early to mid-

Pleistocene. On the other hand, the “laches-group” diverged from the “virgilia-group” 

during the late late-Miocene but it was not until the late Pliocene/early Pleistocene that 

the diversification processes leading to extant species started. Finally, the split between 

T. laches and T. uncinata and between T. echo, T. thamyra and T. sosis occurred during 

the early to mid-Pleistocene. 
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4. DISCUSSIONS 

 

4.1 Suitability of the molecular markers 

 

The utility of the molecular markers in phylogenetics is evaluated by their capacity to 

recover well-supported, resolved and congruent phylogenetic hypotheses. In the case of 

“Taygetis clade”, the employment of the four markers described above resulted to be 

efficient in general but lacking of phylogenetic signal to resolve the relations between 

Forsterinaria, Posttaygetis, Parataygetis and Harjesia blanda. The lack of resolution in 

this part of the tree, however, is not due to conflicting signal between the markers as 

shown by the positive Bremer support values and the congruence between partitioned 

values which in some cases were negatives but close to zero. Nonetheless, the poor 

resolution may be due to a rapid split of some lineages as indicated by the short 

branches in the single-gene- and combined- Bayesian trees.  

 

On the other hand, the four molecular markers produced congruent and well-supported 

phylogenies with phylogenetic relationships remaining quite similar at genus and spe-

cies levels regardless the gene or combination of genes included into the different 

analyses. Similarly, no signal of nucleotide saturation on the rapidly evolving third nu-

cleotide codon position was evidenced in the analyses carried out with only the first and 

second codon positions, recovering the same major groupings in the “Taygetis clade” 

with the exception of Taygetis yphthima and Taygetis rectifascia which were placed 

apart from Pseudodebis, possibly due to conflicting signal and/or the insufficiency of 

informative sites in the dataset reflected by the low support values. Alike, the AT nu-

cleotide bias found in the third codon position of the COI gene does not have a great 

impact in the phylogenetic reconstructions, since the COI gene phylogeny and the rest 

of the analyses resulted in trees showing high resemblance and congruence.  

 

Finally, the appropriateness of the selected mitochondrial and nuclear genes in recon-

structing low-taxonomical-levels-phylogenies is corroborated in “Taygetis clade”, 

where the degree of divergences between members of the group is not particularly high. 

The COI dataset contributed mainly to resolve and support intra-genera and infra-

specific relationships while the nuclear datasets resolve supra-specific arrangements and 

those nodes closer to the root of the tree, as expected by the faster rate of molecular evo-
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lution of the mitochondrial COI gene compared to the nuclear genes and shown in pre-

vious studies in butterflies (e.g. Caterino et al., 2001; Murray, 2001; Wahlberg et al., 

2009). 

 

4.2 Systematics of the “Taygetis clade” 

 

The phylogenetic trees were highly congruent and no signs of conflict between the data-

sets and/or the method of phylogenetic reconstruction have been evidenced. This is re-

lated to the suitability of the markers (see above) and to the extensive sampling made in 

the reconstruction of the phylogenetic trees so that artefacts such as Long Branch attrac-

tion can be avoided and the evaluation of congruence between analyses can be well as-

sessed. Nevertheless, the major groups recovered in the “Taygetis clade” usually reflect 

the taxonomical arrangements at genus level. In this regard, the clade is divided into 

seven (7) monophyletic groups represented by the genera Forsterinaria (however, no 

clear position of Forsterinaria quantius can be assigned, see below), Parataygetis, 

Posttaygetis, Taygetis, Harjesia, Pseudodebis (including Taygetomorpha, Taygetis rec-

tifascia and Taygetis yphthima) and Coeruleotaygetis (including Harjesia oreba, Tay-

getis kerea and Taygetis weymeri), and their simplified phylogenetic relationships is 

shown in figure 9. 

 

The relationships between genera Forsterinaria, Parataygetis, Posttaygetis and Harje-

sia are not resolved possibly due to a rapid speciation process leading to these four ex-

tant genera. Nonetheless, Peña & Lamas (2005) indicated that Forsterinaria and Harje-

sia (represented by its type species Harjesia blanda) shared some morphological fea-

tures suggesting that these two can be sister compared to Parataygetis and Posttaygetis. 

Moreover, the monotypic genus Posttaygetis appears more closely related to Pseudode-

bis based on similarities in behavior between both (Murray, 2001), though the molecular 

phylogeny presented by Peña et al. (2010) shows a more closer relationship between 

Posttaygetis and Parataygetis. In any case, the monophyly of the four genera is con-

firmed with good support values except in the case of Forsterinaria. The genera Para-

taygetis and Posttaygetis are clearly independent monophyletic entities separated from 

any other groups in the phylogeny. Additionally, Posttaygetis is confirmed to be a sepa-

rate entity within “Taygetis clade” based on morphological and behavioral information 

(Murray, 2001). 
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Figure 9 – Generic phylogenetic relationships within “Taygetis clade”. Numbers next to 

nodes represent the support of every group where the number on the left is the Bootstrap 

value and on the right is the Posterior probability of the MP and BI analyses respec-

tively. 

 

Although only two described species out of five currently recognized in the genus Har-

jesia have been included in the analyses and the genus as nowadays classified is clearly 

a non-natural group. The polyphyly of the genus can be solved by excluding Harjesia 
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oreba from the group corresponding to Harjesia in the phylogenetic hypothesis pre-

sented in figure 9. Therefore, the recovered group composed at least by the type species 

Harjesia blanda and a non-described but clearly new Harjesia species in the light of 

molecular evidence is defined as the genus Harjesia. Inclusion of the remaining three 

described Harjesia species into the phylogenetic tree is expected to not alter the hy-

pothesis and to be placed within the defined genus Harjesia, otherwise it will give evi-

dence for the exclusion of the non-related taxa from the genus. On the other hand, the 

new Harjesia species presented in the phylogenies consists of four specimens collected 

in Ecuador, Peru and Brazil. The Ecuadorian sample was used previously by Murray & 

Prowell (2005) but accession to its morphological description was not possible. How-

ever, non-exhaustive morphological diagnoses of the Peruvian and the Brazilian speci-

mens revealed that those are not clearly Harjesia blanda and it may be the case of fac-

ing a new species for the genus (C. Peña & A. Freitas pers. comm.). 

 

Synonymising the monotypic genus Guaianaza with Forsterinaria have been suggested 

previously by Peña et al. (2010) based on their preferred phylogenetic hypothesis. Addi-

tionally, morphological descriptions of Guaianaza place such genus closer to Forsteri-

naria and Harjesia blanda (Freitas & Peña, 2006). The more comprehensive phylogeny 

shown in the present study clearly supports the integration of Guaianaza within the ge-

nus Forsterinaria, as sister taxon to Forsterinaria necys. Nonetheless, the changes sug-

gested above are not enough to recognize Forsterinaria as a monophyletic group due to 

the unstable position of Forsterinaria quantius in the phylogenetic trees. It is not clear 

whether such species is actually within the rest of Forsterinaria or grouped somewhere 

else in the phylogeny, though the exclusion of F. quantius in additional analyses recov-

ers the genus Forsterinaria as a well-supported and congruent monophyletic clade (data 

not shown). In any case, including more specimens of F. quantius in the phylogeny may 

give insights about whether the unstable position of such species is due to molecular 

artefacts or it is because of real divergent position of such taxa to the rest of Forsteri-

naria. Similarly, Peña & Lamas (2005) placed F. quantius within their “brasilian-

group” only because of its endemic distribution to southeastern Brazil, Paraguay and 

northeastern Argentina while morphological features of quantius differs clearly from 

other members of the group. 

 

Sister Forsterinaria taxa of the heterogeneous “brasilian-group” are those distributed in 

Central America and in South America along the Andes range from Venezuela to Boli-
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via. The “boliviana-group” (sensu Peña & Lamas, 2005) is the only clade recovered as 

monophyletic within Forsterinaria. It is congruent with the morphological descriptions 

of the group which define it as a rather homogeneus association, in coloration pattern 

and in genitalia structure. Interestingly, Forsterinaria neonympha, F. antje and F. pseu-

dinornata are placed as sister taxa of the “boliviana-group” with high confidence and in 

every analysis. Although the three species were classified based on morphological simi-

larities in the “neonympha-”, “pichita-” and “enjuerma-” groups respectively, Peña & 

Lamas (2005) remarked that the genitalia of F. neonympha and F. antje resemble those 

in the “boliviana-group”, while F. pseudinornata differs greatly from other members of 

its putative group. On the other hand, Forsterinaria rustica is separated into three subs-

pecies clearly confirmed by detailed morphological diagnoses (Peña & Lamas, 2005). 

Two subspecies, F. r. rustica and F. r. glendita were recovered in the phylogenies with-

in a monophyletic entity which can be assigned to the whole species Forsterinaria rus-

tica. Nevertheless, the branch lengths leading to them in the BI trees are not long 

enough thus those are considered as a single species. The closely related taxa to F. rus-

tica are those specimens with genitalia like the “boliviana-group”. Finally, F. guaniloi 

and F. pichita, members of the “pichita-group”, are grouped consistently in a single 

clade but their relationships with other Forsterinaria are not elucidated even though it is 

moderately supported that they split earlier from the F. rustica and the “boliviana-

group” lineage. Similarly, the position of F. rotunda, F. punctata and F. proxima in the 

phylogeny of the genus is not well resolved, presenting difficulties in grouping them 

into any of the described groups for the genus as stated by Peña & Lamas (2005). 

 

The genus Pseudodebis has been recovered as sister of Coeruleotaygetis and Taygetis in 

the phylogenetic trees, although its support is not particularly high in the MP analyses 

(Figure 9). Furthermore, it is more likely that Pseudodebis is more closely related to 

Taygetis rather than, for instance, Forsterinaria or Harjesia, based on its similarities in 

morphology and larval features to Taygetis (Murray, 2001) as well as indicated in pre-

vious molecular studies (Murray & Prowell, 2005; Peña et al., 2010). However, in order 

to recover the monophyly of Pseudodebis, the genus Taygetomorpha need to be sub-

sumed within such group, as suggested previously in the light of larval morphology and 

behavioral features (Murray, 2001) and in molecular phylogenies of the group (Murray 

& Prowell, 2005; Peña et al., 2010), though some adult morphological characteristics 

resemble more Taygetomorpha to Forsterinaria (L. D. Miller in Lamas, 2004). Con-

versely, the southeastern-Brazil-restricted Taygetis yphthima and Taygetis rectifascia 
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are strongly grouped together in the phylogeny but their closer relationship with Pseu-

dodebis is weakly supported. However, both T. yphthima and T. rectifascia are clearly 

not part of the genus Taygetis thus they might belong to a distinct genus, if not Pseudo-

debis, another genus closely related to it. 

 

The clade leading to “Coeruleotaygetis” is well-supported and congruent. Furthermore, 

the species Harjesia oreba, Taygetis weymeri and Taygetis kerea are placed in the same 

clade together with the monotypic Coeruleotaygetis thus the former three species can be 

subsumed within the genus Coeruleotaygetis. The distribution of the four species is re-

stricted mainly to Central America and Colombia, though known Harjesia oreba has 

been reported in Bolivia (Lamas, 2004). Although the monotypic genus Taygetina has 

not been included in the present study, there are some indications that Coeruleotaygetis 

is closely related to the genera Taygetina and Taygetis suggested by a phylogenetic hy-

pothesis based on morphological characters (M. Marín pers. comm.). 

 

Excluding the four Taygetis species mentioned above (T. yphthima, T. rectifascia, T. 

weymeri and T. kerea) from the genus Taygetis results in a monophyletic, highly sup-

ported and congruent group (hereafter Taygetis). Three clear groups within Taygetis can 

be identified and are named as “mermeria-group”, “virgilia-group” and “laches-group” 

based on their phylogenetic relationships. However, two species, T. leuctra and T. angu-

losa cannot be placed with strong support within any of the three species groups men-

tioned above. The “mermeria-group” diverged earlier in the evolution of Taygetis and 

diversified in at least three currently known species which are distributed in Central 

America and north South America including the Brazilian Amazonia. The closer rela-

tionship between T. mermeria and T. larua regarding the recently described T. impera-

tor, MS, is confirmed with high credibility. On the other hand, the morphologically sim-

ilar T. virgilia and T. rufomarginata are grouped along with T. chrysogone within the 

“virgilia-group”. Moreover, those species have similarities in habitats and range distri-

bution from Central America to northern South America including Peru and the Brazili-

an Amazonia but differ moderately in larval morphology (Murray, 2001). Similarly, 

three non-described specimens grouped closely related to T. tripunctata are part of the 

“virgilia-group”. Although these three non-described pecimens come from far separated 

localities (Mexico, Peru and Brazil), they are grouped in an intimately related clade so 

that based on genetic distances (branch lengths) they may belong to a single species. 

Furthermore, a rapid examination of their external appearance reveals common patterns 
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in every butterfly and similar to T. virgilia though smaller in size (A. D. Warren, C. 

Peña & A. Freitas pers. comm.). Finally, the “laches-group” is composed by taxa close-

ly related each other whose species boundaries based on genetic distances is rather faint. 

Nevertheless, three sub-groups can be distinguished including the intimately related T. 

laches and T. uncinata, the second composed by T. thamyra and T. sosis and finally in 

an uncertain position within “laches-group” the species T. echo. Moreover, supporting 

the molecular results, Murray (2001) based on adult and larval morphology and distri-

butional range catalogued T. laches and T. thamyra as a complex group. 

 

4.3 Implications of the divergence time estimates 

 

The “Taygetis clade” diverged from its sister “Pareuptychia-” and “Splendeuptychia-” 

clades at around early/mid- Miocene (Peña et al., 2010). However, it was not until the 

late Miocene that “Taygetis-clade” began to greatly diversify into the genera and species 

currently known. Although the relationships between some genera are not clearly re-

solved, their origin can be assigned during the period of time when several important 

changes occurred in the Neotropics. The most important is the major uplift of the Andes 

taken place during the late Miocene – early Pliocene suggesting that such process may 

have altered the ecology and dispersion of several species thus inducing to adaptive 

radiation and diversification and/or isolation of populations and differentiation by effec-

tive barriers (vicariance) (Elias et al., 2009). Nonetheless, the accelerating rising rates of 

the Andes mountains range may have played an important role in terminating one of the 

biggest long-lived lakes systems in South America, the Lake Pebas, whose huge size of 

about 1 million km2 is considered to have been a great barrier between the tropical An-

dean zone and the Guyana region (Wesselingh, 2008). Furthermore, it provoked a rear-

rangement of the fluvial system in South America leading to the current major rivers 

Amazon and Orinoco during late Miocene. Therefore, the ending of Lake Pebas during 

the late Miocene would have shaped the distribution of several taxa in western Amazo-

nia by dispersion and colonization of new available habitats. 

 

The coincidence of diversification dates of the genera belonging to “Taygetis-clade” 

with the major uplift of the Andes and the termination of the Lake Pebas gives insights 

about a possible causal relationship. These speculations, moreover, may increase the 

evidence about the relation between the rise of the Andes, the dynamic fluvial system 

and the origin of the high diversity of insects and butterflies in the Neotropics along 
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with other studies (e.g. Hall & Harvey, 2002; Hall, 2005; Whinnett et al., 2005; Elias et 

al., 2009; Peña et al., 2010). However, these hypotheses need to be supported by other 

studies dealing with molecular phylogenies in butterflies and other organisms, geology, 

palaeontology and palaeobotanic. 

 

The most likely origin of most of the genera in “Taygetis-clade” may have occurred 

somewhere in South America and some taxa were able to spread their ranges of distri-

bution to Central America thanks to the closure of the Isthmus of Panama as in the case 

of the “laches-group” whose diversification did not start until the final closure and con-

nection between South and Central America during mid/late Pliocene. On the other 

hand, the origin of Forsterinaria may have taken place somewhere in southeastern Bra-

zil, Paraguay or northern Argentina, since members of the “brasilian-group” and the 

southeastern-Brazil-restricted Guaianaza split earlier in the evolution of the genus and 

the rest of the members began to diversify later, mainly during early/mid Pliocene, and 

likely due to dispersion events towards western Amazonia and northern South America. 

Interestingly, Peña & Lamas (2005) invoke isolation by geographical barriers of the 

three populations (subspecies) of Forterinaria rustica in order to hypothesize possible 

causes of infraspecific differentiation over them. The dated phylogeny, on the other 

hand, suggests that such differentiation may have occurred during the mid/late Pleisto-

cene, during the period of time when constant climatic oscillation happened and proba-

bly such subspeciation may have been reinforced by distributional range alteration and 

by some river valleys separation as suggested by their disjunct distributional ranges 

(Peña & Lamas, 2005). 

 

Finally, the major supraspecific diversification events took place during a period of time 

of dramatic geographical changes in South America and reinforced likely by dispersion 

events towards new available habitats thus triggering a process of rapid adaptive radia-

tion over those ancestral taxa. Nevertheless, vicariant events (those resulting from isola-

tion of populations by effective barriers) cannot be exclude for some taxa as the uplift of 

the Andes played an important role in separating Amazonian taxa from those close to 

the Pacific ocean. The controversial “refugia” hypothesis may have been a sort of isola-

tion by effective barriers caused by a possible forest fragmentation thus promoting 

speciation. However, at least in “Taygetis-clade”, if those “refuges” were established, it 

did not caused major speciation events but infraspecific differentiation. On the other 

hand, the final closure of the Isthmus of Panama had an incredible impact in the disper-
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sion and colonization of new environments by the butterflies, and in the case of “laches-

group” such event apparently triggered the diversification and differentiation of their 

members.  

 

4.4 Possible sources of error 

 

As in every work on molecular phylogenetics, the precision and accuracy of the phy-

logenetic hypothesis is the cornerstone of all the inferences that can be made from it. 

Possible sources of error are the misidentification of the taxa included in the phyloge-

netic analyses. However, it can be partly solved by evaluating the degree of congruence 

with what is known about the species, based on previous studies in both morphology 

and molecular point of view. In that sense, several taxa were reanalyzed by expert tax-

onomists every time when some doubtful rearrangement in the phylogeny has been ob-

served. On the other hand, the methods of phylogenetic reconstruction and the model of 

evolution chosen in the present study may have led to incorrect grouping of taxa. None-

theless, both the MP and the BI phylogenies were highly congruent as well as the dated 

phylogeny constructed using a different program so that such congruence reduce the 

likeliness of errors due to methodological and/or inferences mistakes. Finally, and per-

haps the major source of error, is the methodology chosen for inferring divergence dates 

estimates. Due to the lack of fossil record for the group of study, a secondary calibration 

point was used based on a study dealing with phylogenetic relationships of major 

groups of butterflies which employed a single calibration point based on only one avail-

able fossil record. The extrapolation made to the crown age of “Taygetis-clade” may 

have been biased because of the far phylogenetically distances between such group with 

the fossil record group of butterflies. Nonetheless, the inferences made from the dated 

phylogeny in the present study were carefully analyzed and trying to avoid talking about 

absolute ages but periods of time so that confidence intervals can be taken into account. 

 

4.5 Future directions 

 

In order to make stronger inferences about certain group of taxa, it is necessary that cer-

tain specimens are incorporated into the analyses. For instance, samples of Forsteri-

naria quantius, Taygetis yphthima and Taygetis rectifascia are needed for confirming 

our speculations about their phylogenetic positions in “Taygetis-clade”. Nevertheless, it 
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is expected that inclusion of more samples or variation in the methodology may not af-

fect the final inferences about the systematics and the dates of divergences in the group. 

Therefore, the results presented here contribute to a better understanding on the origin 

and diversification of butterflies in the Neotropical region.  

 

Similarly, the results presented here can be utilized by other disciplines such as Ecolo-

gy, Physiology, Biogeography, Population Biology, Conservation Biology and topics 

such as coevolution and ecological adaptation, evolutionary behavior or management of 

biodiversity. Furthermore, species belonging to “Taygetis clade” can be considered as 

model organisms for other evolutionary studies as those butterflies exhibit important 

ecological features such as wide distribution along the Neotropics, occurrence only in 

lowlands habitats and subjected to important differentiation processes, shifts to bamboo-

feeding specialization, selection pressure against them from predation and parasitism, 

display of supernumerary larval instars, active behavior during the day or at dusk for 

some groups, among others (Murray, 2001). 



47 
 

 

5. CONCLUSIONS 

 

The “Taygetis-clade” (Nymphalidae: Satyrinae: Euptychiina) is a monophyletic and 

well-supported group of butterflies whose range of distribution is restricted only to the 

Neotropical region. 

 

Changes in the systematics of the group are necessary in order to take into account their 

phylogenetic relationships in classifying such butterflies. First, the genus Guaianaza 

needs to be subsumed within Forsterinaria. Second, the species Taygetis kerea, Tayge-

tis weymeri and Harjesia blanda are expected to be synonymized with the genus Coeru-

leotaygetis. Third, the genus Taygetomorpha is clearly part of the genus Pseudodebis 

thus the former should be included into the latter genus.  

 

At least two new species are expected to be described in the near future in the light of 

their molecular phylogenetic relationships and need to be confirmed by an exhaustive 

morphological description. 

 

The major causal events leading to the diversification of “Taygetis-clade” may be re-

lated to the major uplift of the Andes mountain range and the termination of the long-

lived Lake Pebas. Furthermore, the closure of the Isthmus of Panama greatly promoted 

the dispersion of several taxa from South America to Central America at a first instance. 

Climatic oscillation taken place during most of the Pleistocene apparently did not have 

major influence in the speciation of butterflies in “Taygetis-clade” but it may have been 

important in differentiating populations. 
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APPENDIX A: List of the specimens and genes used in the study 
 Species Voucher code Collection locality COI EF-1α GAPDH RpS5 

O
ut

gr
ou

p 

Hermeuptychia hermes  NW127-16 Brazil, MG, Extrema X X X X 

Cepheuptychia cephus  CP-CI100 Peru, Madre de Dios, CICRA X X X X 

Taydebis peculiaris  NW149-11 Brazil, São Paulo, Campos do Jordão  X X X X 

Erichthodes julia  CP04-65 Peru, JU, Quebrada Siete Jeringas X X X X 

Paryphthimoides grimon  CP10-01 Brazil, Saibadela X X X X 

Euptychoides hotchkissi  CP04-51 Peru, JU. 1km S Mina Pichita  X X X X 

Magneuptychia fugitiva  CP01-18 Peru, MD, Tambopata Research Center  X X X X 

 Posttaygetis penelea  CP01-02 Peru, MD, Tambopata Research Center  X  X X 

 Pseudodebis valentina  CP01-04 Peru, MD, Tambopata Research Center  X X X X 

 Posttaygetis penelea  CP01-06 Peru, MD, Tambopata Research Center  X X  X 

 Taygetis imperator MS  CP01-08 Peru, MD, Tambopata Research Center  X X X X 

 Harjesia blanda  CP01-13 Peru, MD, Tambopata Research Center  X X X X 

 Taygetis virgilia sp n CP01-17 Peru, MD, Tambopata Research Center  X X X X 

 Pseudodebis marpesa  CP01-42 Peru, MD, Tambopata Research Center  X X X X 

 Taygetis sosis  CP01-49 Peru, MD, Tambopata Research Center  X X X X 

 Harjesia oreba  CP01-51 Peru, MD, Tambopata Research Center  X X X  

 Pseudodebis valentina  CP01-62 Peru, MD, Tambopata Research Center  X  X X 

 Pseudodebis valentina  CP01-70 Peru, MD, Tambopata Research Center  X   X 

 Pseudodebis valentina  CP01-73 Peru, MD, Tambopata Research Center  X   X 

 Taygetis laches  CP01-74 Peru, MD, Tambopata Research Center  X  X X 

 Taygetis imperator MS  CP01-77 Peru, MD, Tambopata Research Center  X X X X 

 Taygetis rufomarginata  CP01-83 Peru, MD, Tambopata Research Center  X  X  

 Pseudodebis valentina  CP01-85 Peru, MD, Tambopata Research Center  X    

 Pseudodebis valentina  CP01-94 Peru, MD, Tambopata Research Center  X    

 Harjesia oreba  CP02-13 Peru, MD, Tambopata Research Center  X X X X 

 Forsterinaria rotunda  CP02-51 Peru, PA. Palcamayo  X X X X 

 Taygetomorpha puritana  CP02-53 Peru, JU, Pampa Hermosa  X  X  

 Forsterinaria pseudinornata  CP02-57 Peru, CA. La Florida  X X X X 

 Parataygetis albinotata  CP02-59 Peru, JU, Quebrada Siete Jeringas  X    

 Forsterinaria pichita  CP02-60 Peru, PA. Palcamayo  X X X X 

 Taygetis chrysogone  CP02-63 Peru, JU, Quebrada Siete Jeringas  X X X X 

 Forsterinaria antje  CP02-72 Peru, PA. Palcamayo  X X X X 

 Taygetis rufomarginata  CP02-89 Peru, JU, Aldea  X X X X 

 Forsterinaria rustica glendita  CP02-99 Peru, PA. Palcamayo  X X X X 

 Forsterinaria rustica glendita  CP03-66 Peru, Malambo  X X X X 

 Parataygetis albinotata  CP04-09 Peru, JU, Quebrada Siete Jeringas  X X X X 

 Parataygetis albinotata  CP04-53 Peru, JU. 1km S Mina Pichita  X X X X 

 Forsterinaria proxima  CP04-54 Peru, JU. 1km S Mina Pichita  X X X X 

 Forsterinaria guaniloi  CP04-59 Peru, JU. 1km S Mina Pichita  X X X X 

 Forsterinaria boliviana  CP04-88 Peru, JU, Quebrada Siete Jeringas  X X X X 

 Taygetis thamyra  CP06-68 Peru, Cordillera Cóndor  X X X X 

 Parataygetis albinotata  CP07-43 Peru, Chanchamayo  X X X X 

 Forsterinaria proxima  CP08-09 Peru, JU. La Solitaria-Qbda. Siete Jeringas  X X X X 

 Forsterinaria quantius  CP14-07 Brazil, SP, Sao Luiz do Paraitingo X X X X 

 Coeruleotaygetis peribaea  CP22-01 Colombia, El Caimán, Borde de Bosque a 30m de carretera  X X X X 

 Taygetomorpha celia  CP22-02 Colombia, Antioquía, San Ignacio 45 ha.  X X X X 

 Taygetomorpha puritana  CP22-04 Ecuador, Morona-Santiago, km 9.5 Chigüinda-Gualaquiza rd. X X X X 

 Taygetomorpha puritana  CP22-05 Ecuador, Morona-Santiago, El Boliche  X    

 Taygetis laches  CP09-48 Peru, Madre de Dios, CICRA X X X X 

 Taygetis rufomarginata  CP09-65 Peru, Madre de Dios, CICRA X X X X 

 Harjesia sp.n.  CP23-22 Peru, CU. Provincia La Convención, Distrito Echarate X X X X 

 Harjesia sp.n.  CP23-23 Peru, CU. Provincia La Convención, Distrito Echarate X X X X 

 Taygetis laches  CP-CI01 Peru, Madre de Dios, CICRA X X X X 

 Harjesia oreba  CP-CI107 Peru, Madre de Dios, CICRA X X X X 

 Taygetis rufomarginata  CP-CI125 Peru, Madre de Dios, CICRA X X X X 

 Taygetis sosis  CP-CI22 Peru, Madre de Dios, CICRA X X X X 

 Pseudodebis valentina  CP-CI25 Peru, Madre de Dios, CICRA X X X X 

 Harjesia blanda  CP-CI57 Peru, Madre de Dios, CICRA X X X X 

 Taygetis laches  CP-CI63 Peru, Madre de Dios, CICRA X X X X 

 Pseudodebis valentina  CP-CI64 Peru, Madre de Dios, CICRA X X X X 

 Taygetis laches  CP-CI83 Peru, Madre de Dios, CICRA X X X X 
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 Taygetis mermeria  CP-CI95 Peru, Madre de Dios, CICRA X X X X 

 Taygetis cleopatra  CP-M110 Peru X X X X 

 Taygetis mermeria  CP-M17 Peru  X X X X 

 Taygetis angulosa  CP-M300 Peru  X X X X 

 Taygetis sylvia  CP-M302 Peru X X X X 

 Taygetis laches  CP-M38 Peru X X  X 

 Taygetis larua  CP-M52 Peru X X X X 

 Taygetis mermeria  CP-M61 Peru X X X X 

 Taygetis laches  CP-M64 Peru X X   

 Taygetis virgilia  DNA97-004 Belize, Orange Walk District X X   

 Taygetis laches  DNA99-035 Ecuador, Napo Province X X   

 Harjesia sp.n.  DNA99-044 Ecuador, Napo Province X X   

 Taygetis sosis  DNA99-049 Ecuador, Napo Province X X   

 Forsterinaria inornata  DNA99-060 Ecuador, Pichincha Province X X   

 Parataygetis lineata  DNA99-072 Ecuador, Pichincha Province X X   

 Forsterinaria boliviana  DNA99-088 Ecuador, Pichincha Province X X   

 Forsterinaria rustica rustica  gsm211 Peru, Cuzco, Alfamayo, Km 78 X X   

 Forsterinaria rustica rustica  gsm212 Peru, Cuzco, Alfamayo, Km 78 X X X X 

 Taygetis sosis  gsm213 Colombia, Meta, Villavicencio, Bavaria X X X X 

 Posttaygetis penelea  gsm216 Colombia, Meta, Villavicencio, Bavaria X    

 Posttaygetis penelea  gsm217 Colombia, Meta, Villavicencio, Bavaria X X   

 Taygetis virgilia  gsm409 Peru X X X X 

 Forsterinaria coipa  gsm446 Colombia, Caldas, Manizales, Jardín Botánico X    

 Forsterinaria coipa  gsm447 Colombia, Caldas, Manizales, Jardín Botánico X X X X 

 Forsterinaria neonympha  gsm449 Colombia, Antioquia, Jardín, Quebrada Bonita X X X X 

 Taygetis laches  gsm479 Colombia, Valle del Cauca, Dagua, Atuncela X    

 Forsterinaria punctata  gsm488 Colombia, Antioquia, Jardín, Vereda Quebrada Bonita  X X  X 

 Taygetis tripunctata  JM12-8 Brazil, SP, Campinas, Santa Genebra X X X X 

 Parataygetis lineata  NN58 Peru, Junín, Puente Puntayacu - Qbda. La Solitaria  X X  X 

 Taygetis virgilia  NW108-3 Brazil, São Paulo, Campinas, Santa Genebra  X X X X 

 Forsterinaria necys  NW126-10 Brazil, SP, Ribeirão das Pedras X X X X 

 Posttaygetis penelea  NW126-13 Brazil X X X X 

 Guaianaza pronophila  NW127-20 Brazil, MG, Extrema X X X X 

 Taygetis rectifascia  NW127-28 Brazil, SP, Intervales, C. Bonito X X X X 

 Taygetis virgilia  NW129-26 Brazil, Santa Genebra X X X X 

 Taygetis rufomarginata  NW129-27 Brazil, Saibadela  X X X X 

 Taygetis yphthima  NW149-8 Brazil, São Paulo X X X X 

 Taygetomorpha celia  PM01-01 Brazil, MT, Paranaíta, Rio Paranaita X    

 Taygetis sp  PM01-02 Brazil, MT, Paranaíta, Rio Paranaita X  X X 

 Taygetis larua  PM01-03 Brazil, MT, Paranaíta, Rio Paranaita X    

 Taygetis larua  PM01-04 Brazil, MT, Paranaíta, Rio Paranaita X X X X 

 Taygetis echo  PM01-05 Brazil, MT, Paranaíta, Rio Paranaita X X X X 

 Taygetis sp  PM01-06 Brazil, MT, Paranaíta, Rio Paranaita X    

 Taygetis rufomarginata  PM01-07 Brazil, MT, Paranaíta, Rio Paranaita X    

 Taygetis sp  PM01-08 Brazil, MT, Paranaíta, Rio Paranaita X X X X 

 Taygetis virgilia sp n PM01-09 Brazil, MT, Paranaíta, Rio Paranaita X X X X 

 Taygetis rufomarginata  PM01-10 Brazil, MT, Paranaíta, Rio Paranaita X    

 Taygetis angulosa  PM01-11 Brazil, MT, Paranaíta, Rio Paranaita X X X X 

 Taygetis echo  PM01-12 Brazil, MT, Paranaíta, Rio Paranaita X X X X 

 Taygetis virgilia sp n PM01-13 Brazil, MT, Paranaíta, Rio Paranaita X    

 Taygetis mermeria  PM01-14 Brazil, MT, Paranaíta, Rio Paranaita X X X X 

 Taygetis tripunctata  PM01-15 Brazil, MT, Paranaíta, Rio Paranaita X X X X 

 Taygetis sp  PM01-17 Brazil, MT, Paranaíta, Rio Paranaita X X X X 

 Pseudodebis valentina  PM01-18 Brazil, MT, Paranaíta, Rio Paranaita X X X X 

 Taygetis sp  PM01-19 Brazil, MT, Paranaíta, Rio Paranaita X X X X 

 Harjesia sp.n.  PM01-20 Brazil, MT, Paranaíta, Rio Paranaita X X X X 

 Taygetis sp  PM01-21 Brazil, MT, Paranaíta, Rio Paranaita X X X X 

 Pseudodebis marpesa  PM01-23 Brazil, MT, Paranaíta, Rio Paranaita X X X X 

 Taygetis leuctra  PM02-01 Colombia, Antioquia, Amalfí, Porce X X X X 

 Coeruleotaygetis peribaea  PM02-02 Colombia, Antioquia, Amalfí, Porce X X X X 

 Taygetis virgilia  PM02-03 Colombia, Antioquia, Amalfí, Porce X X X X 

 Taygetis kerea  PM02-04 Colombia, Antioquia, Amalfí, Porce X X X X 

 Coeruleotaygetis peribaea  PM02-05 Colombia, Antioquia, Amalfí, Porce X    

 Taygetis laches  PM02-06 Colombia, Antioquia, Amalfí, Porce X X X X 
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 Taygetis mermeria  PM03-01 Mexico, Nayarit, Mpio. San Blas, Mecatan X X X X 

 Taygetis uncinata  PM03-02 Mexico, Sinaloa, Magistral X X X X 

 Taygetis weymeri  PM03-03 Mexico, Sinaloa, Magistral X X X  

 Taygetis virgilia sp n PM03-04 Mexico, Nayarit, Mpio. San Blas, Mecatan X X X X 

 Forsterinaria rustica  RCT04 Peru, Cusco, Rocotal  X X X X 

 Parataygetis albinotata  SNPE04 Peru, Cusco, San Pedro  X X  X 

 Taygetis laches  UN0261 Costa Rica, Area de Conservacion Guanacaste  X X X X 

 Forsterinaria sp  UN0264 Peru X  X  

 Taygetis laches  UN0391 Brazil, SP, Campinas, "Monjolinho" X X X  

 Taygetis kerea  UN0402 Brazil X X X X 

 Posttaygetis penelea  UN0403 Brazil X    

 Forsterinaria necys  UN0410 Brazil X X X X 

 Taygetis virgilia  UN0415 Costa Rica, Area de Conservacion Guanacaste  X X X X 

 Taygetis sp  UN0416 Costa Rica, Area de Conservacion Guanacaste  X  X X 

 Taygetis sp  UN0417 Costa Rica, Area de Conservacion Guanacaste  X   X X 
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APPENDIX B: Laboratory procedures 

 

DNA extraction protocol (DNAeasy Tissue handbook, 2006, with modification by the 

Nymphalidae Systematics Group-NSG) 

 

1. Place two dry legs of butterfly sample in 180µl of Buffer ATL in a microcentrifuge 

tube and homogenize with a microtube pestle. 

2. Add 20µl of Proteinase K QIAGEN solution and incubate at 50ºC for 8 hours 

(overnight). Vortex the microtube occasionally while incubating. 

3. Add 200µl of Buffer AL and mix immediately by vortexing for 15 seconds. 

4. Incubate at 70ºC for 10 minutes. 

5. Add 200µl of absolute ethanol and mix again by vortexing. 

6. Place one QIAGEN spin column in a 2ml collection tube. Pipet the mixture of the 

microtube into the QIAGEN spin column and close the cap.  

7. Centrifuge the microcentrifuge tube at 8000 rpm for 1 minute. Discard the collec-

tion tube and place the QIAGEN spin column in a clean 2ml collection tube. 

8. Add 500µl of Buffer AW1 to the spin column and centrifuge at 8000 rpm for 1 

minute. Discard the collection tube and place the QIAGEN spin column in a clean 2 

ml collection tube. 

9. Add 500µl of Buffer AW2 and centrifuge at 8000 rpm for 1 minute. Discard flow-

through and place the QIAGEN spin column back in the 2ml collection tube. Cen-

trifuge at 8000rpm for 3 more minutes. 

10. Place the QIAGEN spin column in a clean 1,5ml microcentrifuge tube and discard 

the 2ml collection tube. 

11. Elute the DNA with 200µl of Buffer AE by incubating at room temperature for 1 

minute and then centrifuging at 8000 rpm for 1 minute. 

12. Store the purified DNA at 4ºC. 
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DNA amplification protocol (The Nymphalidae Systematics Group-NSG laboratory 

protocols) 

 

1. The PCR recipe is as follows: 

 

Reagents Volume (µl) for 1 PCR reaction 

dH2O 

10x PCR buffer 

MgCl2 (25mM) 

Primer 1 (10µM) 

Primer 2 (10µM) 

dNTP (10mM) 

Taq Polymerase (5U/µl) 

DNA template 

12.5 

2.0 

2.0 

1.0 

1.0 

0.4 

0.1 

1.0 

 

2. Place dH2O, 10x PCR buffer, MgCl2, primer 1, primer 2 and dNTP necessary for 

the number of samples (number of PCR reactions) into a 1.5ml microcentrifuge 

tube (Master Mix). 

3. Load 1.0µl of DNA template per sample into each PCR tube. 

4. Add the necessary amount of Taq polymerase according to the number of samples 

in the PCR reaction into the Master Mix and vortex thoroughly. 

5. Place 19.0µl of the final Master Mix into each PCR tube containing the DNA tem-

plate. 

6. Take the PCRs to the thermo-cycler and choose the relevant program: 

a. 95ºC for 5 minutes 

b. 40 cycles of: 

i. 94ºC for 30 seconds 

ii. 50ºC/55ºC for 30 seconds 

iii. 72ºC for 90 seconds 

c. 72ºC for 10 minutes 

7. Take out the PCRs and keep them at 4ºC. 
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DNA electrophoresis protocol (The Nymphalidae Systematics Group-NSG laboratory 

protocols) 

 

1. Make the 1% TBE agarose gel according to the following procedure: 

a. Place 1.3g of agarose powder in a glass Erlenmeyer. 

b. Add 130ml of 1x TBE buffer (Tris/Borate/EDTA). 

c. Dissolve the agarose powder in the buffer by microwaving the mixture. 

d. Add 6.0µl of Ethidium Bromide (1mg/ml) to the agarose solution. 

e. Place the mixture into the gel tray and put the combs on the tray. 

f. When the agarose solution solidified, remove the combs by pulling them 

upwards. 

2. Add 5.0µl of Loading buffer and 2.0µl to a preparation plate. 

3. Load the samples on to the gel in the electrophoretic bath consisting of buffer 1x 

TBE. 

4. Run the system at 100mA and 100V for about 30 minutes. 

5. Turn off the electrophoresis system and place the gel in the gel documentation sys-

tem. 

6. Take and save pictures of the gel under incidence of UV. 

 

Purification of PCR products (PCR product clean-up prior to sequencing protocol-

Fermentas™) 

 

1. Prepare the following reaction mixture: 

 

PCR mixture (directly after completion of PCR) 5.0µl 

Exonuclease I (Exo I) 0.5µl (10U) 

FastAP™ Thermosensitive Alkaline Phosphatase  1.0µl (1U) 

 

2. Mix well and incubate at 37ºC for 30 minutes. 

3. Stop the reaction by heating the mixture at 85ºC for 15 minutes. 
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APPENDIX C: Phylogenetic trees 

 

 
App. C-1 – Maximum Parsimony phylogenetic tree based on the COI gene dataset 
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App. C-2 – Bayesian Inference phylogenetic tree based on the COI gene dataset 
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App. C-3 – Maximum Parsimony phylogenetic tree based on the EF-1a gene dataset 
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App. C-4 – Bayesian Inference phylogenetic tree based on the EF-1a gene dataset 
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App. C-5 – Maximum Parsimony phylogenetic tree based on the GAPDH gene dataset 
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App. C-6 – Bayesian Inference phylogenetic tree based on the GAPDH gene dataset 
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App. C-7 – Maximum Parsimony phylogenetic tree based on the RpS5 gene dataset 
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App. C-8 – Bayesian Inference phylogenetic tree based on the RpS5 gene dataset 
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App. C-9 – Maximum Parsimony phylogenetic tree based on the combined dataset and 

using the first and second codon position 
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App. C-10 – Bayesian Inference phylogenetic tree based on the combined dataset and 

using the first and second codon position 
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App. C-11 – Estimated ultrametric tree in a second independent analysis in BEAST 
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App. C-12 – Estimated ultrametric tree in a third independent analysis in BEAST 
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App. C-13 – Estimated ultrametric tree in a fourth independent analysis in BEAST 


