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Abstract
Neelipleona are the smallest of the four Collembola orders in term of species number with 35 species 

described worldwide (out of around 8000 known Collembola). Despite this apparent poor diversity, 
Neelipleona have a worldwide repartition. The fact that the most commonly observed species, Neelus 
murinus Folsom, 1896 and Megalothorax minimus Willem, 1900, display cosmopolitan repartition is 
striking. A cladistic analysis based on 16S rDNA, COX1 and 28S rDNA D1 and D2 regions, for a broad 
collembolan sampling was performed. This analysis included 24 representatives of the Neelipleona 
genera Neelus Folsom, 1896 and Megalothorax Willem, 1900 from various regions. The interpretation 
of the phylogenetic pattern and number of transformations (branch length) indicates that Neelipleona are 
more diverse than previously thought, with probably many species yet to be discovered. These results 
buttress the rank of Neelipleona as a whole order instead of a Symphypleona family.
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1. Introduction
1.1. Brief history of Neelipleona classification
The Neelidae family was established by Folsom (1896), who described Neelus murinus from 

Cambridge (USA). Neelidae were traditionally considered close relatives of Symphypleona 
sensu stricto (Börner 1906, Salmon 1964). Massoud (1971) placed Neelidae in its own 
sub-order, Neelipleona. Neelipleona were later elevated to the order level (Massoud 1976). 
Massoud considered that the specific morphological characters of the Neelipleona clearly 
distinguished the group from the three pre-recognised orders of Collembola (Poduromorpha, 
Entomobryomorpha and Symphypleona). However, Bretfeld proposed a classification of 
Symphypleona sensu lato where Neelidae would be the sister family of Symphypleona s. str. 
(Bretfeld 1986). While Bretfeld did not conduct a formal phylogenetic analysis, he inscribed 
his vision of Symphypleona in the cladistic paradigm, providing characters assumed to be 
apomorphic to support the classification. While the classifications proposed by Hopkin (1997) 
and Bretfeld (1999) assumed Neelidae as a Symphypleona family, Christian (1987) agreed 
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with Massoud to consider Neelidae as the monotypic family of Neelipleona. Neelipleona are 
now classified as an order in several recent taxonomic and phylogenetic publications (e.g. 
D’Haese 2003a, Deharveng 2004, Janssens 2009, Xiong et al. 2008). 

The close relationship between Neelipleona (i.e. Neelidae) and Symphypleona was 
supported by many specialists, based on morphological similarities: globular shape, 
neosminthuroid setae, mucro gutter-like (Bretfeld 1986). This hypothesis was supported by 
D’Haese’s (2003a) morphological cladistic analysis, which uncovered Neelipleona as sister 
group of Symphypleona. Nevertheless, Janssens (2009) proposed Neelipleona to be closer 
to Entomobryomorpha, based on the interpretation of some characters such as the form of 
the retinaculum, the number of setae in anterior setal row of the clypeus, some aspects of the 
postembryonal development and the structure of the genital plate.

The phylogenetic position of Neelipleona was first inferred from morphological data by 
D’Haese (2003a, 2003b) and then from molecular data in Xiong et al. (2008) and Gao et al.  
(2008), based on 28S rDNA and 18S rDNA loci. Neelipleona were also represented in 
Dell’Ampio et al. (2009) molecular phylogeny of Hexapoda, based on 28S rDNA and in von 
Reumont et al. (2009) molecular phylogeny of Arthropoda, based on 18S and 28S rDNA.

1.2. Neelipleona diversity
To date, Neelipleona are represented by 35 species included in 5 genera: Acanthothorax 

Bretfeld and Griegel, 1999 (1 sp), Megalothorax Willem, 1900 (22 spp), Neelides Caroli, 
1912 (5 spp), Neelus Folsom, 1896 (6 spp) and Zelandothorax Delamare Deboutteville and 
Massoud, 1963 (1 sp). This is very poor in regards to the other Collembola orders, each 
including thousands of species.

The two first species described, Neelus murinus Folsom, 1896 and Megalothorax minimus 
Willem, 1900 present a cosmopolitan distribution (Bretfeld 1999). Megalothorax minimus is 
especially common. For example, the presence of Megalothorax minimus has been reported 
from France (Loranger et al. 2001), Latvia (Juceviča 2003), Israel (Bretfeld et al. 2000), Cuba 
(Azpiazu et al. 2004), Canada (Chagnon et al. 2000), Mexico (García-Gómez et al. 2009), 
among other places. Bretfeld (1999) suggested that a re-examination of different populations 
of M. minimus would be required. Cryptic diversification is known to occur within Collembola 
even in parthenogenetic species, like Folsomia candida Willem, 1902 (Deharveng 2004). It 
is possible that complexes of cryptic species are hiding in Megalothorax minimus, and more 
generally in Neelipleona.

In the present contribution, we intend to investigate the phylogenetic position of Neelipleona 
among Collembola and to explore Neelipleona specific diversity using four different loci: D1 
and D2 regions of the nuclear 28S rDNA gene and the mitochondrial 16S rDNA and COX1 
genes for a broad taxon sampling.

2. Materials and methods
2.1. Taxonomic sampling
The taxon sampling is based on 27 collembolan taxa selected from D’Haese (2002) completed 

with 2 Symphypleona from GenBank (Ptenothrix monochroma and Bourletiella hortensis) and 
24 Neelipleona specimens sequenced for the present study (Tab. 1). The Decapoda Euastacus 
bispinosus Clark, 1936 and Geocharax gracilis Clark, 1936 (Parastacidae) were selected 
from GenBank as remote outgroups. Thermobia domestica (Packard, 1837) (Zygentoma: 
Lepismatidae) and Petrobius brevistylis Carpenter, 1913 (Archaeognatha: Machilidae) were 
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selected as closer outgroups to Collembola. All four collembolan orders Entomobryomorpha, 
Poduromorpha, Symphypleona and Neelipleona were sampled. Symphypleona are 
represented by the families Katiannidae, Arrhopalitidae, Bourletiellidae, Sminthuridae and 
Dicyrtomidae (9 operational taxonomic units [OTUs] in total). Poduromorpha are represented 
by Odontellidae, Onychiuridae, Hypogastruridae, Poduridae and Neanuridae (11 OTUs 
in total). Entomobryomorpha are represented by Entomobryidae and Isotomidae families  
(7 OTUs in total) (Tab. 1). We added to this sample 24 Neelipleona specimens collected from 
various regions (Tab. 1). Samples were collected from soil or leaf litter samples, extracted with 
Berlese-Tullgren funnels and stored in 95% ethanol at 5 °C until genetic and morphological 
analyses could be carried on. Due to the especially minute size and the absence of colour of 
the specimens, the voucher (whole cuticle) could not be recovered after DNA extraction. In 
order to keep a link between morphological specimen and molecular data, we assume that 
specimens from the same sample (e.g. collected from a given soil or leaf litter sample) and 
morphologically homogeneous are members of the same population. While a picture of the 
specimen is taken before DNA extraction, a couple of ‘sister’ specimens are mounted in Marc 
André II mounting medium for identification under the compound microscope. Each time, 
DNA from several specimens was extracted and amplified separately to check the samples’ 
genetic homogeneity (since Neelipleona are parthenogenetic, specimens from the same 
population should be genetically identical). Specimens were determined to genus level using 
the identification keys of Bretfeld (1999) and Kováč & Papáč (2010). We included in our 
dataset three Neelus specimens and 21 Megalothorax specimens, from which we could obtain 
full data for the wanted loci. Neelus koseli Kováč & Papáč 2010 (Slovakia) was provided by 
the authors from the type locality, while the two other Neelus species, respectively collected 
in a garden in Chelles (France) and in a underground carrier in Paris, appear to be undescribed 
species.

Megalothorax specimens were collected from France, Argentina, French Guiana, Belgium, 
USA (Ohio) and Chile. Morphological scrutiny shows strong affinity either with Megalothorax 
minimus either with Megalothorax incertus with slight variations.

Unfortunately, we lacked representatives of the three other Neelipleona genera. Gao et al. 
(2008) used an overlapping 28S rDNA sequence of Neelides minutus Caroli, 1912 (GenBank 
number: EF422366), but our preliminary analysis seems to indicate a misidentification, it 
would rather be the sequence of an undetermined Megalothorax species.

2.2. Molecular data
In addition to the data available from D’Haese (2002), we gathered D1 and D2 for all 

new OTUs (respectively ~375-bp and ~425-bp) (Tab. 1). A ~512-bp region of 16S rDNA 
and a 658-bp region of mitochondrial COX1 (barcode) were sequenced (from the original 
DNA material for taxa from D’Haese (2002)). Additional 16S rDNA and COX1 sequences 
were added from Greenslade et al. (2011) (Tab.1). Genomic DNA was extracted with the 
DNeasy© kit (Quiagen S.A.S., Courtaboeuf, France), using the standard protocol. The 28S 
D1 and D2 regions were PCR-amplified in one single fragment using the primer pairs C1p 
5’-CCCGCTGAATTTAAGCAT-3’ / D2 5’-TCCGTGTTTCAAGACGGG-3’ (D’Haese 2002). 
The primer pair for 16S was specifically designed for Collembola for this work: 16SAcoll 5’ – 
MGM MTG TTT AWC AAA AAC AT – 3’ / 16SBcoll 5’ – CGC CGG TTT GAA CTC AAA 
TCA – 3’. Primers for COX1 were also specifically designed for Collembola (Greenslade et al.  
2011, Palacios-Vargas et al. 2011): LCO1490COL 5’ – WYT CDA CWA AYC RYA ARG AYA 
TYG G – 3’ / HCO2198COL 5’ – TAN ACY TCN GGR TGN CCR AAR AAT CA – 3’.
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The PCR reactions were performed in 25 μl volume: 5 μl of TAQ&Load, 2μl of total DNA 
extract for Collembola or 5 μl for Neelipleona (because the minute specimens contain little 
DNA), 0.5 μl of each primer at 25 μM and complement of H2O. The PCR cycles for 16 S and 
28 S loci consisted of an initial denaturing step at 94 °C for 1 min, 40 amplification cycles  
(94 °C for 30 s, 52 °C for 45 s, 72 °C for 1.5 min), and a final step at 72 °C for 5 min. The PCR 
cycles for COX1 consisted of an initial denaturing step at 94 °C for 1 min, 5 amplification 
cycles (94 °C for 40 s, 45 °C for 40 s, 72 °C for 1 min), followed by 35 cycles with an 
annealing temperature of 51 °C and a final step at 72 °C for 5 min.

PCR products were sequenced at the Genoscope Centre National de Sequençage (Evry, 
France). Resulting chromatograms were interpreted using the program Sequencher® (Gene 
Codes Corporation, Ann Arbor, USA). Sequences were manually checked, trimmed and 
cleaned when necessary. All sequences were checked as being close to Collembola using 
GenBank BLAST algorithm. Unfortunately, COX1 and 16S sequences could not be retrieved 
for 9 specimens (Tab. 1).

2.3. Phylogenetic analysis
Phylogenetic analyses were performed using direct optimisation method (Wheeler 1996) 

using the parsimony criterion as implemented in POY version 4.1.2.1 (Varón et al. 2010). We 
performed the analyses for each marker independently and combined analyses. Each analysis 
was run for 12 different transformation cost regimes to test the stability of the results. The 
detailed procedure used for each analysis, using various search algorithms implemented in 
POY, was as follows: a starting pool of 1000 Wagner trees was generated through random 
addition sequence (RAS). Each replicate was explored by a combination of TBR and SPR 
branch swapping (POY default). The 1000 resulting topologies were then explored by tree-
fusing, and 20 optimal or sub-optimal trees were retained. Those 20 topologies were submitted 
to ratchet and then to tree-fusing again, the resulting 20 optimal or sub-optimal being retained. 
A final and more thorough branch-swapping was performed and the optimal trees were retained 
as final results of the analysis. The authors of the cited algorithms are: Swofford (1990) for 
TBR and SPR, Goloboff (1999) for tree-fusing and Nixon (1999) for ratchet.

Jackknife nodes’ support was calculated by resampling the aligned data (homology 
hypothesis implied for the optimal topology) in 10000 iterations. For each iteration, 36% of 
characters were randomly removed, 10 Wagner trees were built and swapped using TBR (POY 
default).

2.4. Sensitivity analysis
Parameter sets (sankoff matrices) consist of two transformation cost variables: gap/

transversion ratio and transversion/transition ratio. Since the parameter space is too wide to 
be explored exhaustively in reasonable time limit, 12 parameter sets for witch incongruence 
was minimised among data partitions were chosen among the 24 parameter sets explored 
in a previous molecular phylogeny (D’Haese 2002). We used congruence as the optimality 
criterion to make a non-arbitrary choice of the parameter sets that better describe the data. The 
optimal parameter set is the one that minimises incongruence among the 4 regions analyzed 
independently: D1 and D2 of 28S rDNA, 16S and COX1. Congruence was measured by the 
ILD metrics (Mickevich & Farris 1981, Wheeler 1999). The ILD is the ratio between (1) the 
difference of combined data tree length and the sum of individual data tree length, and (2) the 
combined data tree length:

ILD = (lengthcombined - ∑ lengthindividual sets) / lengthcombined 
              (1)        (2)
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A total of 60 analyses were run on the Museum National d’Histoire Naturelle’s mainframe 
cluster, each analyses performed by 10 parallelised CPUs. The topology that minimises the 
number of transformations under the optimal parameter set is retained as our best phylogeny 
hypothesis.

To evaluate the bias in branch length for the over-representation of Neelipleona in our 
dataset, a supplementary set of analyses was conducted, with the sampling trimmed of 14 
Neelipleona (Tab. 1). We also removed the taxa with missing data (Tab. 1). This analysis was 
run following the same script previously used, under the equal weighting scheme.

3. Results
The ILD scores for all tested parameter sets along with each calculated tree length are 

given in Table 2. The equal weighting scheme (indel:Tv:Ts = 1:1:1) showed to be the model 
minimising incongruency among the four loci. The phylogenetic analysis yielded two trees of 
9118 steps (CI 0.40 , RI 0.65). Strict consensus for these trees is provided in Figure 1 along 
with jackknife support. The cladogram shows monophyly of Collembola, Symphypleona, 
Poduromorpha, Entomobryomorpha and Neelipleona. Neelipleona is the sister group of 
Arthropleona (Poduromorpha, Entomobryomorpha). Symphypleona is the sister group of all 
other Collembola. Except for Dicyrtomidae, Neanuridae, Isotomidae and Entomobridae, every 
collembolan family represented by more than one exemplar is monophyletic. The Neelipleona 
genera Neelus and Megalothorax are monophyletic.

The stability of the main clades resolved in our phylogenetic analysis throughout the 12 
investigated parameter sets is displayed in Figure 1 as non-interpolated Cartesian graphs of 
areas of the parameter space. Monophyly of Entomobryomorpha is recovered in 8 sets out 
of 12 analyses. Poduromorpha are recovered in 6 sets, Symphypleona in 7 sets. Neelipleona 
and the genera Megalothorax and Neelus are always recovered. The clade (Neelipleona, 
Poduromorpha, Entomobryomorpha) is recovered in 5 sets.

Tab. 2  Total number of evolutionary steps reported for each optimal tree inferred from the different 
 parameter sets. The ILD values calculated from those costs for each parameter set are  
 reported in the last column. Parameter sets are named in the first column as XYZ (X = gap  
 cost value, Y = transversion cost value, Z = transition cost value). The lowest ILD value is  
 found for equal weighting (111).

COX1 16S 28S d1 28S d2 All data ILD value
111 3311 2675 599 2351 9118 0,01996052
112 4600 3160 826 2983 11927 0,03001593
121 4599 3358 754 2807 11781 0,02232408
122 6097 3988 1023 3631 15156 0,02751386
211 3323 3057 651 2708 9974 0,02356126
212 4882 3859 941 3644 13703 0,02751222
221 4881 4381 868 3540 13981 0,02224447
241 7376 5744 1173 4490 19264 0,02496885
412 4896 4348 1034 4213 14928 0,02927385
421 4887 5076 964 4192 15519 0,02577486
441 7893 7653 1376 5799 23323 0,02581143
841 7905 9001 1577 7022 26318 0,03089141
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The reduced data set analysis yielded a tree of 7592 steps (CI 0.45, RI 0.55). Collembola, 
Neelipleona, Arthropleona, Entomobryomorpha and Poduromorpha are monophyletic, 
Symphypleona are paraphyletic. The schematic relationships between those taxa are: Sminthurus 
viridis, ((Sminthurinus bimaculatus, Neelipleona), (Poduromorpha, Entomobryomorpha)). In 
regards of the presented trees (Fig. 1), the relationships within Poduromorpha are unchanged, 
the position of the clade (Orchesella cincta, O. villosa) and (Folsomia candida, Isotoma 
viridis) is swapped and the positions of ‘Megalothorax FRA 8’ and ‘Megalothorax USA 1’ 
are swapped.

3.1. Geographical distribution and phylogenetic pattern within Megalothorax genus
The first dichotomy of the Megalothorax clade separates an American group (French 

Guiana, Chile, Argentina and USA) group from a group composed of European and some 
other South American specimens. The specimens from French Guiana formed a clade. The 
two Argentinean specimens did not group together. French specimens did not form a clade 
either. Two Argentinean specimens (‘Megalothorax ARG 3’ and ‘ARG 4’) are closer to some 
French specimens (‘Megalothorax FRA 2’ and ‘FRA 3’) than to other Argentinean or South 
American Megalothorax. Among the Megalothorax specimens captured in the garden of the 
Laboratoire d’Ecologie des Sols Tropicaux (Brunoy, France) (‘Megalothorax FRA 1’ to ‘FRA 
7’ in Fig. 1 and Tab. 1), some showed to be nearly identical (‘FRA 4’, ‘5’ and ‘6’), whereas 
some seem phylogenetically closer to Argentinean specimens (‘FRA 2’, ‘FRA 3’).

3.2. Branch length
Branch length here stands for the number of evolutionary steps separating each node and 

terminal in the present phylogeny. Because the equal weighting scheme has been selected, 
each indel, Tv and Ts event represents one evolutionary step.

Some Neelipleona OTUs are held by longer branches from the root than the other 
Collembola (e.g. ‘Megalothorax FRA 4’, ‘5’ and ‘6’). Transformations (indels, Tv and 
Ts) inside Megalothorax and Neelus genera are globally more numerous than in any other 
Collembola order. We provide here the number of transformations separating most distant 
OTUs in each order and in Megalothorax and Neelus genera. This distance is evaluated in 
priority with the phylogenetic pattern, and then with the number of single transformations 
separating the OTUs (the most distant relatives most transformed from a common ancestor) for 
ACCTRAN optimisation. Sminthurus viridis and Sminthurinus bimaculatus (Symphypleona) 
are separated by 489 transformations. 616 transformations separate Parisotoma notabilis 
and Folsomia candida (Entomobryomorpha). 801 transformations separate Kalaphorura 
paradoxa and Podura aquatica (Poduromorpha). 327 transformations separate Neelus koseli 
and ‘Neelus FRA 1’ (Neelipleona). 1090 transformations separate ‘Megalothorax GUF 1’ and 
Megalothorax ‘FRA 6’ (Neelipleona). Finally, 1100 transformations separate ‘Neelus FRA 2’ 
from ‘Megalothorax GUF 1’ (Neelipleona). Figure 1 represents the cladogram with branches 
proportional to length, in ACCTRAN optimisation.

The analysis with a reduced taxon sampling shows comparable results. The most distant 
OTUs in Neelipleona are separated by 585 transformations, in Neelus: 216 transformations, 
in Megalothorax: 522 transformations, in Entomobryomorpha: 420 transformations and in 
Poduromorpha: 486 transformations. Since Symphypleona did not form a clade, they are not 
discussed here.
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4. Discussion
4.1. Neelipleona Monophyly
The phylogenetic analysis results strongly support the monophyly of Neelipleona although 

the lack of data for the three remaining genera Neelides, Acanthothorax and Zelandothorax 
is a limitation to this conclusion. Acanthothorax and Zelandothorax are monospecific genera. 
Neelides is a more important genus within Neelipleona in term of occurrence and of diversity 
(with five species described). Monophyly of Neelipleona was never questioned since the 
discovery of the group. Neelipleona are indeed characterised by a set of unique morphological 
characters, supposedly apomorphic: a globular shape formed largely by expansion of the 
thoracic segments rather than abdominal ones as it is observed in Symphypleona; coxae and 
subcoxae well developed, coxae being larger than trochanters; special sensilla in sensory fields 
on the head and abdomen; epicuticula scales off, i.e. desquamation (as opposed to the classical 
tegumentary granules in other Collembola) (Massoud 1971, Dallai 1979); midgut with 4 
diverticula; dentes subdivided. Other characters shared by Neelipleona include the absence 
of eyes (also in many other Collembola groups), the special structure and ultrastructure of the 
antennae, the secretion of wax rods (Vannier & Massoud 1967) (also found in Dicyrtomidae, 
probably a convergence) and a retinaculum lacking any setae (the retinaculum always bears 
setae in adult Eusymphypleona). The strong morphological affinities shared by all Neelipleona 
leave little doubt on the monophyly of the group, but more data should be acquired if inner 
Neelipleona relationships are to be studied in detail.

4.2. Relationship among Collembola
The phylogenetic position of Neelipleona uncovered in the present work disagrees with 

previous molecular and morphological phylogenies that included representatives of this 
clade. D’Haese (2003a) supported Neelipleona as sister group of Symphypleona (traditional 
hypothesis of Symphypleona s. l.), Symphypleona s. l. as sister group of Entomobryomorpha 
and the whole being sister group of Poduromorpha. Gao et al. (2008) molecular phylogeny 
of Hexapoda and von Reumont et al. (2009) molecular phylogeny of Arthropoda supported 
Neelipleona as sister group of all other Collembola. Xiong et al. (2008) molecular phylogeny 
of Collembola supported Symphypleona as sister group of Neelipleona, the whole being sister 
group of Arthropleona. Finally, Dell’Ampio et al. (2009) phylogeny of Hexapoda uncovered 
Neelipleona either emerging in a basal trichotomy together with Entomobryomorpha and 
(Poduromorpha + Symphypleona), or as sister group of all other Collembola.

While each of those analyses proposed a different hypothesis it can be remarked that, at 
the collembolan order level, the unrooted trees recovered in D’Haese (2003a), Xiong et al. 
(2008) and Gao et al. (2008) are compatible. Disagreement among those multiple phylogenies 
are due to the root position. In Xiong et al. (2008) root is on the branch linking Neelipleona + 
Symphypleona to Entomobryomorpha + Poduromorpha, recovering the traditional separation 
of Collembola in Arthropleona and Symphypleona s. l. In the present analysis, the root 
occurs on the branch linking Symphypleona to other Collembola. The unrooted topologies 
of Collembola of Dell’Ampio et al. (2009) and von Reumont et al. (2009) differ from the 
unrooted topologies of D’Haese (2003a), Xiong et al.(2008) and Gao et al. (2008). While von 
Reumont et al. (2009) got strong Bayesian support for the root of Collembola, the Dell’Ampio 
et al. (2009) root is more problematic, with a basal trifurcation. The cited phylogenies are 
summed up at the order level in Fig. 2 with the indication of root position. It is to be suspected 
that the molecular divergence of Collembola with respect to any other Hexapodan lineage is so 
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pronounced that attempts to polarise the phylogeny are subject to a random outgroup principle 
(Lanyon 1988, Wheeler 1990), resulting in a random root for the tree. This is precisely what 
happened with the Symphypleona being ‘basal’ and paraphyletic in D’Haese (2002). The 
major challenge in resolving the phylogeny between those orders will be to overcome the 
problem to provide a robust root hypothesis. The close relationships between Neelipleona 
and Symphypleona, supported by morphology (Bretfeld 1986, D’Haese 2003a) and recovered 
by Xiong et al. (2008) molecular based phylogeny are not supported in the present study. 
Janssens’ (2009) hypothesis of Neelipleona being derived from Entomobryomorpha is not 
supported either. However, this study does not claim to solve the problem of relationship 
between Collembola orders. The phylogenetic position of Neelipleona remains unclear, and 
thus, it is to be suspected that Neelipleona is separated from any other collembolan family. 
Unveiling their precise relationship either with Symphypleona or other Collembola shall 
require a cladistic analysis including molecular and morphological data with strong homology 
hypotheses. From this perspective, efforts to understand homology relations between 
Neelipleona original attributes and other Collembola shall prove decisive.

Fig. 2  Phylogenetic relationships among Collembola orders from different publications. The 
 arrows indicate root position for the respective publications. More than one arrow indicates  
 a root ambiguity. A ‘*’ following a taxon name and preceding a publication citation  
 indicates that the taxon is not monophyletic in the respective publication (when  
 Entomobryomorpha is not monophyletic, it is always because of Tomoceridae grouping  
 with Poduromorpha). Except for Dell’Ampio et al. (2009), previous phylogenies differ from  
 the present study only by the root position.



Unexpected diversity in Neelipleona 395

4.3. Branch length and Neelipleona biodiversity
Our results show that for the Neelipleona and Collembola sampling at hand, molecular 

divergence (for D1, D2, 16S, COX1 regions) in Neelipleona was greater than in any other 
Collembola orders. Moreover, the molecular divergence in the ubiquitous Megalothorax 
genus alone is greater than in any other order, each represented by several families. This is 
to be compared to the fact that out of more than 8000 known species of Collembola, only 
35 are Neelipleona. We could retrieve 16S and COX1 only for two Symphypleona species, 
Sminthurus viridis and Sminthurinus bimaculatus. Those two species are believed to be distant 
relatives within Symphypleona (this is also buttressed by our analysis), but the lack of data for 
the other taxa prevents any detection of homoplasy. The strong representation of Neelipleona 
in the sampling could also have led to a better detection of homoplasy within the group, in 
regards of the other orders. The reduced data set analyses aimed to reduce this bias. Even 
though the gap is smaller, the genetic divergence of Neelipleona inferred with this trimmed 
dataset remains greater than the divergence within Entomobryomorpha and Poduromorpha. 

The less diversified order of Collembola (to date) shows a molecular divergence comparable 
to each other order. This gap between molecular data and taxonomy is a first argument to 
support the idea that Neelipleona diversity remains largely undescribed.

Another striking result is that the specimens from Brunoy (labeled ‘Megalothorax FRA 1’ 
to ‘FRA 7’) all collected in the same habitat did not form a monophyletic group and showed 
high molecular divergence. Some of them even showed a closer relationship with specimens 
from other regions (Argentina, other regions of France). This means that the sample here 
was heterogeneous. Using a field microscope, we could not retrieve any morphological 
evidence for different species being present in the sample (all observed specimens from 
Brunoy belong to the minimus group). We observed the cohabitation of two species of the 
minimus group in recently acquired material (not included in the present study). The species 
could be distinguished only with the microscope (1000x magnification). It is possible that a 
similar association occurs at our Brunoy sample. However, since the sequenced specimens 
are lost, we cannot conclude any further. In this situation the need to save the voucher during 
DNA extraction to allow microscopical determination is obvious, but extremely difficult. 
The molecular divergence among the investigated Neelipleona specimens is not correlated to 
geographical distance and is greater than in any other Collembola orders. This result pleads 
for the idea that our sample contains several unidentified species. It is at least an optimistic 
indicator of the need to perform a thorough research on Neelipleona. Morphological strong 
affinities shared among Neelipleona probably hide the level of diversification of the group, 
which may be as diversified as other Collembola orders are.

5. Conclusion
A comparison of existing phylogenetic analyses shows that if the Neelipleona position within 

Collembola is not clearly elucidated, Neelipleona however form a well-defined monophyletic 
group and are never placed inside any other order. Our analyses buttress this, and reveal a 
great molecular diversity among a sample of Neelipleona specimens from various worldwide 
geographical origins; a diversity that is comparable to what is found within other Collembola 
orders. Neelipleona certainly deserves its taxonomic rank in this regards. This is an example 
of how molecular tools can bring new light on a poorly known group, justifying the need to 
thoroughly explore it. DNA sequences, and especially the barcode sequences, can be useful 
tools (among others, see Stevens et al. 2011) for taxonomists to discover overlooked diversity 
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(Saunders & McDonald 2010). We believe that further work on taxonomy and evolutionary 
processes in Neelipleona promises to reveal new insights into collembolan natural history. 

6. Supplementary Material 
Supplementary information, containing the general POY script used for each analysis plus 

support files, the tree files along with strict consensus, and the tree resulting from the reduced 
analysis, is available at http://www.soil-organisms.org.
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