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Abstract: Despite consistent support from previous studies for the monophyly of the Blaberidae family, the
phylogenetic relationship among its subfamilies remain unresolved. To establish a robust phylogenetic
framework for Blaberidae, we analyzed 139 blaberid taxa (including the rarely sampled genus
Rhabdoblattella) and 35 outgroup taxa based on seven gene fragments, using maximum likelihood (ML) and
Bayesian inference (BI) methods. The results indicate that, after excluding Epilampra taira and Galiblatta
cribrosa, the Epilamprinae is monophyletic and sistergroup to Calolamprodes beybienkoi. Panesthiinae and
Geoscapheinae together form a monophyletic group, but Panesthia and four genera within Geoscapheinae
(Neogeoscapheus, Parapanesthia, Geoscapheus and Macropanesthia) are polyphyletic. Our phylogenetic
analyses support the establishment of the subfamilies Rhabdoblattellinae and Calolamprodinae, as well as the
classification of Geoscapheinae as a synonym under Panesthiinae, and propose that the four genera within
Geoscapheinae should be synonymized with Panesthia. Furthermore, based on phylogenetic evidence and
similarities in the right phallomere (the R2 moderately rounded, R3 fused with R5, enlarged caudally), we
transfer Rhabdoblatta monticola to the genus Opisthoplatia.
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Introduction

Blaberidae is globally distributed and exhibits remarkable species diversity (Beccaloni
2014; Djernaes 2018). Among its members are several fascinating and unique species, such as
the singing Gromphadorhina portentosa (Schaum, 1853), the giant cockroach
Macropanesthia rhinoceros (Saussure, 1895), the ball-rolling species of Perisphaerus, and the
beetle-mimicking viviparous Diploptera punctata (Eschscholtz, 1822). As a model species for
endocrinological studies (Marchal et al. 2013), D. punctata provides nutrients to its nymphs
through milk produced by the mother (Bell ez al. 2007). Despite its diversity, the phylogenetic
relationships and evolutionary history of Blaberidae remain poorly understood.

Blaberidae comprises multiple subfamilies, with its taxonomic system formalized into
twelve subfamilies following the establishment of Paranauphoetinae by Anisyutkin (2003).
However, the taxonomic status of many subfamilies remains unresolved. For instance, the
widely used classification system proposed by Roth (2003), based on the frameworks of
McKittrick (1964) and Grandcolas (1996), did not recognize the subfamily Geoscapheinae
established by Rugg and Rose (1984b), instead placing it within Panesthiinae. On the other
hand, the monophyly of Blaberidae itself has been consistently supported by numerous studies,
both morphological (McKittrick 1964; Grandcolas 1996; Roth 2003; Klass & Meier, 2006)
and molecular (Inward et al. 2007; Djernas et al. 2012, 2015; Legendre et al. 2014, 2015,
2017; Wang et al. 2017a; Bourguignon et al. 2018; Evangelista et al. 2019, 2021; Arab et al.
2020), yet, many subfamilies have been found to be non-monophyletic.

Epilamprinae is one of the largest subfamilies within Blaberidae, primarily distributed
across the Palaearctic, Oriental, Australasian, Neotropical and African realms. A total of 48
genera are recorded in this subfamily (Beccaloni 2014), most of which are terrestrial, although
some are amphibious, living near the water but feeding on decaying plants on land (Bell et al.
2007). Previous studies have identified Epilamprinae as a polyphyletic group (Legendre et al.
2014, 2017; Bourguignon ef al. 2018; Djernas et al. 2020; Evangelista et al. 2021). However,
geographic congruence has been observed in certain clades of Epilamprinae (Legendre et al.
2017; Evangelista et al. 2021). At the genus level, several unresolved issues remain.
Rhabdoblatta, one of the largest genera within Epilamprinae, is particularly challenging to
define and delimit due to its wide distribution and high diversity. Anisyutkin (2014) noted that
no specific diagnostic characters could be identified as synapomorphy, suggesting that this
genus is likely polyphyletic, a conclusion supported by Legendre et al. (2017) , Evangelista et
al. (2021) and Wang et al. (2023). Furthermore, many genera, aside from a few well-studied
ones, have not been thoroughly studied. For example, Rhabdoblattella has only been
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examined in Wang et al. (2023), while Calolamprodes has been sampled in Wang et al. (2023)
and Liu et al. (2023).

Panesthiinae and Geoscapheinae exhibit significant morphological similarities and are
phylogenetically related (Humphrey et al., 1998; Maekawa et al. 2003; Legendre et al. 2014,
2017; Lo et al. 2016; Djernzes et al. 2020; Beasley-Hall et al. 2021). Members of Panesthiinae
inhabit wood and feed on decaying wood, whereas Geoscapheinae dwell in caves and
consume fallen leaves. Morphologically, these two subfamilies can be distinguished by
differences in the tegmina and wings, genital phallomere and abdominal tergites (Rose et al.
2014). However, the taxonomic status of Geoscapheinae always remains contentious. Roth
(1977, 1979a, 1979b, 1982) classified Geoscapheinae as a tribe within Panesthiinae following
a systematically revision. In contrast, Rugg and Rose (1984c) elevated Geoscapheinae to
subfamily status based on its soil-burrowing habitat and reproductive mode, a classification
not accepted by Roth (2003). Recent molecular studies have confirmed that Panesthiinae and
Geoscapheinae form a monophyletic group, but they also question the validity of
Geoscapheinae as a distinct subfamily (Maekawa et al. 2003; Lo et al. 2016; Legendre et al.
2017; Djernees et al. 2020; Beasley-Hall et al. 2021). Lo et al. (2016) and Beasley-Hall et al.
(2021) investigated the evolutionary history of Panesthiinae and Geoscapheinae, and
suggested that soil-burrowing cockroaches independently evolved from wood-feeding
ancestors. Their studies have significantly advanced our understanding of the evolution of
Panesthiinae and Geoscapheinae, although the limited sampling of Asian Panesthiinae
remains a constraint. Additionally, the relationship among genera within each subfamily
remains problematic, as highlighted in previous studies (Lo ef al. 2016; Beasley-Hall et al.
2021). Furthermore, the increasing number of species has revealed previously unexamined
relationships, offering new insights for taxonomic revision. For instance, Panesthia birmanica
(Brunner von Wattenwyl, 1893) and Miopanesthia share morphological similarities (Hanitsch
1933), but their relationship has neither been analyzed nor clearly defined (Hanitsch 1933;
Roth 1979b).

In this study, we analyzed 139 Blaberidae samples to infer the phylogenetic relationships
of Blaberidae using seven gene fragment markers. Our sampling focused on expanding
coverage of Asian Panesthiinae, Rhabdoblattella and Calolamprodes. Although it remains
impossible to sample all taxa, we included several rarely studied taxa to improve the
phylogenetic resolution of Epilamprinae, Panesthiinae and Geoscapheinae. Furthermore, we
integrated morphological characters with our phylogenetic results to emphasize the polyphyly
of Epilamprinae and refine the taxonomic assignments of Panesthiinae and Geoscapheinae.

Material and methods

Sampling and DNA sequencing

We obtained 46 samples of four subfamilies of Blaberidae in this study (Table S1): 10
samples of Panesthiinae, 34 samples of Epilamprinae, 1 sample of Rhabdoblattellinae and 1
sample of Calolamprodinae. We adopted the morphological term of McKittrick (1964) and
Klass (1997). We sequenced seven gene fragment markers of these samples: /25 rRNA, 16S
rRNA, COI and COII of mitochondrial genes, and /85 rRNA, 28S rRNA and H3 of nuclear
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genes. All specimens were preserved in 100% ethanol at —20 °C, and deposited in the College
of Plant Protection, Southwest University (SWU).

Total DNA was extracted from leg tissue of samples using the DNA Mini Kit (Beijing
Liuhe BGI Technology Co., LTD, China). All fragments were amplified using PCR; primers
for amplifications are given in Table 1. Reactions were carried out in volumes of 25 pL,
containing 22 pL of 1x1 T3 supper mix (Tsingke Biological Technology, Beijing, China),
1 puL of each primer and 1 pL of DNA template. The amplification conditions were: initial
denaturation at 95 °C for 3 min, followed by 35 cycles for 30s at 95 “C°C, 45s at 46-57 °C
(50 °C for 128 and COII, 53 °C for 168, 57 °C for 188, 52 °C for 28S and COI, 46 °C for H3),
and 1 min at 72 °C, with a final extension of 10 min at 72 °C. PCR products were separated
by electrophoresis on a 1% agarose gel. DNA purification and sequencing were carried out by
Beijing Liuhe BGI Technology Co., LTD, China using the aforementioned primers (Table 1).
We obtained seven fragments from these samples, with a total of 311 sequences deposited in
GenBank (Table S1).

Tablel. Primers used for sequences

Genes Forward/Reverse Sequence (5'-3") References
125 F ATCTATGTTACGACTTAT Inward et al. (2007)
R AAACTAGGATTAGATACCC Inward et al. (2007)
F CGCCTGTTTAACAAAAACAT Simon et al. (1994)
165 R TTTAATCCAACATCGAGG Cognaz g(‘)‘f)vogler
F CAACYAATCATAAAGANATTGGAAC Here designated
cor R TAAACTTCAGGGTGACCAAAAAATCA Here designated
coll F ATGGCAGATTAGTGCAATGG Maekawa et al. (1999)
R GTTTAAGAGACCAGTACTTG Maekawa et al. (1999)
185 F CTTATCAACTGTCGATGGTAGG Here designated
R CCTTCCGTCAATTCCTTTAAG Here designated
288 F ACACGGACCAAGGAGTCTAAC Here designated
R GTCCTGCTGTCTTAAGCAACC Here designated
"0 F ATGGCTCGTACCAAGCAGACVGC Inward et al. (2007)
R ATATCCTTRGGCATRATRGTGAC Inward et al. (2007)

Sequence alignment and data set

We combined these newly sequenced samples (46) with the sequences of 93 samples of
Blaberidae from GenBank (Table S1). Meanwhile, we added 10 samples from Blattellidae, 14
from Blattoidea, 4 from Corydioidea and 7 form non-Blattodea as outgroup taxa (Table S1).
Our data set contained all subfamilies of Blaberidae: Oxyhaloinae (9 samples), Blaberinae
(10), Panchlorinae (3), Perisphaerinae (4), Diplopterinae (1), Paranauphoetinae (2), Gyninae
(3), Pycnoscelinae (2), Zetoborinae (6), Panesthiinae (35), Geoscapheinae (22), Epilamprinae
(40), Rhabdoblattellinae (1), Calolamprodinae (1).

We aligned protein-coding genes (PCGs) and RNA genes using MAFFT v7 (Katoh ef al.
2019) with the G-INS-i and Q-INS-i strategies, respectively. Using MEGA-X (Kumar et al.
2018), we manually corrected alignments of PCG sequences by translation into amino acids,
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visually inspected alignments of the RNA sequences and removed a small number of poorly
aligned sites within the intergenic region. We performed substitution saturation tests on the
first and second codon position (pos12) and third codon position (pos3) of protein-coding
genes on DAMBE v7.3.11 (Xia 2018). The result showed that the pos3 (Iss: 0.68 for COI,
0.694 for COII, 0.554 for H3) was much more saturated than the pos12 (Iss: 0.085 for COI,
0.182 for COIl, 0.061 for H3), indicating that third codon position of protein-coding genes
were less suitable for the next phylogenetic analysis. Therefore, we removed the third codon
of the protein—coding genes in our data set that comprised 4218 nucleotide sites from /2§
rRNA, 16S rRNA, 188 rRNA, 28S rRNA, COI pos12, COIl posl2 and H3 posl12.

Phylogenetic analyses

We used PartitionFinder v2.1.1 (Lanfear et al. 2017) to select the best-fitting models for
the data subsets. We performed model selection on the Phylosuite v1.2.2 (Zhang et al. 2020),
the search of models was set to be “all” and “AICc” (the corrected Akaike Information
Criterion), using greedy algorithm, and the best-fitting models were SYM+I+G for
COI pos12, and GTR+I+G for the rest partitions.

Phylogenetic analyses were constructed using maximum likelihood (ML) and Bayesian
inference (BI) methods. The ML analysis was constructed in IQ-TREE v.1.6.8 (Nguyen et al.
2015). Node and branch supports were assessed by 10000 ultrafast bootstrap (UFBoot)
replicates (Minh ef al. 2013; Hoang et al. 2018) and 5000 SH-like approximate likelihood
ratio (SH—aLRT) tests (Guindon et al. 2010). The BI analysis was performed in MrBayes
v3.2.5 (Ronquist et al. 2012). We ran two independent Markov chains, each run with one cold
and three heated chains. Each chain was run for 107 generations, with samples drawn every
1000 generations and burnin was set as 1000. Convergence was assessed with effective
sample size (ESS = 1954) of parameters > 200 in Tracer v1.6.0 (Rambaut et al. 2018).

Result

The two trees from our ML and BI (Figs 1, 2) were largely identical in deep relationships,
although they did not provide high support values. The differences between the trees focused
on the unstable placements of a few taxa, for example, Paranauphoetinae, Pycnoscelinae,
Rhabdoblattella disparis, Thanatophyllum akinetum, Laxta, Parasphaeria boleiriana and
Pronauphoeta. The monophyly of the largest principal clade, Blaberidae, was consistently
obtained and strongly supported in both ML and BI analysis.

In our ML analysis (Fig. 1), the subfamily Panchlorinae and Oxyhaloinae (except
Pronauphoeta sp.) were sister to each other, together as the sister group of the other
Blaberidae with high support values (SH-aLRT/UFBoot = 100/100); but in our BI analysis
(Fig. 2), Paranauphoetinae was the sister group to the other Blaberidae with high support
(BPP=1).



Entomotaxonomia (2025) 47(4): 320-338 325

. Node Labels:
(o Anisolampra panilovi
Brephallus fruhstorferi SH-aLRT/UFBoot (%)
Cyrtonotula epunctata
Cyriononula longialata w5 Geoscapheus crenulatus crenulatus
Cyrtonotula maculosa “{'TMI( ropanesthia mackerrasac
Opisthoplatia orientalis Macropanesthia kinkuna

Neo gz'mcuphcu: hirsutus

[i5 Opisthoplatia ecarinata - n»gm opanesthia lithgowae
|55 Rhabdoblatta monticola Neogeoscapheus barbarae
Opisthoplatia saussurei ’ancrlhm tryoni tryoni

o Pseudophoraspis clavellata o
e " Pseudophoraspis kabakovi opanesthia monteithi
Riicnodasoll %newhm azmm/
[ 1001001 Rhicnoda sp.2 w2 Pancu}u tusa
Acutirl Immlol)lalla densimaculata m\caplmm- rugulosus
S Rhabdoblatta abdominalis ucmpan ia ot
Rhabdoblatta bielawskii us dahmsi
Rhabdoblatia rattanakiriensis o m. ﬂ,mm.\lb fa pearsont

Macroj rm:l ia saxicola

m
s~ Rhabdoblatta sinuata

ipan igantea
(nu\t.aplwus s

s Rhabdoblatta atra Epilamprinae
Rhabdoblalta similsinuata ol P Coascapheus robustus

i —— Rhabdoblatta mascifera r{Geoscapheus woodwardi
Rhabdoblatia marginata “mMacropanesthia heppleorum
Lhans o Rhabdoblatta sp. CladeD Macropane\lhm lineopunctata

- Rhabdoblatta beybienkoi ool | 5N tacropanesthia rhinoceros
> Rhabdoblatta omei o Macropanesthia mutica
Rhabdoblatia orlovi i Neogeoscapheus hanni
-Panesthia sloanei

: ,,?zlhabdob/ul/u ridleyi

abdoblaita maculata Macropanesthia intermorpha

wl 2 Rhabdoblatia elegans Ancaudellia Kheii "
. imfiht;ebiobb;a” nigevitata o m:m]lzﬂm shavi Panesthiinae
& B Geoseapheinae
- Rhabdoblata bicolor sy Panesthia angustipennis angustipennis
idoblatia melancholica (’wwsllnu p2
S letolampra sp. " Panesthia saussurei

lwbe Panesthia sp.1
Panesthia angustipennis cognata

g Panesia aneandelioides
L I’unm/lvm eribra
Panesthia lata
S K mesthia antennata
el 5) Sgnesthia stellata concava
anesthia guizhouensis

Rhabdoblatta incisa
-Rhabdoblatta simulans

— e iilinpides bk Calolamprodinae

Byrsotria fumigata
e Blapica dubia
Eublaberus distanti anesthia sp.
Monastria sp. Blaberinae o —I’am.slhm b
Petasodes sp. o
|- = Lanxoblatia emarginata Zetoborinae G Fanestiaspd
[ phoriioeca nimbata U5 panesthia larvata
ot Zetobora sp. ¢ L Miopanesthis deplanata
~—— Phoealia pallida Panesthia birmanica
s | P % Schultesia lampyridiformis Caeparia crenulata
Lucihormetica subcincia J Pancsihia ransversa
Epilampra taira . o Salganea esakii
—@mmna cribrosa Epilamprinae % ' Salganea taiwanensis
: Thanatophyllum akinetum Zetoborinae Salganea gressit
Diplopiera punctata Diplopterinae B Sulganea incerta
oo | = Gy capucina N i Sulganea fleiils
B i Sopipse Salganea quinquedenata
-Laxta sp. Perisphaeriinae Corydidarum sp. 3 o
Panchiora azieca Perisphaerus sp.1 Perisphaeriinae
oo — A . D 2
Lt panchioranivea Panchlorinae - e
SIBL Panchiora sp. sl aranauphoeta s , o
== Rhyparobia maderae Paranauphoeta vicina sinica Paranauphoetinae
Henschoutedenia sp. Parasphaeria boleiriana Zetoborinae
Nauphoeta cinerea Pycnoscelus sp. 5
e @i il pyenoscelss supinamensis Pycnoscelinae
-Brachynauphoeta foulpointeensis & VALOIita Clade PPPR k> Rhabdoblattella disparis Rhabdoblattellinae
Elliptorhina chopardi Pronauphoeta cf. viridula Oxyhaloinae

: eluropoda insignis
Gromphadorhina portentosa
0.06

Figure 1. ML tree derived from analysis of combined data /2S5 rRNA, 16S rRNA, COI, COIl, 28S rRNA and
H3 gene fragment markers. Branch labels indicating SH-aLRT/UFBoot respectively.

In our study, Epilamprinac was a polyphyletic group, including Epilampra taira,
Galiblatta cribrosa, and others. The clade, E. taira + (G. cribrosa + T. akinetum) was
recovered as sister to Blaberinae and Zetoborinae in the ML analysis (Fig. 1), but E. taira + G.
cribrosa and Diplopterinae as sister groups in the BI analysis (Fig. 2). R. disparis and
Pycnoscelinae are sister groups, and then together formed the clade with P. boleiriana and
Pronauphoeta sp. (the phylogenetic relationship is (Pronauphoeta viridula + (P. boleiriana +
(R. disparis + Pycnoscelinae))), in subsequent analysis, we named it Clade PPPRH). The
other genera of Epilamprinae were grouped together to form the largest clade, including seven
genera Anisolampra, Brephallus, Cyrtonotula, Stictolampra, Opisthoplatia, Rhabdoblatta and
Pseudophoraspis. C. beybienkoi as the sister group with other taxa of this clade. Rhabdoblatta
was recognized as a polyphyletic group with respect to Opisthoplatia, Pseudophoraspis,
Rhicnoda and Stictolampra in our two analyses: Opisthoplatia ecarinata, Rhabdoblatta
monticola and Opisthoplatia saussurei form a clade with Opisthoplatia orientalis;
Acutirhabdoblatta densimaculata forms a clade with Pseudophoraspis and Rhicnoda; a
sample of Stictolampra is embedded in Rhabdoblatta.
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Figure 2. BI tree derived from combined data /25 rRNA, 16S rRNA, COI, COII, 28S rRNA and H3 gene

fragment markers. Numbers above branches represent Posterior probabilities (BPP).

Blaberinae and Zetoborinae form a monophyletic group with the exception of T
akinetum (Zetoborinae), which was clustered with Neotropical Epilamprinae (ML) or Clade
PPPRH (BI), and P boleiriana (Zetoborinae) as the sister group to R. disparis +
Pycnoscelinae. Phoetalia pallida (Blaberinae), was identified as the sister group with
Schultesia lampyridiformis (Zetoborinae). Lucihormetica subcincta (Blaberinae) was
recovered as the sister group with other of Zetoborinae (Figs 1, 2). In our results, Oxyhaloinae
was recognized as non-monophyletic, with Pronauphoeta sp. in Clade PPPRH both in ML
and BI analysis. Perisphaerinae was found to be a paraphyletic group owing to Laxta far away
from the other Perisphaerinae. Although the position of Laxta was unstable in our ML and BI
analysis, it represented a separate clade, sister to Blaberidae except Panchlorinae and
Oxyhaloinae (with the exception of Pronauphoeta sp.) in ML analyses (Fig. 1) and
((Panchlorinae and Oxyhaloinae) + ((E. taira + G. cribrosa) + Diplopterinae)) in BI analyses



Entomotaxonomia (2025) 47(4): 320-338 327

(Fig. 2).

Panesthiinae and Geoscapheinae formed a monophyletic group with high support values
(SH-aLRT/UFBoot = 100/100, BPP = 1), and as the sister group to Perisphaerinae (except
Laxta) both in ML and BI analysis. Our results strongly supported the non-monophyly of both
Panesthiinae and Geoscapheinae, among them, Panesthia, Neogeoscapheus, Parapanesthia,
Geoscapheus and Macropanesthia were recovered as polyphyletic. Panesthiinae and
Geoscapheinae fell into four clades: Salganea as the sister group with other taxa of
Panesthiinae and Geoscapheinae (Clade A); Caeparia crenulata and Panesthia transversa
(Clade B); Panesthia, Ancaudellia, and Miopanesthia (Clade C); Australian species including
wood-feeding and soil-burrowing cockroaches (Clade D). The phylogenetic relationship of
these four clades was: Clade A + (Clade B + (Clade C + Clade D)) (Figs 1, 2).

Taxonomic revision

Genus Opisthoplatia Brunner von Wattenwyl, 1865.

Type species. Opisthoplatia orientalis (Burmeister, 1838).

Taxa included. Opisthoplatia orientalis (Burmeister, 1838), Opisthoplatia beybienkoi
Anisyutkin, 2005, Opisthoplatia saussurei (Kirby, 1903), Opisthoplatia ecarinata (Yang et al.,
2019), Opisthoplatia monticola (Kirby, 1903), comb. nov.

Distribution. Oriental Region.

Remarks. Based on our phylogenetic results, Opisthoplatia ecarinata, Opisthoplatia
saussurei, and Rhabdoblatta monticola formed a clade with Opisthoplatia orientalis in both
ML and BI analyses, with high support values (SH-aLRT/UFBoot = 99/97, BPP = 1).
Additionally, these species exhibit a high degree of similarity in the shape of the right
phallomere (the R2 moderately rounded, R3 fused with R5, enlarged caudally, and R4
separated from other sclerites) (Figs 3G-J).

Discussion

Focus issues within Epilamprinae

Based on the hypandrial median tooth (Fig. 3B) and right phallomere morphology
(divided R1T sclerite, plate-like RS, and R2-R5 connectivity; Fig. 3C)(Wang et al. 2017b),
Anisyutkin (2000) established Rhabdoblattella and classified it under Epilamprinae.
Rhabdoblattella is distributed in Oriental region with eight species totally (Anisyutkin &
Yushkova 2017; Wang et al. 2017b), but it has rarely been included in molecular analysis.
Wang et al. (2023) sampled Rhabdoblattella for the first time and found it as the sister group
of the other Blaberidae. In our study, R. disparis was recovered as the sister group to
Pycnoscelinae in both ML and BI analysis. Considering its unexpected phylogenetic position,
small body size, and unique characteristics, Wang et al. (2023) established the subfamily
Rhabdoblattellinae to accommodate this genus. Our results also support the establishment of
Rhabdoblattellinae.

In our study, Anisolampra, Brephallus, Cyrtonotula, Stictolampra, Opisthoplatia,
Rhabdoblatta, and Pseudophoraspis formed the largest lineage within Epilamprinae, with
Calolamprodes as the sister group to the other genera in ML and BI analysis (Figs 1, 2). The
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basal segment of the hind metatarsus in Calolamprodes is longer than the remaining segments,
and its ventral margin had either one row of small spines or two rows of irregular spines.
Additionally, the right phallomere of Calolamprodes exhibits unique morphological structures
(e.g., the caudal part of sclerite RIT strongly reduced)(Anisyutkin 2006; Anisyutkin &
Yushkova 2017) (Fig. 3F). Based on phylogenetic analysis and morphological characteristics,
our results support the establishment of Calolamprodinae, as proposed by Wang et al. (2023).

Figure 3. A—C. Rhabdoblattella disparis. A. Male, dorsal and ventral view; B. Hypandrium; C. Sclerite of
right phallomere. D-F. Calolamprodes beybienkoi. D. Male, dorsal and ventral view; E. Female, dorsal and
ventral view; F. Sclerite of right phallomere. G-J. Sclerite of right phallomere: G. Opisthoplatia orientalis; H.
Opisthoplatia ecarinata; 1. Rhabdoblatta monticola; J. Opisthoplatia saussurei. Scale bars = 10 mm (A, D, E);
0.5 mm (B, C, F-J). * The dashed line indicates the sclerite fractured there.

Rhabdoblatta, the most diverse genus within Epilamprinae, was recovered to be a
polyphyletic group in previous studies (Legendre et al. 2017; Evangelista et al. 2021; Wang et
al. 2023) and in our study. According to our results, Opisthoplatia ecarinata, Opisthoplatia
saussurei and Rhabdoblatta monticola formed a clade with Opisthoplatia orientalis both in
ML and BI analysis with high support values (SH-aLRT/UFBoot = 99/97, BPP = 1). The right
phallomere of these species was highly similar in structure (Figs 3G-J): the caudal R2
moderately rounded, R3 fused with RS, enlarged caudally, and R4 separated from other
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sclerites. The phylogenetic results, combined with the morphological similarity of the right
phallomere, suggest that these three species do not belong to Rhabdoblatta. Wang et al. (2023)
transferred Rhabdoblatta ecarinata and Rhabdoblatta saussurei to Opisthoplatia. Based on
our findings, we propose transferring Rhabdoblatta monticola to Opisthoplatia as well.
Additionally, our results showed that Acutirhabdoblatta densimaculata was grouped together
with Pseudophoraspis and Rhicnoda (Figs 1, 2), which supports the establishment of the
genus Acutirhabdoblatta by Wang et al. (2023).

Resolution of relationships within Panesthiinae and Geoscapheinae

Cockroaches that burrow in wood or soil exhibit remarkable morphological convergence,
leading to Panesthiinae, Geoscapheinae and Cryptocercidae being originally grouped into the
same family (Wheeler 1904). Cryptocercidae had been recognized as the sister of termites,
whereas Panesthiinae and Geoscapheinae are classified under Blaberidae. Geoscapheinae, a
group of soil-burrowing cockroaches, constructs curved permanent burrows in sandy soil and
feed on fallen leaf litter within these burrows (Rugg & Rose 1984a). Members of this
subfamily exhibited adaptation to subterranean life, such as reduced eyes and ocellar spots,
shovel-like tibiotarsi and aptery (Roth 1977; Beasley-Hall et al. 2018). However, the
subfamily status of Geoscapheinae within Blaberidae has been questioned in multiple studies
(Maekawa et al. 2003; Lo et al. 2016; Djernzs et al. 2020; Beasley-Hall et al. 2021), as also
observed in our study. Lo et al. (2016) and Beasley-Hall et al. (2021) both suggested that
soil-burrowing cockroaches independently evolved from wood-feeding ancestors. Recent
studies have shown that soil-burrowing cockroaches should be classified within Panesthiinae
(Maekawa et al. 2003; Lo et al. 2016; Legendre et al. 2017; Djernzes et al. 2020; Beasley-Hall
et al. 2021). Based on our findings, we also suggest that Geoscapheinae should not be treated
as subfamily and instead be synonymized with Panesthiinae.

Our study uncovered a new sister-group relationship between P birmanica and
Miopanesthia deplanata (SH-aLRT/UFBoot = 82/99, BPP = 0.95), which together form a
strongly supported clade sister to other members within Clade C (Figs 1, 2). P. birmanica is
small in size with the pronotum almost flat, resembling Miopanesthia in appearance. Hanitsch
(1933) considered that P. birmanica closely related to Miopanesthia, but Princis (1953) and
Roth (1979b) argued that they could be distinguished by L.2d (fully developed in P. birmanica
but typically absent in Miopanesthia). Besides, the hind tarsus structure of P. birmanica is
characteristic of Panesthia (Roth 1979b; Wang et al. 2014). Roth (1979b) also suggested that
P. birmanica strongly resembles Miopanesthia in habitus and may represent an intermediate
form between the two genera. Our molecular analysis is the first to confirm the close
relationship between P. birmanica and Miopanesthia, supporting the hypothesis that P
birmanica represents a transitional form. We propose establishing a new genus with P,
birmanica as the type species.

Our results (Figs 1, 2) were consistent with those of previous studies (Lo et al. 2016;
Legendre et al. 2017; Beasley-Hall et al. 2021), which found C. crenulata and Ancaudellia
embedded within Panesthia. Beasley-Hall et al. (2021) believed that Caeparia and
Ancaudellia should likely be subsumed within Panesthia. In our ML and BI inferences (Figs 1,
2), P. transversa and C. crenulata were recovered as a sister group. Morphological evidence
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supports this relationship: all species of Caeparia are macropterous with bicoloured tegmina,
L2d fully developed and toothed along the posterior margin, L1 reduced, R2 reduced and not
hook-shaped (Roth 1979a); P. transversa also macropterous with bicoloured tegmina, L2d
fully developed, L1 developed, R2 slightly reduced and hook-shaped (Roth 1979b). These
shared characteristics suggest a close relationship between P. transversa and Caeparia.
Furthermore, some Panesthia species (Panesthia flavipennis, Panesthia necrophoroides,
Panesthia regails, etc.) also exhibit bicoloured tegmina and similar male genitalia to P
transversa (Roth 1979b). However, these species have not been included in molecular studies.
To ensure the accuracy of Blaberidae classification, we do not propose any taxonomic
changes until additional samples are analyzed to clarify the phylogenetic relationship between
Caeparia and Panesthia.

Regarding Ancaudellia, this genus is distinguished from Panesthia by the following
characteristics: the lateral margin of abdominal segment 7 weakly indented to strongly
notched in front of the laterocaudal angle (Roth 1977, 1982), and the presence of holes in the
anterolateral corners of abdominal tergites 6 and 7, and segment 7, which were often
accompanied by dense patches of setae. But in our study and previous molecular studies (Lo
et al. 2016; Legendre et al. 2017; Beasley-Hall et al. 2021), Ancaudellia was consistently
sister to Panesthia heurni, embedded within the Panesthia (Figs 1, 2). This suggests that these
three Ancaudellia species may actually belong to Panesthia. Similarities in male genitalia
between Ancaudellia and certain Panesthia species (Roth 1977, 1982) further support the
transference of these three Ancaudellia species.

Clade D contained all soil-burrowing cockroaches and four wood-feeding cockroaches
from Australia: Panesthia tryoni tryoni (Kroombit Tops), Panesthia sloanei, Panesthia
australis and Panesthia obtusa. These wood-feeding species are embedded in the
soil-burrowing cockroaches. The geoscapheine-like species, P. tryoni tryoni and P. sloanei,
were both non-monophyletic in Beasley-Hall et al. (2021) with distinct geographic lineages,
which might imply that they are distinct species. P. australis and P. obtusa were clustered
together as the sister to the soil-burrowing cockroaches, as observed in Beasley-Hall et al.
(2021). These two species were morphologically typical of the genus Panesthia. However,
both our study and previous research (Lo et al. 2016; Beasley-Hall ef al. 2021) showed a
close phylogenetic relationship between these species and the soil-burrowing cockroaches.
This situation indicates the common ancestral origin of these species.

Neogeoscapheus, Parapanesthia, Geoscapheus and Macropanesthia are polyphyletic in
our and other studies (Lo et al. 2016; Beasley-Hall et al. 2021). These four genera are primarily
distinguished by the characteristics of the margin of the abdominal tergites 6 (Rose et al., 2014).
Such tergite-based classifications have been widely used for defining genera and species within
Panesthiinae (Roth 1977, 1979a, b, 1982). However, the strong inconsistency between
taxonomic assignments and phylogenetic results suggests that tergite-based classifications are
insufficient. Considering the pronounced morphological convergence, we propose
synonymizing Neogeoscapheus, Parapanesthia, and Macropanesthia with Panesthia. Future
revisions of Panesthiinae will require comprehensive sampling and detailed morphological
observations.
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The phylogeny within Blaberinae and Zetoborinae

Our results showed that Blaberinae and Zetoborinae together formed a monophyletic
group, with the exception of 7. akinetum and P. boleiriana from Zetoborinae (Figs 1, 2).
However, Lucihormetica subcincta and Phoetalia pallida did not cluster with other groups of
Blaberinae. Instead, they were closely related to the Zetoborinae group in both ML (SH—
aLRT/UFBoot = 69/93, 98/100) and BI (BPP = 0.96, 1) analysis. Similar results were also
reported in previous studies (Legendre et al. 2015, 2017; Djernes et al. 2020). These findings
highlight a clear mismatch between the phylogenetic results and the current taxonomic
assignments of these species. Lucihormetica and Phoetalia belong to the tribe Brachycolini.
McKittrick (1964) noted that Zetoborinae was closely related to Brachycolini, a relationship
further supported by the similarity in the L2d shape of some Brachycolini species (particularly
Phoetalia) to that of many males in Zetoborinae (Roth 1970). Djernzs et al. (2020) proposed
transferring Hormetica, Lucihormetica, and Phoetalia (all three genera belonging to the tribe
Brachycolini) into the Zetoborinae. Based on our findings, we also recommend reassigning
Lucihormetica and Phoetalia to Zetoborinae.

P. boleiriana and T. akinetum were distantly separated from the rest of Zetoborinae in our
analyses. P. boleiriana clustered within Clade PPPRH, which was sister to Pycnoscelinae +
Rhabdoblattella (Rhabdoblattellinae) (Figs 1, 2). Historically, Parasphaeria was initially
placed in Epilamprinae (Princis 1964; Roth 1973b) but was later moved to Zetoborinae as the
sister group to Schultesia (Grandcolas 1991, 1993). However, P. boleiriana and Schultesia did
not show a close phylogenetic relationship Instead, they appeared as sister groups to other
taxa of Blaberinae and Zetoborinae (Legendre et al. 2014, 2015; Djernes et al. 2020), or as
sister groups to Epilamprinae (South America) (Legendre et al. 2017). As for T. akinetum, its
phylogenetic position was uncertain. In the ML analysis (Fig. 1), it was recovered as the sister
to Neotropical Epilamprinae, but to Clade PPPRH in BI analysis (Fig. 2). A similar pattern
was observed in Legendre e al. (2017), whose results were largely consistent with our ML
analysis. These findings suggest that the taxonomic placement of P. boleiriana and T.
akinetum requires further investigation.

The nonmonophyly of Oxyhaloinae and Perisphaerinae

Oxyhaloinae was found to be nonmonophyletic in our analyses due to the placement of
Pronauphoeta sp. in Clade PPPRH both in ML (SH-aLRT/UFBoot = 90/92) and BI analysis
(BPP = 0.47). And other oxyhaloinae species were recovered as the sister group to
Panchlorinae (Figs 1, 2), consistent with previous findings (Legendre et al. 2017). However,
when using different datasets, Pronauphoeta grouped with some taxa of Epilamprinae and
Perisphaerinae, suggesting that the taxonomic status of Pronauphoeta remains uncertain.
Historically, Pronauphoeta was considered an intermediate group between Panchlora
(Panchlorinae) and Nauphoeta (Oxyhaloinae) (Shelford 1909). Besides, Rehn (1932) and
Kumar (1975) proposed that Pronauphoeta and Oxyhaloinae were closely related. However,
our results, which included more species, showed that Pronauphoeta did not exhibit a closer
phylogenetic relationship with Oxyhaloinae and Panchlorinae. Instead, it was recovered as the
sister group to other taxa in Clade PPPRH (Figs 1, 2), conflicting with its morphology—based
classification. We believe that this conflict arises from the morphological convergence



332 ZHANG et al. Phylogeny of Blaberidae

between Pronauphoeta and some members of Oxyhaloinae and Panchlorinae. Our findings,
along with partial results from Legendre et al. (2017), challenge the historical taxonomic
placement of Pronauphoeta. Therefore, we propose that Pronauphoeta may not belong to
Oxyhaloinae. Its phylogenetic position requires future investigation, and the taxonomic status
of this genus remains uncertain.

Recent phylogenetic studies (Legendre et al. 2014, 2017; Djernzs et al. 2020;
Evangelista ef al. 2021) have shown that Perisphaerinae is a paraphyletic group, with clades
exhibiting geographic distribution patterns. In our study, the phylogenetic position of Laxta
remained unresolved, and it was distantly separated from other Perisphaerinae taxa. Laxta was
primarily distributed in Australia, and Roth (1992) provided a detailed diagnostic
characteristics of Laxta, suggesting that Laxta should belong to Epilamprinae, a view also
supported by McKittrick (1964). However, Grandcolas (1997) redefined the subfamily
Perisphaerinae using five characters (two in male genitalia, two in female genitalia, and one in
head) and assigned Laxta to Perisphaerinae. Two of male characters were refuted by
Anisyutkin (2003), and the two female characters were also deemed questionable (Li et al.
2018). Given the geographic distribution patterns observed in Perisphaerinae and the limited
sampling of its taxa in our study, we refrain from making taxonomic proposals regarding Laxta.
We therefore recommend that future studies conduct extensively sample across Perisphaerinae
to improve our understanding of its taxonomy and phylogeny.

Taxonomic status of Paranauphoetinae and Pycnoscelinae

Djernaes et al. (2020) suggested that Paranauphoetinaec and Pycnoscelinae might not
retain their status as subfamilies and could potentially be downranked to tribes within
Perisphaerinae. In our analysis, Pycnoscelinae was found to be the sister to Rhabdoblattella
(Rhabdoblattellinae) (Figs 1, 2). The male genitalia of Pycnoscelinae exhibited several
distinguishing characteristics: the L1 is well developed, with an upward cleft and heavily
sclerotized edges (except Proscratea); 1L2d is separated from the L2vm; the outer lower
curved portion of the L2d is specular, and the prepuce below is densely hairy (Roth 1973a).
Additionally, the subgenital plate of Pycnoscelus was unique: the right posterior border is
concave with the end distinctly ossified and sharply convex; the left posterior corner is
convex or not; the left styli is reduced or absent, while the right styli is enlarged (Roth 1998).
Although no consensus has been reached regarding the sister group of Pycnoscelinae
(Legendre et al. 2015, 2017; Wang et al. 2017a; Bourguignon et al. 2018; Arab et al., 2020;
Djernees et al. 2020; Evangelista et al. 2021), considering its unique characteristics and the
results of phylogenetic studies, we proposed that Pycnoscelinae should retain its status as a
subfamily rather than being downgraded to a tribe within Perisphaerinae.

In our ML analysis (Fig. 1), Paranauphoetinae was recovered as the sister group to
Perisphaerinae (excluding Laxta) + (Panesthiinae and Geoscapheinae), while in BI analysis
(Fig. 2), it was recovered as the sister group to the remaining Blaberidae. Our ML results were
consistent with Anisyutkin (2003), who erected Paranauphoetinac on the basis of
morphological evidence, an elongate process at the apex of L2d, and the hollow junction of R2
and R5 of the right phallomere. These right phallomere characters clearly distinguish it from
other subfamilies. However, Paranauphoetinae has been underrepresented in recent
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phylogenetic studies, and Djernzes et al. (2020) did not include it in their sampling. Two recent
studies (Arab et al. 2020; Evangelista et al. 2021) indicated that Paranauphoetinae is more
closely related to Panesthiinae than to Perisphaerinae. Based on the combined evidence from
phylogenetic studies and morphological characteristics, we argue that the subfamily status of
Paranauphoetinae should be maintained, although further research is needed to clarify its sister
group relationships.

Reproductive Strategies and Phylogenetic Position of Diplopterinae

D. punctata is the most extensively studied species within Diplopterinae and produces
only about a dozen eggs per reproduction cycle (Roth & Hahn 1964). Most nymphal
development in D. punctata occurs during the embryonic stage, with the necessary nutrition
coming from the mother’s food intake. Consequently, starvation of the mother results in
embryo death (Bell ef al. 2007; Jennings et al. 2020). D. punctata has fully developed wings
and strong flight capabilities, allowing it to secure sufficient food resources to meet its
nutritional needs and ensure a high offspring survival rate. When born, the nymphs of D.
punctata could reach 6mm in length, and then develop into adults after three molts (four times
for females) (Marchal et al. 2013) In contrast, the nymphs of Perisphaerus sp. measure only
about 2 mm at hatching (Zhang JW, personal observation) and require a longer developmental
period to reach maturity. The unique reproductive strategy of D. punctata, which is
characterized by a short life cycle, high survival rate and fewer eggs, has enabled its success
in natural environments. Despite its prominence as a model organism for endocrinology
research, the evolutionary origins of viviparous reproduction in D. punctata remain poorly
understood.

The subfamily Diplopterinae currently contains 8 species (Li et al. 2017), of which, only
D. punctata had been widely studied, and other species were limited to morphological
descriptions. The sister group of Diplopterinae remains unresolved, with various studies
suggesting Oxyhaloinae(Legendre et al. 2014; Bourguignon et al. 2018; Evangelista et al.
2021), Epilamprinae (Wang et al. 2017a), Panchlorinae (Legendre et al. 2017), and T.
akinetum (Zetoborinae) (Djernas et al. 2020) as possible candidates. In our study, the sister
group of Diplopterinae was also inconclusive, with Gyninae recovered in ML analysis (Fig. 1)
while E. taira (Epilamprinae) + G. cribrosa (Epilamprinae) was recovered in Bl analysis (Fig.
2). The distinct coleopterous appearance of Diplopterinae, the high similarity of male genitalia
to some members of Perisphaerinac (Roth 1973a) and the viviparous reproduction (Li et al.
2017) highlight the importance of this group in understanding cockroach evolution. Further
research on Diplopterinae and its sister groups is urgently required to clarify the origin of
viviparous reproduction.

Conclusions

We conducted a phylogenetic analysis of the family Blaberidae using ML and BI based
on seven gene fragment markers. Our results provide new insights into the phylogenetic
relationships among the subfamilies of Blaberidae. Notably, we included Rhabdoblattella and
Calolamprodes, which have been rarely sampled in the recent studies. Based on their
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unexpected phylogenetic positions and unique characteristics, we support the establishment of
Rhabdoblattellinae and Calolamprodinae. Additionally, we propose that Geoscapheinae should
no longer be recognized as a distinct subfamily, and its four constituent genera should be
reassigned to Panesthiinae. The current taxonomic -classifications, which rely on the
characteristics of abdominal tergites, are inconsistent with existing phylogenetic evidence.
Therefore, we recommend treating Neogeoscapheus, Parapanesthia, and Macropanesthia as
synonyms of Panesthia, in accordance with our phylogenetic findings. Future research should
focus on a more detailed and systematic revision of Panesthiinae, including the identification
of new diagnostic characters to refine its taxonomy.
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