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Molecular phylogeny supports
S-chaetae as a key character
better than jumping organs and
body scales in classification of
Entomobryoidea (Collembola)
Feng Zhang1, Dan-Dan Sun1, Dao-Yuan Yu2 & Bei-Xin Wang1
The jumping organ (furcula) is the most characteristic structure among collembolans, and it is of
great taxonomical values at higher levels. The largest superfamily Entomobryoidea is traditionally
classified into four families only by the morphology of the furcula. Actually, many taxa among
these families are strikingly similar in morphology without considering furcula. The phylogeny of
Entomobryoidea was reconstructed here based on mitochondrial and ribosomal fragments. This
indicated that both Paronellidae and Cyphoderidae were ingroups within Entomobryidae with
the former polyphyletic. Topology tests, which used the likelihood and Bayesian approaches,
also rejected the traditional hypotheses relying on furcula morphology. Further ancestral state
reconstructions have revealed that traditional taxonomical characters, i.e., furcula and body scales,
had multiple independent origins in Entomobryoidea whereas tergal specialized chaetae (S-chaetae)
exhibited strong phylogenetic signals. By integrating both molecular and morphological evidence,
the results of this study drastically undermine the present classification of Entomobryoidea. Tergal
S-chaetotaxic pattern in combination with other characters are more reasonable in taxonomy at
suprageneric levels than convergent furcula. This study provides new insights of the jumping organ,
which could be adaptively modified during evolution of Collembola.

The jumping organ or furcula is perhaps the most characteristic feature of Collembola (Fig. 1). Furcula
has two main functions: to make jump and to escape from predators1. The furcula originates from a pair
of appendages on the fourth abdominal segment (Abd.), with the basal part fused to form the manubrium and the two distal parts separated and developed into dens (Fig. 1a), whose most distal parts bear
a small mucro2,3 (Fig. 1b–f). All three parts of furcula are of great taxonomical values from specific to
familial levels in the traditional classification. In addition, distribution and morphology of body scales
are also important diagnostic characters at generic and suprageneric levels. However, they rarely have
been studied within Collembola in an evolutionary view.
More than one fourth of collembolan species belong to superfamily Entomobryoidea possessing a
well-developed furcula4. Börner divided Entomobryidae sensu Entomobryoidea Szeptycki, 19795 into
Entomobryinae, Cyphoderinae, and Paronellinae, with the last having uncrenulate dens6 (Table 1).
Later, Absolon and Ksenemann raised three subfamilies to families, separating Paronellidae into scaled
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Figure 1. Jumping organ and tergal chaetae in Entomobryoidea. (a) Homidia sinensis Börner
(Entomobryidae), crenulate dens and smooth specialized chaetae (S-chaetae) on the fourth abdominal
segment; (b–f) types of mucro; (b) Coecobrya caledonica, falcate; (c) Akabosia matsudoensis, bidentate;
(d) Lepidocyrtus felipei, bidentate; (e) Salina pictura, tridentate; (f) Callyntrura guangdongensis, two apical
and three large and one minute lateral teeth; (g) schema of tergal S-chaetae in Homidia sinensis, chaetal
formula 2, 2/1, 2, 2, ?, 3 (S-microchaetae excluded); and (h) fringed dental scales in Cyphoderus javanus.
Scale bars: (a) 200 μ m for S-chaetae and 500 μ m for others; (b–f) 50 μ m; (g) 300 μ m; (h) 10 μ m.
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characters for dens

Entomobryidae
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Cyphoderidae
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Microfalculidae

-
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Smootha
Smoothb
Mucro absent

Table 1. Classification systems and corresponding diagnostic characters used in Entomobryoidea.
a, smooth without fringed scales; b, smooth with fringed scales (Fig. 1h); *, oncopodurines included.

Paronellinae and unscaled Salinae and included oncopodurines in Cyphoderidae7. Yosii analyzed the
phylogenetic significance of chaetotaxy in Collembola and treated Cyphoderinae sensu Börner as a family8. Both Szeptycki5 and Deharveng9 treated Börner’s subfamilies as families, together with the fourth
small family Microfalculidae having no mucro. The only difference from the classification of Absolon
and Ksenemann was that Oncopoduridae was excluded from Entomobryoidea. In 2008, Soto-Adames
et al. demoted Cyphoderidae to a subfamily within Paronellidae because of differences from the other
subfamily Paronellinae in the presence of fringed dental scales10 (Fig. 1h). Actually, most researchers have
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preferred treating cyphoderids as a separate family due to their elongate mucro as well as the absence
of eyes and pigment. Geographical distribution may also provide potential discrimination evidence, the
cyphoderids and entomobryids worldwide, but most genera and species of Paronellidae s. s. distributed
in tropical and subtropical zones11,12.
Szeptycki proposed the modern classification of Entomobryoidea based on his great contribution
on the evolution of tergal chaetotaxy; whereas he pointed out that phylogenetic relationships between
taxa within Entomobryoidea remained obscure5. Paronellidae and Cyphoderidae distinctly related to
higher Entomobryidae (Entomobryinae, Seirinae, and Lepidocyrtinae) due to the elongation of the
fourth abdominal segment. These three groups are very similar and cannot be distinguished even after
rigorous examination of synapomorphies. The only separating criterion is dens (middle part of furcula),
which is smooth and nearly cylindrical in Paronellidae while crenulate and strongly taped (Fig. 1a) in
Entomobryidae10. However, confusion is brought by the Paronellidae genera Akabosia13 and Yosiia14,
which have distinct crenulations on their dens (Fig. 1c) as those in Entomobryidae. A new genus (unpublished data), which formally belonged to Paronellidae and has crenulations on the distal part of dens
and reduced mucro, challenges the traditional view too. Yoshii introduced the remarkable coincidence
between Entomobryidae and Paronellidae taxa based on scale morphology and macrochaetotaxy15. All
of the above evidence strongly questions the monophyly of Paronellidae and the present classification of
Entomobryoidea.
Molecular phylogeny of Entomobryoidea has been rarely studied in the past, usually sampling few
entomobryid taxa for the analyses16–19. Xiong et al. sampled a paronellid species (Callyntrura sp.) in
the phylogeny of Collembola based on rRNA genes17; however, this taxon was finally located within
Entomobryidae and sistered to three sampled Entomobryinae species upon the trees, but never departed
from Entomobryidae. Other studies mainly focused the largest family Entomobryidae within the superfamily. Zhang et al.20 reconstructed the phylogeny of Entomobryidae based on the nuclear 18/28S rRNA
and the mitochondrial 16S rRNA, indicating the independent origins of body scales. Subsequently, Zhang
and Deharveng21 discovered the great phylogenetic values of tergal specialized chaetae (S-chaetae) in
Entomobryidae and further revised the family. S-chaetae are smooth, blunt, more translucent under light
microscope, and differ from ordinary chaetae (Fig. 1a,g). The absence of plurichaetosis, the intraspecifically stability with development, and the variety of the pattern between taxa make S-chaetotaxy a promising character for taxonomy9. S-chaetotaxy has been widely used in the taxonomy of Isotomidae22, but
it was rarely explored in the phylogeny of higher levels except Poduromorpha and Entomobryomorpha23.
To improve the understanding of the jumping organ and clarify the evolutionary relationships among
Entomobryoidea, this study reconstructed the phylogeny based on the mitochondrial and nuclear genes
by likelihood and Bayesian algorithms. Several monophyletic hypotheses were assessed by using both
likelihood and Bayesian approaches. Furthermore, ancestral character states and phylogenetic signals
of the jumping organ and other potential useful characters, i.e., body scales and S-chaetae, were also
examined upon phylogenies reconstructed here.

Results

Phylogenetic inference. Maximum likelihood (ML) and Bayesian inference (BI) analysis gener-

ated the same results at the suprageneric levels. Phylogeny of five main clades was reconstructed well
with high Bayesian posterior probabilities (BPP) (> 0.98, Fig. 2): (Orchesellinae + (Heteromurinae +
(“Lepidocyrtinae” + (Seirinae + “Entomobryinae”)))). Monophyly of Heteromurinae and the sister relationship of Seirinae and “Entomobryinae” possessed slightly weak bootstrap support (maximum likelihood bootstrap (MLB) >0.65). Some “Entomobryinae” clades of very low MLB values in ML-analysis
appeared in a polytomy in BI consensus tree.
Monophyly of Paronellidae s. s. and Paronellidae s. l. (Paronellidae +  Cyphoderidae) taxa was never
recovered, while Orchesellinae and Heteromurinae taxa were always located at the root of the ingroup. In
all analyses, seven Paronellidae species were located within Entomobryinae (labeled as “Entomobryinae”
in Fig. 2). One Paronellidae and one Cyphoderidae within Lepidocyrtinae (labeled as “Lepidocyrtinae” in
Fig. 2). Akabosia matsudoensis, which bears crenulate dens and was placed in Paronellidae, was sistered
to two other Cremastocephalini taxa. Four Callyntrurini taxa within “Entomobryinae” never formed a
monophyletic clade.

Tree topology comparison. Both approaches absolutely rejected the hypotheses B and C (Table 2),
which indicated that Paronellidae and Paronellidae sensu Soto-Adames et al. were polyphyletic as
ingroup of Entomobryidae. Hypotheses D (monophyly of Orchesellinae s. l.), E (Heteromurinae as the
basal group) and F (Seirinae sistered to “Lepidocyrtinae”) were accepted by CONSEL test (p >  0.05) but
were rejected by Bayes factor test (3 <  BFs <  5).
Phylogenetic signal.

The retention index (ri) and method of Maddison and Slatkin24 were employed
for the tests of phylogenetic signal. No significant difference was observed between analyses on ML and
BI trees (Table 3). The furcula (dens plus mucro) and body scales indicated the weak phylogenetic signals
with low ri values (<0.65), and the relative large ratio of observed/permutation number of character
transitions (obs/permu >  0.65), while tergal S-chaetae exhibited as a non-homoplastic character (ri =  1
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Figure 2. Bayesian phylogeny of Entomobryoidea based on molecular dataset. Node values represent
likelihood bootstrap and posterior probabilities, respectively, with a – indicating nodes not compatible
between the analyses. Paronellidae terminals are marked as reddish ones, Cyphoderidae as yellow one, and
others as Entomobryidae. “Entomobryinae” and “Lepidocyrtinae” indicate the group contains paronellid and
cyphoderid taxa besides traditional taxa.

for ML tree). When S-chaetae on each tergum were separately analyzed, all indicated strong phylogenetic
signals (ri >  0.85, obs/permu <  0.45).

Ancestral state reconstruction. Ten well supported deep nodes (BPP >  0.98, Fig. 3) were selected

for ACSR of eight observed characters. Posterior probabilities (PP) of ancestral states under maximum
parsimony (MP), ML, and Bayesian (BayesTraits) methods were summarized in Supplementary Table S2.
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Likelihood Tests
Hypotheses

Bayes Factors

AU

SH

WSH

Model likelihood

A

0.789

0.961

0.968

− 37383.64

Logarithm difference
0

B

4e-028**

0**

0**

− 37797.09

413.45**

C

4e-034**

0**

0**

− 37795.22

411.58**

D

0.227

0.681

0.49

− 37387.47

3.84*

E

0.237

0.651

0.45

− 37387.78

4.14*

F

0.374

0.714

0.631

− 37387.92

4.28*

Table 2. Comparison of tree topology hypotheses by using likelihood and Bayesian approaches.
Monophyly constraints: A, best trees without any constraints; B, Entomobryidae + Paronellidae sensu SotoAdames et al.; C, Entomobryidae + (Paronellidae +  Cyphoderidae); D, (Orchesellinae +  Heteromurinae)
+ remaining taxa; E, Heteromurinae + (Orchesellinae +  remaining taxa); F, “Entomobryinae” + (Seirinae
+ “Lepidocyrtinae”). ** and * respectively represent very strong and strong evidence against an alternative
hypothesis.

ML Tree
Character

BI Tree

ri

obs

permu

obs/permu

ri

obs

permu

obs/permu

Dens

0.375

6

6

1.000

0.375

6

6

1.000

Mucro

0.625

6

9

0.667

0.625

6

9

0.667

Scales

0.579

9

12

0.750

0.579

9

13

0.690

Tergal S-chaetae

1.000

9

22

0.409

0.941

10

22

0.455

S-chaetae on thorax

0.933

5

13

0.385

0.867

6

13

0.462

S-chaetae on Abd. I

0.938

4

13

0.308

0.875

5

13

0.385

S-chaetae on Abd. II

0.929

5

15

0.333

0.929

5

15

0.333

S-chaetae on Abd.
III

0.857

6

15

0.400

0.857

6

14

0.429

S-chaetae on Abd. V

1.000

4

8

0.444

1.000

4

9

0.444

Table 3. Phylogenetic signal tests for each morphological character on a ML tree and a BI consensus
tree. The retention index (ri) and the method of Maddison and Slatkin24 are employed for the tests. obs,
observed number of character transitions; permu, permutation number of character transitions; S-chaetae,
tergal specialized chaetae.

The results of MP and ML generally agreed very well in most nodes. The results of Bayesian single-rate
and unrestricted-rate models sometimes provided strikingly different probabilities of ancestral states
for body scales and S-chaetae on Abd. I (Supplementary Table S2). The single-rate Bayesian model performed closer to ACSR of MP and ML. The logarithm difference in harmonic mean likelihood between
two rate models was always less than two, indicating no significantly differences between two models.
For the jumping organ, ancestral state of nodes 6–10 was dens crenulate and mucro bidentate (most
PP >  0.95, Fig. 3, Supplementary Table S2). Taxa bearing smooth dens, or non-bidentate mucro, or body
scales, never formed a monophyletic group. Smooth dens appeared independently in Entomobryoidea
at least five times, non-bidentate mucro five times, body scales nine times.
For the tergal ordinary S-chaetae on ancestral states (node 10, all PP >  0.9), the S-chaetae were 2, 2 on
thoracic segment (Th.) II and III as well as 1 on abdominal segment (Abd.) I (Supplementary Figs S1, S2).
They were transformed into states 1, 1 on thorax and 0 on Abd. I three times, once in Lepidocyrtinae,
once in Seirinae, and once in the clade of ((Akabosia +  Salina) +  Callyntrura). The ancestral state of the
S-chaetae on Abd. II, III, and V was likely to be multi-setaceous (>4) type (Bayesian PP >  0.5). When
the tergal S-chaetae was analyzed as a single character, the ancestral states were equivocal at nodes
7–10 by using ML-ACSR (Fig. 4b), and dispersed much of the PP on several states under BI-ACSR
(Supplementary Table S2).

Discussion

Primary classification framework of Entomobryoidea has not been changed since Börner6, which separated the superfamily into three main groups (Table 1). The furcular dens are crenulate (Fig. 1a) in
Entomobryidae, smooth in Paronellidae, and smooth with fringed scales (Fig. 1h) in Cyphoderidae.
Molecular phylogeny reconstruction and tree topology tests did not support the monophyly of
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(a)

Tomocerus ocreatus
Folsomia candida
Folsomia quadrioculata
Akabosia matsudoensis
Salina celebensis
Salina sp
Callyntrura guangdongensis
Callyntrura sp
Drepanura sp1
Entomobrya multifesita
Pseudoparonella sp
Pseudoparonella tanimbarica
Willowsia nigromaculata
Willowsia guangdongensis
Willowsia japonica
Willowsia sp3
Coecobrya tenebricosa
Sinella curviseta
Sinella longisensilla
Entomobrya proxima
Himalanura sp
Willowsia sp1
Entomobrya aino
Entomobrya sp
Homidia sichuanensis
Homidia socia
Homidia sinensis
Sinhomidia bicolor
Willowsia sp2
Seira barnardi
Seira sp2
Seira delamarei
Seira sp1
Ascocyrtus sp
Cyphoderus javanus
Cyphoderopsis sp
Pseudosinella tumula
Lepidocyrtus sp1
Lepidocyrtus sp2
Pseudosinella alba
Alloscopus sp
Dicranocentrus wangi
Heteromurus major
Heteromurus nitidus
Orchesellides sinensis
Orchesellides sp
Orchseslla cincta

Number of large teeth on mucro
>3
1
2
3
Node Absent
Equivocal

(b)

Figure 3. Evolution of jumping organ in Entomobryoidea. (a) dens; and (b) mucro. ACSR was
reconstructed over 15,000 posterior trees using ML method and shown on a Bayesian consensus tree. Each
node indicates character states with different colorations and the proportion of the state over all examined
trees. Character states and their coding numbers are shown. Ten well-supported deep nodes for which ACSR
were performed are also indicated.

Paronellidae s. s. and Paronellidae s. l. (Paronellidae +  Cyphoderidae), which were treated here as the
ingroup of Entomobryoidea (Fig. 2). The results of this study fairly demonstrated Szeptycki’s doubt5 by
molecular approaches, and drastically undermined the traditional classification of the superfamily.
The separation of crenulate and smooth dens is usually available in the morphology for Entomobryoidea
except Yossia and Akabosia, the latter genus possessing crenulate dens but distally large bladder-like
appendage and elongate mucro with apically bidentate (Fig. 1c). Molecular phylogeny clustered Akabosia
and Salina together with absolute high node support (100/1, Fig. 2), which again demonstrated the
viewpoint of Kang and Park25 based on morphology. Tergal S-chaetotaxy (Fig. 4b), discrete eyes in
appearance, and large tenent hairs also support a closer relationship between them besides several other
distinguishable characters mentioned by Kang and Park. The systematic position of Akabosia indicates
that Paronellidae taxa could bear both crenulate and smooth dens.
The mucro is usually variable (Fig. 1b–f) at the generic levels in Entomobryomorpha, such as those
in Isotomidae22. “Highly variable mucro” is almost impossible to be accurately defined as a synapomorphy for Paronellidae taxa (Fig. 3b). Body scales are also of different origins for the Callyntrura and
Pseudoparonella (Fig. 4a), as well as those in Entomobryinae20.
Actually, the corresponding groups of Paronellidae, Cyphoderidae, and Entomobryidae have great
morphological similarities without considering the furcula5. Yoshii’s findings15 of the coincidence
between Paronellidae and Entomobryidae partially supported the present molecular phylogeny; one
character (tergal macrochaetae in his table) is homoplastic in the traditional view, but it is consistent here. Besides the elongated fourth abdominal segment (Fig. 1), Paronellini, Bromacanthini, and
Cyphoderidae have the presence of body scales with fine ciliations as well as reduced cephalic and tergal
macrochaetae with developed bothriotrichal complexes11,15,26,27, which are also the representative features
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Salina sp
Callyntrura guangdongensis
Callyntrura sp
Drepanura sp1
Entomobrya multifesita
Pseudoparonella sp
Pseudoparonella tanimbarica
Willowsia nigromaculata
Willowsia guangdongensis
Willowsia japonica
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Coecobrya tenebricosa
Sinella curviseta
Sinella longisensilla
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Himalanura sp
Willowsia sp1
Entomobrya aino
Entomobrya sp
Homidia sichuanensis
Homidia socia
Homidia sinensis
Sinhomidia bicolor
Willowsia sp2
Seira barnardi
Seira sp2
Seira delamarei
Seira sp1
Ascocyrtus sp
Cyphoderus javanus
Cyphoderopsis sp
Pseudosinella tumula
Lepidocyrtus sp1
Lepidocyrtus sp2
Pseudosinella alba
Alloscopus sp
Dicranocentrus wangi
Heteromurus major
Heteromurus nitidus
Orchesellides sinensis
Orchesellides sp
Orchseslla cincta

Tergal S-chaetae
6,6,5,>4,>4,>4
4,3,2,2,2,>4
2,2,1,>4,>4,>4
2,2,1,3,3,4
2,2,1,3,3,3
1,1,0,1,1,3/2
1,1,0,2,2,3
2,2,1,2,2,3
1,1,0,0,1,3
1,1,0,0,0,3
Node Absent
Equivocal

(b)

Figure 4. Evolution of body scales and tergal S-chaetae in Entomobryoidea. (a) body scales; and (b)
tergal S-chaetotaxic pattern. ACSR was reconstructed over 15,000 posterior trees using ML method and
shown on a Bayesian consensus tree. Each node indicates character states with different colorations and the
proportion of the state over all examined trees. Character states and their coding numbers are shown.

for Lepidocyrtinae5. Tergal S-chaetotaxy 1, 1/0, 1, 1 from mesothorax to Abd. III is also a potential
synapomorphy for “Lepidocyrtinae” (Fig. 4b). Dental morphology is unavailable for the separation of
Salina/Akabosia/Callyntrura/Pseudoparonella and Entomobryinae, so that no reliable characters could be
used for their classification.
As discussed above, traditional characters, such as furcula, body scales, etc., are no longer suitable for
the classification of Entomobryoidea at the familial level. Low phylogenetic signals (ri <  0.65, Table 3)
also implied their high homoplasy. Alternatively, tergal S-chaetae, whatever combined or separate analyses, exhibited a much stronger phylogenetic signal (ri >  0.85, Table 3), performing perfectly at deep
levels (Fig. 4b). Multiple patterns in monophyletic “Entomobryinae” were mainly resulted from those
Paronellidae taxa, four sampled genera bearing four patterns. As for unsampled Microfalculidae with
mucro absent and dens crenulate, the morphological examination revealed that reduced S-chaetotaxy
and tergal macrochaetae similar to Akabosia, strongly developed tenent hairs, and discrete eyes. Both
groups live in the very humid epigeic environment, such as on leaves or barks, further implying that
Microfalculidae might be the derivative of Akabosia/Salina (personal communication with C. D’Haese).
Early taxonomical context in Cyphoderidae was comprised of Cyphoderini and Troglopedetini
(the latter is now synonymized with Paronellini26) for eyes reduced and body scales present6,28. Later,
Troglopedetini was transferred to Paronellidae due to the absence of fringed dental scales5,7,9,10.
However, molecular phylogeny (Fig. 2) supports the closer relationship of Cyphoderus (Cyphoderini)
and Cyphoderopsis (Troglopedetini), both of which have been clustered with Lepidocyrtinae. Szeptycki5
noticed that the great similarity in chaetotaxy between Cyphoderus and Lepidocyrtinae. In addition, a second pair of bothriotricha on the antero-lateral head was described in Cyphoderopsis29 and
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Cyphoderidae30 (Cyphoderus, Troglobius), also implying their resemblance. The cyphoderids may have
derived from a Cyphoderopsis-like ancestor for the elongate mucro. Because of its blindness and fringed
dental scales, Cyphoderidae is possibly monophyletic but inappropriate to be treated as a separate
family. Comprehensive comparative studies of “Lepidocyrtinae”, including Lepidocyrtinae, Paronellini
(Troglopedetini), Bromacanthini, and Cyphoderidae, may help to improve the understanding of the final
position of cyphoderids.
Orchesellinae s. l. (Orchesellinae +  Heteromurinae) was considered to be the most primary subfamily
within Entomobryidae for the non-elongate Abd. IV5. Zhang et al.20, and this study achieved the consistent results, supporting the separation of sampled taxa into unscaled and scaled groups. The S-chaetotaxic
pattern also confirmed this separation21 (Fig. 4b). However, previous studies have not resolved the relationship between Orchesellinae and Heteromurinae. The present analyses placed Orchesellinae in a
more basal position (Fig. 2). Test by Bayes factors gave the strong evidence against the two hypotheses,
whereas CONSEL likelihood test could accept the alternative hypotheses (Table 2). Sister relationships
of Heteromurinae and non-Orchesellinae taxa were positively validated by relatively high node support
(74/0.98) and by Bayes factor tests.
When looking at the scaled Orchesellinae, Alloscopus, a subgenus of Heteromurus with five antennal
segments, was sistered to Dicranocentrus of six antennal segments with high support (Fig. 2). In the
morphology, the four S-chaetae on Abd. V also supported the closer relationship of Alloscopus and
Dicranocentrus (Fig. 4b). The present phylogeny again rejects the traditional classification of applying the
number of antennal segments. Moreover, Alloscopus (mainly Southeast Asia31) and Dicranocentrus have
a tropical distribution, and Heteromurus are mostly in the Holarctic area32.
Previous studies supported a closer relationship between Seirinae and Lepidocyrtinae5,8,10. Zhang et al.20
grouped Seirinae and Lepidocyrtinae but with weak support (45/0.67), while CONSEL topology tests
rejected the alternative hypothesis of a sister relationship between the Seirinae and Entomobryinae.
However, the phylogeny reconstructed in this study indicated Seirinae is closer to “Entomobryinae”
than “Lepidocyrtinae” (Fig. 2). Compared to the reconstructions of Zhang et al.20, this study sampled
more taxa (Paronellidae, Cyphoderidae) and sequenced one more mitochondrial marker COI, resulting in higher resolution and support at deep nodes. Zhang et al.20 mentioned some features similar to
Entomobryinae, such as polymacrochaetotaxic chaetotaxy. Another notable coincidence, Seira (Seirinae)
and Callyntrura (“Entomobryinae”) bear the same S-chaetotaxic pattern 1, 1/0, 2, 2, ?, 3 in addition to
their distribution (tropical and subtropical area11,33). Actually, CONSEL topology tests accepted the possibility of the traditional hypothesis, although the Bayes factor gave contrary evidence (3 <  Δ BFs <  5,
Table 2). By considering the great similarity in morphology, the hypothesis cannot be rejected that the
Seirinae and Lepidocyrtinae are sister groups.
As the oldest hexapods34, Collembola possesses the characteristic jumping organ. The basic structure (manubrium, dens, and mucro) is highly diversified at all levels, even completely absent in some
Poduromorpha and Isotomoidea4. Because the smooth (that is not crenulate) dens usually occur in
Poduromorpha and in many more primitive Isotomoidea, so then the absence of crenulations was considered to be primitive (plesiomorphic) for Collembola35. However, this viewpoint was not validated
in Entomobryoidea, which have crenulate dens occurring at all deep nodes (6–10) in ACSR (Fig. 3a,
Supplementary Table S2). It is not a surprising result because Entomobryoidea may originate from higher
Isotomoidea-like ancestors having long and crenulate dens5. Smooth dens are an apomorphic trait during
evolution of Entomobryoidea, and they independently appeared at least four times. The exact reason
is unknown why the crenulate dens are transformed into the smooth one. Evolution of furcula is very
likely to be related to the mechanism of jumping. Among Entomobryoidea, smooth dens are possibly
more adapted to the wet and warm microenvironments, so that most Paronellidae taxa who live in the
tropical and subtropical zones, often on the leaves11. Cyphoderidae, blind and edaphic, have similar
dens to those edaphic primitive groups (most Poduromorpha and Isotomoidea). When thinking about
Akabosia, its secondary crenulate dens may have transformed from ancestral smooth dens (node 5, high
possibility supported by Bayesian analyses, Supplementary Table S2), which may be very likely due to its
present temperate distribution (Japan, Korea, and northern China) rather than subtropical and tropical
zone. Another furcular component mucro, variable among genera, has two common large teeth as many
Isotomoidea in an ancestral state (Fig. 3b).
Taxonomical and evolutionary implications of tergal S-chaetae in Entomobryoidea were overlooked
in previous studies. This study confirmed their strong phylogenetic signals among Entomobryoidea
(Table 3). The evolution of tergal S-chaetae (S-microchaetae excluded) has a reduced tendency from low
to high groups (Fig. 4b). Compared to Entomobryoidea, primitive Isotomidae (state 1) and Tomoceridae
(state 0), which possess much more abundant S-chaetae, particularly on the Th. II‒Abd. I segments
with the greatest numbers. Among the Entomobryoidea, Orchesellinae, and Heteromurinae at the basal
position have more S-chaetae (≥3) on Abd. II, III and V, as well as relatively higher numbers (2, 2,
1, Fig. 1g) on Th. II‒Abd. I than those in other groups. Furthermore, their numbers among partial
segments possibly correlate. For example, Th. II‒Th. III‒Abd. I have 2, 2, 1 in Orchesellinae s. l. and
Entomobryinae, and one postero-lateral S-chaeta (acc. p6 in Szeptycki36) is absent for three segments
in other groups. For Abd. II and III, the middle S-chaeta in Heteromurinae (3, 3) is missing in Seirinae
and Entomobryinae (2, 2); both middle and lateral S-chaetae are lost in the “Lepidocyrtinae” (1, 1). This
correlation occurs in the neighboring segments, which are supposed to be homologous in chaetotaxy and
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function and may involve with the origin of segments5. When ACSR of tergal S-chaetae was analyzed as
a single character, ancestral states are equivocal at deep nodes 7–10, with state 2 (2, 2, 1, >4, >4, >4)
preferred at node 10 (Fig. 4b, Supplementary Table S2). Separate analyses for each segment also provide
the opportunities to trace their possible evolution mode (Supplementary Figs S1‒5) and confirms the
previous single analysis although the evolution of S-chaetae among different segments seems to be not
independent. The ancestors of Entomobryoidea seem to have relatively high number of tergal S-chaetae
like those in the Orchesellinae.

Methods

Taxa sampling. To avoid debates here, the Szeptycki’s classification5 on Entomobryoidea was adopted

here, which recognized four families. One Tomoceridae and two Isotomidae species were chosen as the
outgroup. Forty-four ingroup species covering the main groups of Entomobryoidea were selected for this
study, respectively with 35 Entomobryidae (three Orchesellinae, four Heteromurinae, 19 Entomobryinae,
four Seirinae and five Lepidocyrtinae), eight Paronellidae (three Cremastocephalini including problematic taxa Akabosia matsudoensis, four Callyntrurini, one Paronellini), and one Cyphoderidae species.
Monospecific Microfalculidae from Africa was not included in the present analysis. Taxa names, traditional taxonomical position prior to this study, collection locality, and GenBank accession numbers are
provided in Supplementary Table S1. All specimens were collected by aspirator or Tullgren-Berlese funnels, stored in 99% ethanol at –20 ˚C, and morphologically identified by using Nikon SMZ1000, Nikon
80i microscopes and a Hitachi scanning electron microscope (SEM).

DNA extraction and sequencing. DNA was extracted by using a DNeasy Blood and Tissue Kit

(Qiagen, Hilden, Germany) and following the manufacturer’s standard protocols. PCR amplification of
the four fragments, mitochondrial COI, 16SrRNA (16S), nuclear 18SrRNA (18S), and 28SrRNA D1–3
(28S), was carried out by following Zhang et al.20,37. All PCR products were checked on a 1.0% agarose
gel, purified and sequenced by Majorbio (Shanghai, China) on an ABI 3730XL DNA Analyzer (Applied
Biosystems). Sequences were read and assembled in Sequencher 4.5 (Gene Codes Corporation, Ann
Arbor, Michigan, USA), and were deposited in GenBank (Supplementary Table S1). Sequences were
blasted in GenBank and checked for possible errors. They then were preliminarily aligned by using
MAFFT v7.149 by the Q-INS-I strategy38. Alignments were checked and corrected manually. Partial
ambiguous sites of 16S were excluded from all the analyses. In the final 4015 bp concatenated alignment,
COI, 16S, 18S, and 28S were 658 bp, 416 bp, 1605 bp, and 1336 bp, respectively; a total of 332 sites were
variable and parsimony uninformative, and 989 sites were variable and parsimony informative.

Phylogenetic analyses. The partitioned dataset was analyzed by ML and BI. All three coding

positions of protein-coding gene COI were included in the analyses. Best-fitting substitution models
were assessed for each locus (partition) under the AIC criterion in jModelTest 2.1.439, the TVM+ I+ Γ ,
TPM2uf+ I+ Γ , GTR+ I+ Γ and GTR+ I+ Γ models selected for COI, 16S, 18S and 28S, respectively.
The former two models cannot be implemented in subsequent software, then an alternative GTR+ I+ Γ
model was used. ML trees were reconstructed in raxmlGUI1.340,41 with the GTRGAMMAI model and
1000 bootstrap replicates. BI-analyses were conducted in an online version of MrBayes 3.2.242,43 with four
chains (three heated, one cold) ran and the GTR+ I+ Γ model. Model parameters were unlinked and the
model allowed the overall rate to be different across partitions. To avoid the problem of branch-length
overestimation, the compound Dirichlet priors “brlenspr =  unconstrained: gammadir (1, 1, 1, 1)” for
branches lengths were incorporated44. The number of generations for the total analysis was set at 50 million, with the chain sampled every 5,000 generations. The burn-in value was 25% and other parameters
were set as default options. To confirm convergence, the average standard deviation of split frequencies
and the potential scale reduction factor values were visualized in MrBayes, and evaluating effective sample size values were checked in Tracer 1.545.

Tree topology comparison. Five topology hypotheses on constraining monophyly were tested under

likelihood and Bayesian theory frameworks: A, best trees without any constraints; B, Entomobryidae
+  Paronellidae sensu Soto-Adames et al.10; C, Entomobryidae + (Paronellidae +  Cyphoderidae); D, (Or
chesellinae +  Heteromurinae) + remaining taxa; E, Heteromurinae + (Orchesellinae +  remaining taxa);
F, “Entomobryinae” + (Seirinae + “Lepidocyrtinae”) (paronellid and cyphoderid taxa not excluded from
three clades). Probability values (p-value) of approximately unbiased (AU) tests, Shimodaira-Hasegawa
(SH) and weighted Shimodaira-Hasegawa (WSH) tests were calculated in CONSEL V0.1j46 with the
default settings. Per-site log likelihoods prior to CONSEL analyses were generated by raxmlGUI.
Hypotheses having p-values significant at the level of greater than 0.05 were rejected.
Evaluation of Bayes factors (BFs) has been a standard approach to perform model selection in
Bayesian phylogenetics47,48. Marginal likelihood estimator by stepping-stone sampling49,50 was calculated in MrBayes for five hypotheses. Informed topology was strictly constrained in the prior because
standard way of BF tests of monophyly can be misleading51. Markov chain Monte Carlo (MCMC) processes are the same as previous analyses (ngen = 50000000 samplefreq = 5000). A logarithm difference
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(logBF1-logBF0) in the range of three to five was considered to give strong evidence against hypothesis
zero, while the difference value above five gives very strong evidence52.

Phylogenetic signal tests.

Several characters, which were important for taxonomy in Entomobryoidea
or of potential phylogenetic significance, were selected for assessing phylogenetic signal: furcula (dens
and mucro), body scales, and tergal ordinary S-chaetae (S-microchaetae excluded). S-chaetotaxic patterns on each segment (mesothorax, metathorax, and abdominal segments I, II, III, and V) were also separately analyzed. The S-chaetae on the fourth abdominal segment were not considered here because no
simple pattern can be clarified, and most of them were often lost during specimen preparation. Character
states and coding were shown in Supplementary Table S2.
The phylogenetic signal of morphological characters was assessed on a ML tree and a BI consensus
tree by employing the retention index (ri) and the method of Maddison and Slatkin24. High ri values (≥0.85) indicated low homoplasy and a demonstrable phylogenetic signal. In the latter approach,
the observed number of character transitions and permutation of character values were calculated in
Mesquite. Relatively small observed number of transitions implied that the character evolved slowly
enough to retain phylogenetic information24. All analyses were performed in Mesquite 2.7553.

Character evolution. Results of the ancestral character state reconstructions (ACSR) were often
strikingly different depending on the method used54. The maximum parsimony, maximum likelihood,
and Bayesian methods were performed for the ACSR of deep nodes with high support (BPP >  0.95). By
considering the uncertainty in the tree topology and branch lengths, all analyses were reconstructed on
15000 Bayesian posterior trees and summarized on a BI consensus tree. The MP- and ML-ACSR were
calculated in Mesquite. ML reconstructions were performed under a single-rate Mk1 likelihood model55.
Fully Bayesian reconstructions were performed by using BayesTraits V2.0 (Beta)56,57, for the two strategies employed in this study. The first analysis used a reverse jump (rj) MCMC method on an unrestricted
model to integrate over model parameters and model restrictions. The second analysis used rj-MCMC
on a single-rate model by constraining all transformation rates to be equal. Both analyses employed a
hyper prior approach to seed the mean and variance of the gamma prior from uniform hyper priors
both on the interval of zero to 10. All analyses were run for 50 million MCMC generations with the first
20% as burn-in and sampled every 5,000 generations. Each analysis was duplicated in order to check for
convergence.

References

1. Christian, E. & Völlenkle, W. Collembolensprung-Absprung ber Heteromurus, Lepidocyrtus, Isotoma und Hypogastrura.
Wissenschaftliche Film (Wien) 23, 11‒18 (1979).
2. Eisenbeis, G. & Ulmer, S. Zur Funktionsmorphologie des Sprung-Apparates de Springschwänze am Beispiel von Arten der
Gattung Tomocerus (Collembola: Tomoceridae). Entomol. Generalis 5, 35‒55 (1978)
3. Konopova, B. & Akam, M. The Hox genes Ultrabithorax and abdominal-A specify three different types of abdominal appendage
in the springtail Orchesella cincta (Collembola). EvoDevo 5, 2 (2014).
4. Bellinger, P. F., Christiansen, K. A. & Janssens, F. Checklist of the Collembola of the World. (1996‒2015) Available at: http://www.
collembola.org. (Accessed: 7th January 2015).
5. Szeptycki, A. Morpho-systematic studies on Collembola. IV. Chaetotaxy of the Entomobryidae and its phylogenetical significance
(Polska Akademia Nauk, Kraków, 1979).
6. Börner, C. Die Familien der Collembolen. Zool. Anz. 41, 315–322 (1913).
7. Absolon, K. & Kseneman, M. Troglopeditini. Vergleichende studie über eine altertümliche höhlenbewohnende Kollembolengruppe
aus den dinarischen Karstgebieten. Bericht über eine naturwissenschaftliche Forschungsreise und biospeologische Erforschung
der Insel Brac, Brazza in Dalmatien. Stud. Geb. Allg. Karst. Wiss. Höhl. Nachbargeb. 16, 5–34 (1942).
8. Yosii, R. Phylogenetische Bedeutung der Chaetotaxie bei den Collembolen. Contrib. Biol. Lab. Kyoto Uni. 12, 1–37 (1961).
9. Deharveng, L. Recent advances in Collembola systematics. Pedobiologia 48, 415–433 (2004).
10. Soto-adames, F. N., Barra, J. A., Christiansen, K. A. & Jordana, R. Suprageneric Classification of Collembola Entomobryomorpha.
Ann. Entomol. Soc. Am. 101, 501–513 (2008).
11. Mitra, S. K. Records of the zoological survey of India, chaetotaxy, phylogeny and biogeography of Paronellinae (Collembola:
Entobryidae) (Goverment of India, Calcutta, India, 1993).
12. Hopkin, S. P. Biology of the Springtails (Insecta: Collembola) (Oxford University Press, Oxford, 1997).
13. Kinoshita, S. A new genus of Entomobryidae from Japan. Zool. Mag. (Tokyo) 31, 1–20 (1919).
14. Mitra, S. K. A new genus and species of Indian springtail (Insecta: Collembola: Paronellidae). Proc. Zool. Soc., Calcutta 20, 43–47
(1967).
15. Yoshii, R. Paronellid Collembola from caves of Central and South America collected by P. Strinati. Rev. Suisse Zool. 95, 449–459
(1988).
16. D’Haese, C. A. Were the first springtails semi-aquatic? A phylogenetic approach by means of 28S rDNA and optimization
alignment. Proc. R. Soc. Lond. B. 269, 1143–1151 (2002).
17. Xiong, Y., Gao, Y., Yin, W.-Y. & Luan, Y.-X. Molecular phylogeny of Collembola inferred from ribosomal RNA genes. Mol.
Phylogenet. Evol. 49, 728–735 (2008).
18. Park, K.-H. Molecular biological study on speciation and phylogeny of the order Entomobryomorpha (Collembola: Hexapoda).
Entomol. Res. 39, 334–340 (2009).
19. Schneider, C., Cruaud, C. & D’Haese, C. A. Unexpected diversity in Neelipleona revealed by molecular approach (Hexapoda,
Collembola). Soil Org. 83, 383–398 (2011).
20. Zhang, F. et al. Molecular phylogeny reveals independent origins of body scales in Entomobryidae (Hexapoda: Collembola). Mol.
Phylogenet. Evol. 70, 231‒239 (2014).
21. Zhang, F. & Deharveng, L. Systematic revision of Entomobryidae (Collembola) by integrating molecular and new morphological
evidence. Zool. Scr. 44, 298‒311 (2015).

Scientific Reports | 5:12471 | DOI: 10.1038/srep12471

10

www.nature.com/scientificreports/
22. Potapov, M. Synopses on Palaearctic Collembola. Isotomidae (Abhandlungen und Berichte des Naturkundemuseums Görlitz,
Görlitz, 2001).
23. Deharveng, L. Chétotaxie sensillaire et phylogenése chez les Collemboles Arthropleona. Trav. Lab. Ecobiol. Arthrop. Edaph.
Toulouse 1, 1–15 (1979).
24. Maddison, W. P. & Slatkin, M. Null models for the number of evolutionary steps in a character on a phylogenetic tree. Evolution
45, 1184–1197 (1991).
25. Kang, S. & Park, K.-H. Report of Akabosia matsudoensis Kinoshita (Collembola; Paronellidae) from Korea, with notes on the
Korean aquatic springtail fauna. Entomol. Res. 43, 201–207 (2013).
26. Soto-Adames, F. N., Jordana, R. & Baquero, E. Comparative analysis of the dorsal Chaetotaxy of Troglopedetes, Trogolaphysa, and
Campylothorax supports the synonymization of tribes Paronellini and Troglopedetini (Collembola: Paronellidae). J. Insect Sci.
14, 1–16 (2014).
27. Jantarit, S., Satasook, C. & Deharveng, L. Cyphoderus (Cyphoderidae) as a major component of collembolan cave fauna in
Thailand, with description of two new species. Zookeys 368, 1–21 (2014).
28. Salmon, J. T. An index to the Collembola. Volumes 1 & 2 (The Society Victoria University of Willington, Wellington, New Zealand,
1964).
29. Jantarit, S., Satasook, C. & Deharveng, L. The genus Cyphoderopsis Carpenter (Collembola: Paronellidae) in Thailand and a faunal
transition at the Isthmus of Kra in Troglopedetinae. Zootaxa 3721, 49–70 (2013).
30. Zeppelini, D., de Silva, D. D. & Palacios-Vargas, J. G. A new species of Troglobius (Collembola, Paronellidae, Cyphoderinae) from
a Brazilian iron cave. Subterr. Biol. 14, 1–13 (2014).
31. Mari-Mutt, J. A. Three new species of Heteromurus (Alloscopus) and descriptive notes for species of the subgenus (Collembola:
Entomobryidae). Fla. Entomol. 68, 335–346 (1985).
32. Mari-Mutt, J. A. A classification of the Orchesellinae with a key to the tribes, genera and subgenera (Collembola: Entomobryidae).
Ann. Entomol. Soc. Am. 73, 455–459 (1980).
33. Christiansen, K. & Bellinger, P. A survey of the genus Seira (Hexapoda: Collembola: Entomobryidae) in the Americas. Caribb. J.
Sci. 36, 39‒75 (2000).
34. Whalley, P. & Jazembowski, E. A new assessment of Rhyniella, the earliest known insect, from the Devonian of Rhynie, Scotland.
Nature 291, 317 (1981).
35. Delamare-Deboutteville, C. L. Recherches sur les Collemboles termitophiles et myrmécophiles (Écologie, ethologie, systematique).
Arch. Zool. Exp. Gen. 85, 261–425 (1948).
36. Szeptycki, A. Morpho-systematic studies on Collembola. III. Body chaetotaxy in the first instars of several genera of the
Entomobryomorpha. Acta Zool. Crac. 17, 341–372 (1972).
37. Zhang, F. et al. Cryptic diversity, diversification and vicariance in two species complexes of Tomocerus (Collembola, Tomoceridae)
from China. Zool. Scr. 43, 393‒404 (2014).
38. Katoh, K. & Standley, D. M. MAFFT multiple sequence alignment software version 7: improvements in performance and
usability. Mol. Biol. Evol. 30, 772‒780 (2013).
39. Darriba, D., Taboada, G. L., Doallo, R. & Posada, D. jModelTest 2: more models, new heuristics and parallel computing. Nat.
Methods 9, 772 (2012).
40. Stamatakis, A. RAxML-VI-HPC: maximum Likelihood-based phylogenetic analyses with thousands of taxa and mixed models.
Bioinformatics 22, 2688–2690 (2006).
41. Silvestro, D. & Michalak, I. RaxmlGUI: a graphical front-end for RAxML. Org. Div. Evol. 12, 335–337 (2012).
42. Miller, M. A., Pfeiffer, W. & Schwartz, T. Creating the CIPRES Science Gateway for inference of large phylogenetic trees. [Institute
of Electrical and Electronics Engineers (ed.)] [1–8] Proceedings of the Gateway Computing Environments Workshop (GCE). 14
November 2010. New Orleans, LA.
43. Ronquist, F. et al. MrBayes 3.2: Efficient Bayesian phylogenetic inference and model choice across a large model space. Syst. Biol.
61, 539–542 (2012).
44. Zhang, C., Rannala, B. & Yang Z. Robustness of compound Dirichlet priors for Bayesian inference of branch lengths. Syst. Biol.
61, 779‒784 (2012).
45. Rambaut, A. & Drummond, A. J. Tracer v1.4. (2007) Available at: http://beast.bio.ed.ac.uk/Tracer. (Accessed: 7th May 2014).
46. Shimodaira, H. & Hasegawa, M. CONSEL: for assessing the confidence of phylogenetic tree selection. Bioinformatics 17,
1246–1247 (2001).
47. Sinsheimer, J. S., Lake, J. A. & Little, R. J. Bayesian hypothesis testing of four-taxon topologies using molecular sequence data.
Biometrics 52, 193–210 (1996).
48. Suchard, M. A., Weiss, R. E. & Sinsheimer, J. S. Bayesian selection of continuous-time Markov chain evolutionary models. Mol.
Biol. Evol. 18, 1001–1013 (2001).
49. Xie, W., Lewis, P. O., Fan, Y., Kuo, L. & Chen, M. H. Improving marginal likelihood estimation for Bayesian phylogenetic model
selection. Syst. Biol. 60, 150–160 (2011).
50. Baele, G. et al. Improving the accuracy of demographic and molecular clock model comparison while accommodating
phylogenetic uncertainty. Mol. Biol. Evol. 29, 2157‒2167 (2012).
51. Bergsten, J., Nilsson, A. N. & Ronquist, F. Bayesian tests of topology hypotheses with an example from diving beetles. Syst. Biol.
62, 660‒673 (2013).
52. Kass, R. E. & Raftery, A. E. Bayes factors. J. Am. Stat. Assoc. 90, 773‒795 (1995).
53. Maddison, W. P. & Maddison, D. R. Mesquite: A Modular System for Evolutionary Analysis. (2009) Available at: http://
mesquiteproject.org. (Accessed: 4th May 2014).
54. Ekman, S., Andersen. H. L. & Wedin, M. The limitations of ancestral state reconstruction and the evolution of the ascus in the
Lecanorales (Lichenized Ascomycota). Syst. Biol. 57, 141–156 (2008).
55. Lewis, P. O. A likelihood approach to estimating phylogeny from discrete morphological character data. Syst. Biol. 50, 913–925
(2001).
56. Pagel, M., Meade, A. & Barker, D. Bayesian estimation of ancestral states on phylogenies. Syst. Biol. 53, 673–684 (2004).
57. Pagel, M. & Meade, A. Bayesian analysis of correlated evolution of discrete characters by reversible-jump Markov chain Monte
Carlo. Am. Nat. 167, 808–825 (2006).

Author Contributions

F.Z. and B.-X.W. designed the study and analyzed the data; F.Z. and D.-D.S. performed the experimental
work; F.Z. and D.-Y.Y. collected the material; F.Z. drafted the manuscript, which was corrected and
approved by other authors.

Scientific Reports | 5:12471 | DOI: 10.1038/srep12471

11

www.nature.com/scientificreports/

Additional Information

Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Zhang, F. et al. Molecular phylogeny supports S-chaetae as a key character
better than jumping organs and body scales in classification of Entomobryoidea (Collembola). Sci. Rep.
5, 12471; doi: 10.1038/srep12471 (2015).
This work is licensed under a Creative Commons Attribution 4.0 International License. The
images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

Scientific Reports | 5:12471 | DOI: 10.1038/srep12471

12

