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Nanjing Institute of Geology and Palaeontology, Chinese Academy of Sciences, Nanjing, China

ABSTRACT

Typical cockroaches are flat, broad, with large pronotum and wings covering the
body. This conserved morphotype dates back to the Carboniferous, during which the
ancestral cockroaches, or roachoids, originated. On the other hand, the ovipositor
of cockroaches gradually reduced during the Mesozoic, coupled with a major shift
of reproductive strategy. By the Cretaceous, long external ovipositors became rare,
most cockroaches used very short or even hidden internal ovipositors to fabricate
egg cases (oothecae), which is an innovation for egg protection. Here, we describe
two cockroaches from mid-Cretaceous Myanmar amber: Ensiferoblatta oecanthoides
gen. et sp. nov. (Ensiferoblattidae fam. nov.) and Proceroblatta colossea gen. et sp.
nov. They are slim, elongate, fusiform, with longitudinal pronotum, and have long
external ovipositors. The combination of these traits represents a unique morphotype,
which resembles crickets and katydids (Ensifera) more than general cockroaches.
Ensiferoblatta and Proceroblatta may be arboreal, feeding on and/or laying eggs into
certain angiosperms that newly emerged. Their open habit causes latent impairment
to viability, and may contribute to their extinction. These new taxa are the youngest
members of the ancient, extinct group of cockroaches, namely Eoblattodea, which
are characterized by long ovipositors. We speculate that the extinction of certain
gymnosperm hosts almost ended the 200-My triumph of Eoblattodea. Despite an
attempt to adapt to angiosperm hosts, Ensiferoblatta, Proceroblatta and suchlike
cockroaches as an evolutionary dead end failed to save Eoblattodea from extinction. The
lack of protection for eggs (maternal care in particular) might accelerate the extinction
of Eoblattodea as a whole.

Subjects Entomology, Evolutionary Studies, Paleontology

Keywords Amber, Angiosperm, Dictyoptera, Eoblattodea, Fossil, Holopandictyoptera, Oviposi-
tor, Roachoids

INTRODUCTION

Cockroaches are common insects that inhabit all around tropical and temperate regions,
with ca. 4,000 extant species (Beccaloni, 2014). Household species such as American
cockroaches (Periplaneta americana (L.)) and German cockroaches (Blattella germanica
(L.)) give people the typical impression of cockroaches: flat, broad, with large shield-like
pronotum and oval tegmina covering body and agile legs. This typical shape of cockroaches
is adaptive to living and sheltering in crevices and loose substrates (Bell, Nalepa ¢» Roth,
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2007). Most of cockroach fossils with body preserved are in the typical shape. Exceptions
include beetle-like ones and elongate ones. Beetle-like fossil cockroaches are represented by
Umenocoleidae and Cratovitismidae (Bechly, 2007; Lee, 2016; Beutel, Luo ¢ Wipfler, 2020;
Luo, Xu & Jarzembowski, 2020; Luo et al., 2021; Luo et al., 2022), which are comparable
with extant Diploptera cockroaches in exposed head, smaller pronotum, and heavily
sclerotized forewings (especially D. maculata and D. elliptica, see Li ¢ Wang, 2015; Li, Li
& Wang, 2017). Fossil cockroaches with elongate and agile appearance are represented by
Raphidiomimidae and Manipulatoridae (Vishnyakova, 1973; Liang, Vrsansky ¢ Ren, 2012;
Virsansky ¢ Bechly, 2015; Li ¢ Huang, 2022), which have elongate head and appendages in
addition to the long body build. In spite of some debates, little is known about the habits
and habitats of these atypical fossil cockroaches.

The oviposition behaviour of fossil cockroaches is also little known. The properties of
the ovipositor directly correlate with reproductive strategy, the shift of which holds a key
position in the evolutionary history of cockroaches. It is believed that the external ovipositor
of ancient cockroaches had gradually shortened and eventually became hidden inside the
abdomen (Laurentiaux, 1959; Vishnyakova, 1980; Roth, 2003; Anisyutkin & Gorochov, 2005;
Grimaldi & Engel, 2005; Hornig et al., 2018; Li, 2019). As with the ovipositor shortening and
being concealed, cockroaches developed an ootheca to protect the eggs (Roth, 1968), and
this is the very reproductive strategy of extant cockroaches. As far as we know, no cockroach
fossil with an external ovipositor was found from the Cenozoic, whereas many were found
from the Jurassic and Cretaceous. During the Jurassic, ovipositors in various length
co-occurred: some are very long, and likely blade-like or sword-shaped (e.g., Vishnyakova,
1968; Liang, Shih ¢ Ren, 2017), some extend only a short distance outside the abdomen
(e.g., Vishnyakova, 1968; Liang, Vrsansky ¢ Ren, 2012), and others are intermediate. In
comparison, Cretaceous cockroaches mostly have internal or shortly exposed ovipositors
(e.g., Anisyutkin ¢ Gorochov, 2008; Lee, 2016; Qiu, Wang ¢ Che, 2019; see also the closely
related Alienoptera in Bai et al., 2018), with a few exceptions (Vishnyakova, 1986; Ren et
al., 1995, but therein dated to Jurassic). This implies that the evolution of the ovipositor
was towards reduction.

Here we describe new cockroach fossils from the mid-Cretaceous Myanmar amber.
These cockroaches represent a unique, tree-cricket-like morphotype, which implies arboreal
lifestyle associated with the angiosperm terrestrial revolution. Their long, sabre-shaped
ovipositors, which were known from impression fossils only, demonstrates that long-
ovipositored cockroaches survived to ca. 100 Mya at least, leaving a 200 My history of
success without fabricating an egg case. In addition, the extinction of long-ovipositored
cockroaches including this morphotype is briefly discussed.

MATERIALS & METHODS

Source and depository of materials

The cockroaches are preserved in amber pieces collected from deposits in the Hukawng
Valley of northern Myanmar. Shi et al. (2012) dated Myanmar amber at 98.79 &+ 0.62 Mya
based on zircon U-Pb SIMS. Owing to methodological limits, the zircon U-Pb SIMS age
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may be younger than the actual age by possibly more than 1% (Mao et al., 2018). Specimens
are deposited at Nanjing Institute of Geology and Palaeontology (NIGP), Chinese Academy
of Sciences, under accession numbers NIGP200821-200824.

Specimen processing and imaging

To get a clearer view, the ambers were sanded with abrasive papers and polished with
polishing powder. Photos were taken with a Zeiss AxioZoom V16 stereoscope; stacked
using CombineZP 7.0 (by Alan Hadley, UK) and Photoshop CC 2015; and optimized using
Photoshop CC 2015.

Morphological description
Terminology largely follows Roth (2003) and Li et al. (2018). The unit of measurements is
millimetre.

Taxonomy

The electronic version of this article in Portable Document Format (PDF) will represent a
published work according to the International Commission on Zoological Nomenclature
(ICZN), and hence the new names contained in the electronic version are effectively
published under that Code from the electronic edition alone. This published work

and the nomenclatural acts it contains have been registered in ZooBank, the online
registration system for the ICZN. The ZooBank LSIDs (Life Science Identifiers) can

be resolved and the associated information viewed through any standard web browser
by appending the LSID to the prefix http:/zoobank.org/. The LSID for this publication
is: urn:lsid:zoobank.org:pub:7015F012-0008-4885-BB51-C1340A0A3CA2. The online
version of this work is archived and available from the following digital repositories: Peer],
PubMed Central SCIE and CLOCKSS. The delimitation or definition of higher taxa is
character-based, instead of conforming to the crown-stem group system, unless otherwise
indicated. Paraphyletic taxa are valid, and sometimes superior to monophyletic ones by
more efficient information retrieval and better referring to evolutionary grades, which
are particularly important in the taxonomic and evolutionary studies on cockroaches (L,
2019).

RESULTS
Systematic palaeontology

Class Insecta
Clade Holopandictyoptera Kluge, 2010 sensu Li, 2019
Plesiomorphon Eoblattodea Laurentiaux, 1959 sensu Li, 2019

Family Ensiferoblattidae fam. nov. (LSID: urn:lsid:zoobank.org:act: AOCC40E4-8990-
4CA5-9854-D1670E93EB11)

Type genus: Ensiferoblatta gen. nov.
Diagnosis. See the diagnosis of the type genus.

Apomorphies. Based on comparisons with typical Holopandictyoptera and Eoblattodea,
in which most traits are deemed to be plesiomorphies, Ensiferoblattidae bear the following
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apomorphies: fusiform and slim body, exposed and comparatively large head, elongate
pronotum, and elongate wings. Please note that these apomorphies are only provisional,
and should be revised upon new observations from new materials.

Genus Ensiferoblatta gen. nov.
(LSID: urn:lsid:zoobank.org:act:EA84E47F-47AD-4F79-AFF6-929484FCDDEF3)

Type species. Ensiferoblatta oecanthoides gen. et sp. nov.

Etymology. Derived from Latin ensifera, sword-bearing, and blatta, cockroach.
Feminine.

Diagnosis (female only). Body fusiform, not flat, length-width ratio significantly greater
than the general build of cockroaches. Head nearly triangular, resembling the head of a
mantis, hardly covered by pronotum, almost as wide as the full width of pronotum.
Pronotum longer than width, widest at posterior fourth. Wings elongate as with body.
Hindwing with fanwise folds. Each femur with a genicular spine, which is especially long
in mid- and hindfemora. Both the anteroventral margin and the posteroventral margin
with one apical spine and sometimes one to a few preapical spines. Plantula tiny; arolium
large; claws asymmetrical and unspecialized. Cerci slender, tapered. Subgenital plate long,
margin entire. Ovipositor long, nearly as half the length of the body, sabre-shaped, curved
upwards distad.

Ensiferoblatta oecanthoides sp. nov.
(Figs. 1-2, 3A=3C)

(LSID: urn:lsid:zoobank.org:act:2045B599-278B-457E-B580-93E3BBD39876)

Material. Holotype NIGP200821, female (Figs. 1 A—1B), slightly decayed, nearly complete
but most of the antennae, most of the left tegmen, and the distal part of left foreleg are
missing. Paratype NIGP200822, female (Figs. 1C~1D), mostly preserved well, but distal
part of antennae, most of right foreleg and right midleg, and distal part of the right hindleg
are missing. In addition, a male nymph (NIGP200824) possibly belonging to this species
is discovered, and this nymph bears some resemblance to Raphidiomimula burmitica
Grimaldi and Ross, 2004 (Supplemental Information).

Etymology. Derived from Oecanthus, a genus of tree crickets; the general shape of the
new species is reminiscent of Oecanthus (see Collins, Van den Berghe ¢ Carson, 2014; Liu
et al., 2018; Zefa et al., 2022).

Diagnosis. Only one species known; differential diagnosis unavailable.

Description (female only). Measurements of the paratype are given in parentheses,
otherwise within the range of the holotype. General shape fusiform; body length ca. (11.8)—
12.3, length including wings ca. 15.3—(16.8), length including ovipositor ca. (16.9)-17.3;
shoulder width (between bases of forewings) ca. 2.2. Head: finely pubescent, width including
eyes 2.03, length from vertex to apex of mandible (1.87); eyes rounded and bulbous, height
0.67, width 0.66, ocular distance at vertex 0.70; antennae (incompletely preserved) at
least longer than half the body length; mandible normal as extant cockroaches (Fig. 2D);
maxillary palpomere ITII/IV/V lengths 0.82/0.94/0.72; other characters of head indiscernible.
Pronotum: finely pubescent, shape like a reversed shield, length ca. 2.62—(2.76) and width
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Figure 1 Ensiferoblatta oecanthoides gen. et sp. nov., habitus. (A-B) Holotype, NIGP200821, dorso-
left view (A) and lateral view (B). (C-D) Paratype, NIGP200822, dorsal view (C) and ventro-left view (D).
Abbreviations: ov, ovipositor; prn, pronotum; S7, seventh sternite; tgm, tegmen. Scale bars: 2 mm. Photo

credit: Alan Hadley.
Full-size & DOI: 10.7717/peer;j.15067/fig-1
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Figure 2 Ensiferoblatta oecanthoides gen. et sp. nov., details. (A) Head and pronotum of the holotype,
NIGP200821, left-dorsal view, with a white line emphasizing the hind margin of pronotum. (B) Head of
the holotype, view from mouthparts laterally. (C) Head of the paratype, NIGP200822, note that the light-
coloured area is a damaged part, outlining the compound eye instead of being the eye. (D) Enlargement
of the mandibles in C. (E) Articulation between femur and tibia of the hindleg of the paratype, anterior
view (i.e., ventral view of the specimen). (F) Pretarsus of the midleg of the holotype. (G) Terminalia of
the holotype, with a black line emphasizing the margin of subgenital plate and a white arrowhead indicat-
ing the tip of cercus. (H-I) Dorsal and lateral views of the ovipositor of the holotype, to the same scale.
(J) Cercus of the holotype, at the same view angle as G, with a white arrowhead indicating the tip of cer-
cus. Abbreviations: as, anterior apical spine; gs, genicular spine; Ip, labial palpus; mp4, mp5, maxillary
palpomere IV and V; ov, ovipositor; ps, posterior apical spine; S6 and S7, sternum VI and VII. Scale bars:
A, B, C,J,500 wm; D, F, 100 um; E, 200 pum; G, H, I, 1 mm. Photo credit: Alan Hadley.

Full-size & DOI: 10.7717/peerj.15067/fig-2
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Figure 3 Wings of the fossils described herein. (A-C) Ensiferoblatta oecanthoides gen. et sp. nov.,
tegmen of the paratype, NIGP200822 (A) folded hindwing of the holotype, NIGP200821 (B) and
reconstruction of B as unfolded (C) to the same scale. (D—E) Tegmen of Proceroblatta colossea gen. et sp.
nov., holotype NIGP200823; the distorted basal portion is reconstructed and magnified by two times in E.

Scale bars: 2 mm.
Full-size &4 DOI: 10.7717/peer;j.15067/fig-3

ca. 2.26—(2.37), ratio ca. 1.16; sides subducted. Wings (Figs. 3A—3C): forewing length ca.
12.9—(13.0) and width (2.53), ratio ca. (5.1), clavus length ca. (5.4) (longitudinal projection
ca. 5.3) and width (1.51); ScP indiscernible; R with ten or 11 terminal branches recognized,
proximal portion pectinate, middle portion with dichotomy; mediocubital veins largely
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indiscernible; CuP arcuate; claval veins essentially parallel to CuP, some of them bifurcate,
terminating in 11 veinlets. Hindwing length 11.2, width of prevannus 2.22, length of
vannal fold ca. 8.7; ScCP/RA/RP/M/CuA with 1/3(or 4)/5(or 6)/4/4 terminal branches; CuA
additionally with 11 incomplete branches that end at or approach CuP; CuP, Pcu and V(1]
simple; base of V emitting eight V[s] veins and likely terminating in more than 11 veinlets.
Leg segments length (femur/tibia//tarsomere I/II/III/IV/V): foreleg 2.70/2.68//1.38—
(1.42)/(0.68)—0.76/0.44/0.18/0.36, midleg 3.70—(3.90)/3.28-4.24//1.56/0.66/0.40/0.14/0.40,
hindleg 3.92-4.44/6.55-6.89//2.02-2.16/0.91-0.96/0.45-0.52/0.15/0.41. Each femur with a
genicular spine, which is especially long in mid- and hindfemora. Forefemur with one apical
spine and one preapical spine on both the anteroventral margin and the posteroventral
margin. Midfemur similar to forefemur, but with four posteroventral spines, which are
far apart. Hindfemur with two short apical spines respectively on the anteroventral and
posteroventral margins, without preapical spines (Fig. 2E). Tibia with five distal long
spines; additionally, foretibia with one anterodorsal, two anterovenral, one posterodorsal,
and two posterovenral spines; midtibia with two anterodorsal, three anterovenral, two
posterodorsal, and two posterovenral spines (nine spines arranged in four rows); hindtibia
with three anterodorsal, four anterovenral, three posterodorsal, and two posterovenral
spines (12 spines arranged in four rows). Plantula tiny, appearing to be paired lobes.
Terminalia (Figs. 2G—2]): supra-anal plate damaged; cercus completely covered by wings,
length 2.13, with 14 segments countable, segments longer distad; subgenital plate (sternum
VII) convex, distal half roof-like, hind margin entire; ovipositor exposed length (5.22)-5.80
laterally and 5.12 ventrally, height at base 0.77, thickness (width) ca. 0.17, exceeding wings
by (0.1)-2.08.

Family undetermined
Genus Proceroblatta gen. nov.

(LSID: urn:lsid:zoobank.org:act:31D26EFE-086D-4228-A5F2-489BFADF3138)

Type species. Proceroblatta colossea gen. et sp. nov.

Etymology. Derived from Latin procera, extending to a great length, and blatta,
cockroach. Feminine.

Diagnosis (female only). Proceroblatta at first sight closely resembles Ensiferoblatta with
much larger size (ca. 2 times). It differs from Ensiferoblatta at least in very long maxillary
palpi (length of palpomeres IV and V together is ca. 1.5X of head width, vs. ca. 0.8X in
Ensiferoblatta), more spiny tibiae, and the longer cerci (exceeding vs. not exceeding wings).
There might be more differences but the condition of preservation does not allow a further
comparison.

Proceroblatta colossea sp. nov.
(Figs. 3D-3E, 4)
(LSID: urn:lsid:zoobank.org:act:94C7A7F4-5A81-4498-904B-1D67C57BAE7B)
Material. Holotype NIGP200823, female (Fig. 4). The single fossil is preserved in a piece
of Myanmar amber, decayed and distorted. Main parts are preserved but the following are
missing: most of antennae, distal part of forelegs, most of midlegs, most of right hindleg,
tarsus and pretarsus of left hindleg, and the distal part of cerci and ovipositor.
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Figure 4 Proceroblatta colossea gen. et sp. nov., holotype NIGP200823. (A) Dorsal view of the habi-

tus. (B) Details of the front portion, dorsal view. (C) Ventral view of the tip of subgenital plate. (D) Dorsal
view of the terminalia, note that the cerci and ovipositor are truncated along with the amber piece. Abbre-
viations: cc, cercus; p4, p5, maxillary palpomere IV and V; ov, ovipositor. Scale bars: A, 5 mm; B,D, 2 mm;

C, 500 pm. Photo credit: Alan Hadley.
Full-size &l DOI: 10.7717/peerj.15067/fig-4
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Etymology. Derived from Latin colossea, larger than usual.

Diagnosis. Only one species known; differential diagnosis unavailable.

Description (female only). General shape fusiform; body length 24.2, length including
wings 29.3. Head not observed clearly, width ca. 2.4; eyes bulbous and seemingly rounded;
maxillary palpi very long, the fourth palpomere length 1.96-2.12, the fifth segment length
1.32-1.63. Pronotum: long trapezoid, extremely fine pubescence seen along the margin (the
surface hard to observe), hind margin arcuate, length 5.41 and width 3.42, ratio ca. 1.58.
Wings (Figs. 3D-3E): forewing length ca. 23.9 and width 5.46, ratio ca. 4.38, clavus length
ca. 7.1 (longitudinal projection ca. 6.6) and width 2.37; ScP seemingly simple; R essentially
pectinate, with at least 11 terminal branches; mediocubital veins evenly distributed but
unevenly dichotomous, with at least 19 terminal branches; CuP arcuate; claval veins
essentially parallel to CuP, some of them bifurcate, terminating in ten branches; intercalary
veins developed throughout. Hindwings indiscernible. Forefemur with at least three apical
and preapical spines, but the insertion position unclear. Foretibia length at least 4.8 as
preserved, distal spines incompletely preserved, additionally with two anterodorsal, four
anterovenral, two posterodorsal, and three posterovenral spines. Hindfemur length greater
than 5.8; hindtibia length greater than 14, with five distal spines, additionally with 22 spines,
the arrangement of which is unclear. Terminalia: cercus thick, long, exceeding wings, length
at least 7.5 as preserved (distal portion not included in the amber piece); subgenital plate
(sternum VII) with triangular distal portion, hind margin entire. Ovipositor sword-shaped,
exceeding wings (the apex not preserved), length at least 6.1 as preserved.

Taxonomic placement of the new fossils. With such a long external ovipositor, the
new cockroach fossils are clearly not the members of Dictyoptera, to which extant
cockroaches, termites and mantises belong. Cockroaches outside of Dictyoptera are
placed into the paraphyletic plesiomorphon Eoblattodea (Laurentiaux, 1959) (see Li,
2019). The general shape of the new fossils is reminiscent of Raphidiomimidae, they all are
slim, elongate cockroaches. However, Raphidiomimidae are prognathous and have fairly
short, though exposed, ovipositors (see Vishnyakova, 1973), and these distinctions in key
characters rule out a close relationship between the new fossils and Raphidiomimidae.
Here we adopt the original concept of Raphidiomimidae by Vishnyakova (1973). In
other words, questionable taxa in Raphidiomimidae are not taken into comparisons, e.g.,
long-ovipositored species that are to be revised, and nymphs with limited discernible
characters (Supplemental Information). Other long-ovipositored Mesozoic cockroaches
were placed in Mesoblattinidae (Vishnyakova, 1968), with various length of ovipositor.
Mesoblattinidae is a problematic taxon: it was based on Blattina (Mesoblattina) protypa
Geinitz, 1880 (Handlirsch, 1906), the type specimen of which is merely a tegmen (Geinitz,
18805 Vrsansky e~ Ansorge, 2007), and no topotype supplements the knowledge except for
the tegmen. Blattina (M.) protypa has many traits in common with the general tegmen of
extant Ectobiidae, e.g., short ScP, pectinate R, somewhat irregular mediocubital veins, and
diagonally distributed claval veins. The concept of “Mesoblattinidae” used by subsequent
authors (e.g., Vrsansky & Ansorge, 2007) was abstracted from alleged confamilial species
that were not ascertained to be closely related to B. (M.) protypa. In view of the current
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status of usage, the name Mesoblattinidae is confusing and thus undesirable. In summary,
the new fossils cannot be placed in any known family.

We propose a new family for Ensiferoblatta, but the familial placement of Proceroblatta
remains unspecified. The holotype of Proceroblatta colossea does not preserve adequate
information for family-level classification. Fanwise folding of the hindwing was not
detected in Proceroblatta. If Proceroblatta does not have fanwise folding, the hindwing
would be an important difference with Ensiferoblatta. Noteworthily, the combination of
long cerci and sword-shaped ovipositor is also found from some Mesozoic cockroaches,
namely, Karatovoblatta and Falcatusiblatta (Vishnyakova, 1968; Liang, Shih ¢ Ren, 2017).
However, other characters of these genera do not exhibit relationships to Proceroblatta.

DISCUSSION

Habitus, habit and habitat of the tree-cricket-like cockroaches

The typical body build of cockroaches is broad, flat, with transverse pronotum, and
known Eoblattodea are no exception. In comparison, the new Eoblattodea cockroaches
are slim, elongate, fusiform, with longitudinal pronotum. Apparently, Ensiferoblatta
and Proceroblatta may be more adaptive to wide open habitats than to confined spaces
(e.g., plant litter, crevices and burrows), which are, as shelters, preferred by most extant
cockroaches. Their habitus is reminiscent of fossil cockroach families Raphidiomimidae
and Manipulatoridae, and extant cockroach genus Saltoblattella: Raphidiomimidae have
elongate and prognathous head and might be predators (Vishnyakova, 1973; Vrsansky,
Vishniakova & Rasnitsyn, 2002; Grimaldi & Engel, 2005; Liang, Vrsansky ¢ Ren, 2012;
Liang, Shih & Ren, 2017), Manipulatoridae have exceptionally long appendages (antennae
and maxillary palpi in particular) and might be flower-visiting herbivores (Li ¢ Huang,
2022; but see Vrsansky ¢ Bechly, 2015), and Saltoblattella is a jumping cockroach with
well-developed saltatorial legs (Bohn et al., 2010). Their assumed habits have associations
with open habitats. But on the other hand, the ethological and ecological hypotheses of
them were not based on the body build alone, but on a comprehensive and comparative
morphological investigation. Ensiferoblatta and Proceroblatta have long external ovipositors
(thus belonging to Eoblattodea), the combination of such ovipositors and a fusiform instead
of flat body build represents a unique morphotype among cockroaches. This morphotype
resembles crickets and katydids (Ensifera, Orthoptera), especially the tree-crickets, more
than general cockroaches.

Judging from the similarity with Ensifera in the ovipositor, Eoblattodea are not able to
fabricate an ootheca of the dictyopteran type; instead, they likely lay eggs one by one into
ground or plant material, as Ensifera. The shape of ovipositor is indictive of the substrate
for Ensifera to lay eggs: straight, cylindrical or needle-like ones suggest soil, while curved,
sickle-like ones suggest plant material (Rentz, 2010). The ovipositor of E. oecanthoides
is sabre-like, and its tip is not serrated. The preserved ovipositor portion of P. colossea is
similar to that of E. oecanthoides. This type of ovipositor may indicate the hollow grass stems
as oviposition site (Rentz, 2010). In extant Ensifera, the meadow katydids (Conocephalus)
have suchlike ovipositors (see Nagar ¢» Swaminathan, 2016; Farooqi ¢ Usmani, 2018).
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They lay eggs in the leaf sheaths of a variety of grasses, reeds and sugar cane, occasionally in
stems, wood cracks, and even in fruits (Illingworth, 19315 Zimmerman, 1948; Powell, 1977;
Decleer, 19915 Divya & Senthilkumar, 2018). Accordingly, E. oecanthoides and P. colossea
likely lay eggs in similar substrate. Besides, their ovipositors per se are not adaptive for
fossorial purpose, unlikely penetrating sand, soil or hard stems of plants, but suitable for
flimsy substrate. However, even if a few grasses had coexisted with E. oecanthoides and P.
colossea, grasses had not been common until the end of Cretaceous at least (Soreng et al.,
2015; Kirschner ¢ Hoorn, 2020). Therefore, the oviposition site should be of other plants
with suitable properties. Note that the external ovipositors of Eoblattodea, including E.
oecanthoides and P. colossea, are distinct from that of extant mantises and extinct basal
Dictyoptera. The slightly exposed ovipositors of the latter are too short to lay eggs as deeply
as effective for protection, the valvulae of some species are too soft and too loose to cut or
penetrate (see Bai et al., 2018; Qiu, Wang ¢ Che, 2019); instead, their ovipositors correlate
to certain oothecae typical of mantises (see Li ¢~ Huang, 2019).

The asymmetrical tarsal claws may have latent implication on the habit of Ensiferoblatta.
Asymmetrical claws are found among extant cockroaches (e.g., Roth, 1993; Deans ¢» Roth,
2003; Bohn & Chlddek, 2011; Anisyutkin, 2012; Li et al., 2017; Qiu et al., 2017), but the
natural history of only few taxa has been observed. Many Polyzosteriinae have asymmetrical
claws (Roth, 2003), and these cockroaches frequently inhabit heath and deserts and
associated with xeric plants in Australia (Rentz, 2014). Some species of the European
Phyllodromica Fieber, 1853 (maculata-group) are thermophilic and often found in the
grassy vegetation on southerly exposed slopes of hills (Bohn & Chlddek, 2011). Species of
Sorineuchora Caudell, 1927 from the monsoon forests in South China are frequently found
on coarse bark of trees, while sympatric cockroaches mainly occur in shrubs, leaf litter and
crevices (XRL pers. obs.). Females of Nyctibora acaciana Roth, 2003 from Costa Rican dry
forest were observed gluing their oothecae to the stems and branches of ant-acacias (Dears
& Roth, 2003). Apparently, cockroaches with asymmetrical tarsal claws favour a specific
texture (especially that of a certain plant), or the claws resulted from the adaptation of such
texture. However, the underlying correlation and the functional mechanism are unclear.

Current fossil records suggest that Ensiferoblatta and Proceroblatta represent a new
morphotype that did not exist until the middle-late Mesozoic. Provided that it is a fact,
some Eoblattodea might have entered a new niche during Jurassic or Cretaceous, and
this niche may be associated with a contemporary transformation of ecosystems. During
the middle-late Mesozoic, the rapid radiation of angiosperms reshaped the terrestrial
ecosystems, and led to the co-diversification of insects by opening new niches (Labandeira,
2014; Li et al., 2019; Benton, Wilf & Sauquet, 2021). The morphotype represented by the
new fossils seems like an evolutionary attempt of the ancient Eoblattodea, interacting with
the newly emerged angiosperms. In summary, Ensiferoblatta and Proceroblatta may be
arboreal insects, probably feeding on certain angiosperms, and these unique cockroaches
may also lay eggs into penetrable stems of those plants, or prepare the stem by biting before
oviposition (Fig. 5).
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Fossil records and extinction of cockroaches with long ovipositor

A cockroach with long external ovipositor (Eoblattodea, also known as ‘roachoid’) is
not found in recent fauna. It is believed that this type of cockroaches became extinct by
Cenozoic, but little is known about how far they went. Long, stiff, external ovipositors were
occasionally documented in fossils from latest Carboniferous (sword-shaped or simply
spinous: Laurentiaux, 1951; Laurentiaux, 1959; Bekker-Migdisova, 1962) to Early Cretaceous
(sword-shaped: Vishnyakova, 1986; Ren et al., 1995, therein dated to Jurassic), remarkably
in the Jurassic (Vishnyakova, 1968; Liang, Shih ¢ Ren, 2017). New fossils described herein
demonstrate that the history of this type of cockroaches is longer than formerly known.
The long history of such ovipositor suggests that this morphotype used to be very successful
for cockroaches.

The most conspicuous, and likely the most significant, difference between earlier and
extant cockroaches lies in the ovipositor, or in other words, in the absence and presence
of the oothecae. It leads to a straightforward conclusion that the absence of oothecae
contributes to the extinction of Eoblattodea, because the eggs lack proper protection so
as to be vulnerable. Interestingly, crickets, katydids and ootheca-producing cockroaches
finally survive, whereas the cockroaches bearing long ovipositors typical of crickets and
katydids died out. Besides, the eggs of Eoblattodea could be protected as well as that
of Ensifera, providing that these insects lay eggs into similar substrates. Therefore, the
‘old-fashioned’ style of oviposition may not be the key contributor to the extinction of
Eoblattodea.

Here we explore the cause of their extinction in the context of fossil records and
ecological changes. As mentioned above, the ovipositors of cockroaches evolved towards
reduction during middle-late Mesozoic, as shown by fossil records. This marks the decline
of Eoblattodea and the origin of Dictyoptera and Blattodea. Together with the new
morphotype of Eoblattodea, at least three evolutionary paths of the last Eoblattodea
are revealed: (1) to retain the traditional morphotype and habits, (2) to retain the long
ovipositor and ancient oviposition strategy, but develop new morphotypes to adapt to
new niches, and (3) to shorten the ovipositor so as to fabricate an ootheca, giving rise
to Dictyoptera (please note that Eoblattodea is a character-based paraphyletic taxon, and
Dictyoptera is one of its descendants but is not taxonomically subordinate to Eoblattodea.
See Li, 2019). The first and second paths resulted in dead ends, while the third is an open
path. In view of the timing, an apparent relation is readily spotted between the extinction
of Eoblattodea and the end-Cretaceous mass extinction event. However, in spite of a
decrease in the estimated diversity of insects during the Late Cretaceous (Clapham et al.,
2016; Schachat et al., 2019), insects seemed to have not suffered a severe decline from
the end-Cretaceous event, and the insect diversity of this epoch is likely underestimated
owing to the lack of Lagerstitten (Schachat ¢ Labandeira, 2021). Instead, the dynamics
of insects are more closely associated with the Angiosperm Terrestrial Revolution: while
angiosperms gradually replaced gymnosperms as the dominant plants, a number of plant-
associated insects shifted their hosts from gymnosperms to angiosperms, others remained
in gymnosperms or became extinct (Labandeira, 2014). Accordingly, we conjecture the
evolutionary scenario of middle-late Mesozoic Eoblattodea: they might utilize a certain
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group of gymnosperms for feeding or egg-laying, and the majority of them failed to adapt
to new host plants before the existing hosts became extinct (path 1), a few species managed
to live on new, angiosperm hosts, but also failed in the end (path 2), and a small group
of Eoblattodea no longer retained a long ovipositor, they did not rely on gymnosperms
anymore and probably entered a niche distinct from that of other Eoblattodea (path

3). From the perspective of geological history, the candidates for the hosts of the last
‘conventional’ Eoblattodea include Bennettitales: these cockroaches and gymnosperms
both originated in the late Palaeozoic and severely declined during the Late Cretaceous
(Stewart, 1983; Knoll, 1986; Blomenkemper et al., 2021). Similarly, certain subgroups of
Ginkgoales and Cycadales are also possible. The extinction of the new morphotype of
Eoblattodea might be due to the small population and a low degree of adaptive flexibility.
In terms of the assumed habit—being exposed to open environment, Ensiferoblatta and
Proceroblatta were readily affected by ecological disturbance and vulnerable to catastrophic
events. Moreover, like ‘conventional’ Eoblattodea, Ensiferoblatta and Proceroblatta also left
their eggs to the habitat, and the eggs risked more being eaten or impaired. In contrast,
cockroaches that tend to hide in crevices and burrows, like many extant species, have a
higher chance of survival. In addition, the oothecae of extant cockroaches are a sound,
maternal protection for the eggs. Running on a lucky evolutionary path, cockroaches
that produce oothecae with shortly exposed or internal ovipositors (together included in
Dictyoptera) took this opportunity to diversify, and became the cockroaches, mantises and
termites today, which distribute throughout tropical and subtropical regions.

CONCLUSIONS

This article reports the discovery of Ensiferoblatta oecanthoides gen. et sp. nov. and
Proceroblatta colossea gen. et sp. nov. from mid-Cretaceous Myanmar amber. These
new taxa belong to the ancient group of cockroaches, namely Eoblattodea (also known
as ‘roachoids’), which date back to the Carboniferous. They are the youngest Eoblattodea
ever found, extending the history of Eoblattodea as long as over 200 My, demonstrating
the evolutionary triumph of the cockroaches with long ovipositor, which lay eggs into
plants and soil instead of fabricating an ootheca. The tree-cricket-like morphotype

of Ensiferoblatta and Proceroblatta is unique among Eoblattodea and also rare among
cockroaches, and indicates that these cockroaches preferred wide open habitats, instead of
confined spaces that ‘traditional’ cockroaches shelter in. This unique morphotype appears
like an attempt to adapt to newly emerged angiosperms, but resulted as an evolutionary
dead end. The morphotype and habit might contribute to the extinction of Ensiferoblatta
and Proceroblatta, because the open habit causes latent impairment to viability. We also
speculate that the extinction of ‘traditional’ Eoblattodea is probably due to the extinction
of their gymnosperm hosts. The lack of protection for eggs (maternal care in particular)
might accelerate the extinction of Eoblattodea as a whole.
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Figure 5 Ecological reconstruction of Ensiferoblatta oecanthoides gen. et sp. nov. This picture shows
two females on a twig of an angiosperm, and one of them is laying eggs into the stem. Image credit: Mr Jie
Sun.

Full-size Gl DOI: 10.7717/peerj.15067/fig-5

ACKNOWLEDGEMENTS

We thank Dr André Nel and an anonymous reviewer for their constructive input. Mr Jie
Sun drew the ecological reconstruction.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the Second Tibetan Plateau Scientific Expedition and Research
project (2019QZKK0706), the Strategic Priority Research Program of the Chinese Academy
of Sciences (XDB26000000), and the National Natural Science Foundation of China
(41925008 and 42288201). The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

Second Tibetan Plateau Scientific Expedition and Research project: 2019QZKK0706.
Strategic Priority Research Program of the Chinese Academy of Sciences: XDB26000000.
National Natural Science Foundation of China: 41925008, 42288201.

Li and Huang (2023), PeerJ, DOI 10.7717/peerj.15067 15/21


https://peerj.com
https://doi.org/10.7717/peerj.15067/fig-5
http://dx.doi.org/10.7717/peerj.15067

Peer

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Xin-Ran Li conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

e Di-Ying Huang conceived and designed the experiments, authored or reviewed drafts of
the article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

This article focuses on the description of new fossils, accessioned as specimen numbers
NIGP200821-200824, at Nanjing Institute of Geology and Palaeontology, Chinese Academy
of Sciences, Nanjing, Jiangsu, China.

New Species Registration
The following information was supplied regarding the registration of a newly described
species:
Ensiferoblattidae: urn:lsid:zoobank.org:act: AOCC40E4-8990-4CA5-9854-D1670E93EB11
Ensiferoblatta: urn:lsid:zoobank.org:act:EA84E47F-47AD-4F79-AFF6-929484FCDDF3
Ensiferoblatta oecanthoides: urn:lsid:zoobank.org:act:2045B599-278B-457E-B580-
93E3BBD39876
Proceroblatta: urn:lsid:zoobank.org:act:31D26EFE-086D-4228-A5F2-489BFADF3138
Proceroblatta colossea: urn:lsid:zoobank.org:act:94C7A7F4-5A81-4498-904B-
1D67C57BAE7B
Publication LSID: urn:Isid:zoobank.org:pub:7015F012-0008-4885-BB51-C1340A0A3CA2

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.15067#supplemental-information.

REFERENCES

Anisyutkin LN. 2012. A description of a new species of the cockroach genus Prosoplecta
Saussure, 1864 (Dictyoptera, Ectobiidae) from South Vietnam. Entomologicheskoe
Obozrenie 91(4):742-756.

Anisyutkin LN, Gorochov AV. 2005. On the supposed evolutionary scenario of the
higher dictyopteran taxa origin (Dictyoptera). In: Rozanov AY, Lopatin AV,
Parkhaev PY, eds. Modern paleontology: classic and newest methods. First All-Russian
School—2004. Moscow: Paleontological Institute of the Russian Academy of
Sciences, 109-116.

Anisyutkin LN, Gorochov AV. 2008. A new genus and species of the cockroach family
Blattulidae from Lebanese amber (Dictyoptera, Blattina). Paleontological Journal
42:43—-46 DOI 10.1134/50031030108010061.

Li and Huang (2023), PeerJ, DOI 10.7717/peerj.15067 16/21


https://peerj.com
http://dx.doi.org/10.7717/peerj.15067#supplemental-information
http://dx.doi.org/10.7717/peerj.15067#supplemental-information
http://dx.doi.org/10.1134/S0031030108010061
http://dx.doi.org/10.7717/peerj.15067

Peer

Bai M, Beutel RG, Zhang W, Wang S, Hoérnig M, Gréhn C, Yan E, Yang X, Wipfler B.
2018. A new Cretaceous insect with a unique cephalo-thoracic scissor device. Current
Biology 28:438—443 DOI 10.1016/j.cub.2017.12.031.

Beccaloni GW. 2014. Cockroach species file online. Version 5.0/5.0. Available at hitp:
//Cockroach.SpeciesFile.org (accessed on 15 March 2018).

Bechly G. 2007. ‘Blattaria’: cockroaches and roachoids. In: Martill DM, Bechly G,
Loveridge RF, eds. The Crato Fossil Beds of Brazil: window into an ancient world.
Cambridge/New York/Melbourne/Madrid/Cape Town/Singapore/Sao Paulo:
Cambridge University Press, 239-249.

Bekker-Migdisova EE. 1962. Order blattodea, cockroaches. In: Rohdendorf BB, ed.
Fundamentals of Paleontology. Volume 9. Arthropoda, Tracheata, Chelicerata [English
translation of Osnovy Paleontologii. Tom 9: Chlenistonogie, Trakheinye i Khelitserovye
J. Moscow: Akademiya Nauk SSSR Publishers, 88—111[English version 104-138].

Bell WJ, Nalepa CA, Roth LM. 2007. Cockroaches: ecology, Behavior, and Natural History.
Baltimore: Johns Hopkins University Press, 230 pp.

Benton M]J, Wilf P, Sauquet H. 2021. The angiosperm terrestrial revolution and the
origins of modern biodiversity. New Phytologist 233(5):2017-2035 [pagination in
2022].

Beutel RG, Luo X, Wipfler B. 2020. Is Umenocoleus a roach or a beetle (Dictyoptera or
Coleoptera)? Palaeoentomology 3(1):96—102
DOI 10.11646/palacoentomology.3.1.13.

Blomenkemper P, Baumer R, Backer M, Abu Hamad A, Wang J, Kerp H, Bomfleur
B. 2021. Bennettitalean leaves from the Permian of equatorial Pangea—the early
radiation of an iconic Mesozoic gymnosperm group. Frontiers in Earth Science
9:652699 DOI 10.3389/feart.2021.652699.

Bohn H, Chladek F. 2011. Revision of the maculata-group of Phyllodromica: species from
Central Europe (Insecta: Blattodea: Blattellidae: Ectobiinae). Arthropod Systematics &
Phylogeny 69(1):3—-54.

Bohn H, Picker M, Klass K-D, Colville JF. 2010. A jumping cockroach from South
Africa, Saltoblattella montistabularis, gen. nov. spec. nov. (Blattodea: Blattellidae).
Arthropod Systematics & Phylogeny 68:53—69.

Clapham ME, Karr JA, Nicholson DB, Ross AJ, Mayhew PJ. 2016. Ancient origin of high
taxonomic richness among insects. Proceedings of the Royal Society B 283:20152476
DOI 10.1098/rspb.2015.2476.

Collins N, Van den Berghe E, Carson L. 2014. Two new species of Neoxabea, three
new species of Oecanthus, and documentation of two other species in Nicaragua
(Orthoptera: Gryllidae: Oecanthinae). Transactions of the American Entomological
Society 140(1):163—184 DOI 10.3157/061.140.0111.

Deans AR, Roth LM. 2003. Nyctibora acaciana (Blattellidae: Nyctiborinae), a new species
of cockroach from Central America that oviposits on ant-acacias. Transactions of the
American Entomological Society 129(2):267-283.

Li and Huang (2023), PeerJ, DOI 10.7717/peerj.15067 17/21


https://peerj.com
http://dx.doi.org/10.1016/j.cub.2017.12.031
http://Cockroach.SpeciesFile.org
http://Cockroach.SpeciesFile.org
http://dx.doi.org/10.11646/palaeoentomology.3.1.13
http://dx.doi.org/10.3389/feart.2021.652699
http://dx.doi.org/10.1098/rspb.2015.2476
http://dx.doi.org/10.3157/061.140.0111
http://dx.doi.org/10.7717/peerj.15067

Peer

Decleer K. 1991. The life cycle of Conocephalus dorsalis (Latreille) (Saltatoria) in relation
to cutting management and extreme water level fluctuations in a derelict reedmarsh.
Biologisch jaarboek Dodonaea 58:139—151.

Divya G, Senthilkumar N. 2018. Influence of courtship feeding on fecundity of Cono-
cephalus maculatus (Le Guillou, 1841) (Orthoptera: Tettigoniidae: Conocephalinae).
Journal of Entomology and Zoology Studies 6(5):612—617.

Farooqi MK, Usmani MK. 2018. Review of genus Conocephalus Thunberg, 1815
(Orthoptera: Tettigoniidae: Conocephalinae) with one new species from India.
Zootaxa 4461(3):381-398 DOI 10.11646/zootaxa.4464.3.4.

Geinitz FE. 1880. Der Jura von Dobbertin in Mecklenburg und seine Versteinerungen.
Zeitschrift der Deutschen geologischen Gesellschaft 32(3):510-535.

Grimaldi D, Engel MS. 2005. Evolution of the insects. New York: Cambridge University
Press, 755 pp.

Handlirsch A. 1906. Die fossilen insekten und die phylogenie der rezenten formen. Leipzig:
Wilhelm Engelmann.

Hoérnig MK, Haug C, Schneider JW, Haug JT. 2018. Evolution of reproductive strategies
in dictyopteran insects—clues from ovipositor morphology of extinct roachoids.
Acta Palaeontologica Polonica 63:1-24.

Ilingworth JF. 1931. Longhorned grasshopper, Conocephalus saltator (Saussure), as
a pest of pineapples in Hawaii. Proceedings of the Hawaiian Entomological Society
7(3):407—408.

Kirschner JA, Hoorn C. 2020. The onset of grasses in the Amazon drainage basin,
evidence from the fossil record. Frontiers of Biogeography 12(2):e44827.

Knoll AH. 1986. Patterns of change in plant communities through geological time. In:
Diamond J, Case TJ, eds. Community ecology. New York: Harper and Row, 126-141.

Labandeira C. 2014. Why did terrestrial insect diversity not increase during the an-
giosperm radiation? Mid-Mesozoic, plant-associated insect lineages harbor clues.
In: Pontarotti P, ed. Evolutionary biology: genome evolution, speciation, coevolution
and origin of life. Heidelberg/New York/Dordrecht/London: Springer International
Publishing, 261-299.

Laurentiaux D. 1951. Le probleme des blattes paléozoiques a ovipositeur externe.
Annales de Paléontologie 37:3—12.

Laurentiaux D. 1959. La reproduction chez les Insectes blattaires du Carbonifere:
facteurs du panchronisme et classification naturelle de 'ordre. Bulletin de la Société
Géologique de France S7-1:759-766 DOI 10.2113/gssgfbull.57-1.7.759.

Lee S-W. 2016. Taxonomic diversity of cockroach assemblages (Blattaria, Insecta) of the
Aptian Crato Formation (Cretaceous, NE Brazil). Geologica Carpathica 67:433—-450
DOI 10.1515/geoca-2016-0027.

Li H-T, Yi T-S, Gao L-M, Ma P-F, Zhang T, Yang J-B, Gitzendanner MA, Fritsch PW,
CaiJ, Luo Y, Wang H, Bank Mvander, Zhang S-D, Wang Q-F, Wang J, Zhang
Z-R, Fu C-N, Yang J, Hollingsworth PM, Chase MW, Soltis DE, Soltis PS, Li D-
Z.2019. Origin of angiosperms and the puzzle of the Jurassic gap. Nature Plants
5(5):461-470 DOT 10.1038/s41477-019-0421-0.

Li and Huang (2023), PeerJ, DOI 10.7717/peerj.15067 18/21


https://peerj.com
http://dx.doi.org/10.11646/zootaxa.4464.3.4
http://dx.doi.org/10.2113/gssgfbull.S7-I.7.759
http://dx.doi.org/10.1515/geoca-2016-0027
http://dx.doi.org/10.1038/s41477-019-0421-0
http://dx.doi.org/10.7717/peerj.15067

Peer

Li M, Che Y-L, Zheng Y-H, Wang Z-Q. 2017. The cockroach genus Sorineuchora
Caudell, 1927 from China (Blattodea, Ectobiidae, Pseudophyllodromiinae). ZooKeys
697:133-156 DOI 10.3897/z00keys.697.13617.

Li X, Huang D. 2022. Predators or herbivores: cockroaches of Manipulatoridae revisited
with a new genus from Cretaceous Myanmar amber (Dictyoptera: Blattaria:
Corydioidea). Insects 13:732 DOI 10.3390/insects13080732.

Li X, Wang Z. 2015. A taxonomic study of the beetle cockroaches (Diploptera Saussure)
from China, with notes on the genus and species worldwide (Blattodea: Blaberidae:
Diplopterinae). Zootaxa 4018:35-56 DOI 10.11646/zo0taxa.4018.1.2.

Li X-R. 2019. Disambiguating the scientific names of cockroaches. Palaeoentomology
2:390-402 DOI 10.11646/palacoentomology.2.4.13.

Li X-R, Huang D-Y. 2019. A mantis-type ootheca from mid-Cretaceous Burmese amber
(Insecta: Dictyoptera). Cretaceous Research 100:134—137
DOI 10.1016/j.cretres.2019.04.002.

Li X-R, Li M, Wang Z-Q. 2017. Preliminary molecular phylogeny of beetle cockroaches
(Diploptera) and notes on male and female genitalia (Blattodea: Blaberidae:
Diplopterinae). Zootaxa 4320(3):523-534 DOI 10.11646/zootaxa.4320.3.7.

Li X-R, Zheng Y-H, Wang C-C, Wang Z-Q. 2018. Old method not old-fashioned:
parallelism between wing venation and wing-pad tracheation of cockroaches and a
revision of terminology. Zoomorphology 137:519-533
DOI 10.1007/s00435-018-0419-6.

Liang J, Shih C, Ren D. 2017. New Jurassic predatory cockroaches (Blattaria: Raphid-
iomimidae) from Daohugou, China and Karatau, Kazakhstan. Alcheringa
42:101-1009.

Liang J-H, Vrsansky P, Ren D. 2012. Variability and symmetry of a Jurassic nocturnal
predatory cockroach (Blattida: Raphidiomimidae). Revista Mexicana de Ciencias
Geoldgicas 29(2):411-421.

Liu X-T, Jing J, Xu Y, Liu Y-F, He Z-Q. 2018. Revision of the tree crickets of China
(Orthoptera: Gryllidae: Oecanthinae). Zootaxa 4497(4):535-546
DOI 10.11646/zootaxa.4497.4.4.

Luo C, Beutel RG, Xu C, Jarzembowski EA. 2021. Laticephalana liuyani gen. et sp.
nov. a new bizarre roachoid of Umenocoleidae (Insecta, Dictyoptera) from mid-
Cretaceous Kachin amber. Proceedings of the Geologists’ Association 132(4):469—478
DOI 10.1016/j.pgeola.2021.04.004.

Luo C, Xu C, Jarzembowski EA. 2020. Enervipraeala nigra gen. et sp. nov. an umeno-
coleid dictyopteran (Insecta) from mid-Cretaceous Kachin amber. Cretaceous
Research 119 [volume designation in 2021]:104702.

Luo C-H, Beutel RG, Thomson UR, Zheng D-R, Li J-H, Zhao X-Y, Zhang H-C, Wang B.
2022. Beetle or roach: systematic position of the enigmatic Umenocoleidae based
on new material from Zhonggou Formation in Jiuquan, Northwest China, and a
morphocladistic analysis. Palaeoworld 31:121-130
DOI 10.1016/j.palwor.2021.01.003.

Li and Huang (2023), PeerJ, DOI 10.7717/peerj.15067 19/21


https://peerj.com
http://dx.doi.org/10.3897/zookeys.697.13617
http://dx.doi.org/10.3390/insects13080732
http://dx.doi.org/10.11646/zootaxa.4018.1.2
http://dx.doi.org/10.11646/palaeoentomology.2.4.13
http://dx.doi.org/10.1016/j.cretres.2019.04.002
http://dx.doi.org/10.11646/zootaxa.4320.3.7
http://dx.doi.org/10.1007/s00435-018-0419-6
http://dx.doi.org/10.11646/zootaxa.4497.4.4
http://dx.doi.org/10.1016/j.pgeola.2021.04.004
http://dx.doi.org/10.1016/j.palwor.2021.01.003
http://dx.doi.org/10.7717/peerj.15067

Peer

Mao Y, Liang K, Su'Y, Li J, Rao X, Zhang H, Xia F, Fu Y, Cai C, Huang D. 2018. Various
amberground marine animals on Burmese amber with discussions on its age.
Palaeoentomology 1:91-103 DOI 10.11646/palacoentomology.1.1.11.

Nagar R, Swaminathan R. 2016. Notes on the genus Conocephalus (Orthoptera: Tet-
tigoniidae; Conocephalinae; Conocephalini) from India and description of two new
species. Zootaxa 4126(1):1-43 DOI 10.11646/zo0taxa.4126.1.1.

Powell GS. 1977. Notes on the longhorned grasshopper Conocephalus semivittatus in
New Zealand (Orthoptera: Tettigoniidae). New Zealand Entomologist 6(3):324-325
DOI 10.1080/00779962.1977.9722278.

Qiu L, Wang ZQ, Che YL. 2019. First record of Blattulidae from mid-Cretaceous
Burmese amber (Insecta: Dictyoptera). Cretaceous Research 99:281-290
DOI10.1016/j.cretres.2019.03.011.

Qiu Z-W, Che Y-L, Zheng Y-H, Wang Z-Q. 2017. The cockroaches of Balta Tepper
from China, with the description of four new species (Blattodea, Ectobiidae,
Pseudophyllodromiinae). ZooKeys 714:13-32
DOI 10.3897/zookeys.714.14041.

Ren D, Lu LW, Guo ZG, Ji SA. 1995. Faunae and Stratigraphy of Jurassic-Cretaceous in
Beijing and the Adjacent Areas. Beijing: Seismie Publishing House.

Rentz D. 2010. A guide to the katydids of Australia. Collingwood: CSIRO Publishing, 208
pp-

Rentz D. 2014. A guide to the Cockroaches of Australia. Collingwood: CSIRO Publishing,
318 pp.

Roth LM. 1968. Oothecae of the Blattaria. Annals of the Entomological Society of America
61:83-111 DOI 10.1093/aesa/61.1.83.

Roth LM. 1993. Cockroach genera whose adult males lack styles. Part 11. (Dicty-
optera, Blattaria, Blattellidae). Deutsche Entomologische Zeitschrift, Neue Folge
40(2):279-307.

Roth LM. 2003. Systematics and phylogeny of cockroaches (Dictyoptera: Blattaria).
Oriental Insects 37:1-186 DOI 10.1080/00305316.2003.10417344,

Schachat SR, Labandeira CC. 2021. Are insects heading toward their first mass ex-
tinction? Distinguishing turnover from crises in their fossil record. Annals of the
Entomological Society of America 114(2):99-118 DOI 10.1093/aesa/saaa042.

Schachat SR, Labandeira CC, Clapham ME, Payne JL. 2019. A Cretaceous peak in
family-level insect diversity estimated with mark-recapture methodology. Proceed-
ings of the Royal Society B 286:20192054 DOI 10.1098/rspb.2019.2054.

Shi G, Grimaldi DA, Harlow GE, Wang J, Wang J, Yang M, Lei W, Li Q, Li X. 2012. Age
constraint on Burmese amber based on U-Pb dating of zircons. Cretaceous Research
37:155-163 DOI 10.1016/j.cretres.2012.03.014.

Soreng RJ, Peterson PM, Romaschenko K, Davidse G, Zuloaga FO, Judziewicz EJ,
Filgueiras TS, Davis JI, Morrone O. 2015. A worldwide phylogenetic classification
of the Poaceae (Gramineae). Journal of Systematics and Evolution 53(2):117-137
DOI10.1111/jse.12150.

Li and Huang (2023), PeerJ, DOI 10.7717/peerj.15067 20/21


https://peerj.com
http://dx.doi.org/10.11646/palaeoentomology.1.1.11
http://dx.doi.org/10.11646/zootaxa.4126.1.1
http://dx.doi.org/10.1080/00779962.1977.9722278
http://dx.doi.org/10.1016/j.cretres.2019.03.011
http://dx.doi.org/10.3897/zookeys.714.14041
http://dx.doi.org/10.1093/aesa/61.1.83
http://dx.doi.org/10.1080/00305316.2003.10417344
http://dx.doi.org/10.1093/aesa/saaa042
http://dx.doi.org/10.1098/rspb.2019.2054
http://dx.doi.org/10.1016/j.cretres.2012.03.014
http://dx.doi.org/10.1111/jse.12150
http://dx.doi.org/10.7717/peerj.15067

Peer

Stewart WN. 1983. Palaeobotany and the evolution of plants. Cambridge: Cambridge
University Press, 405 pp.

Vishnyakova VN. 1968. Mezozoyskiye tarakany s naruzhnym yaytsekladom i osoben-
nosti ikh razmnozheniya (Blattodea). In: Rohdendorf BB, ed. Yurskiye nasekomyye
karatau. Moscow: Izdatel’stvo Nauka, 55-86.

Vishnyakova VN. 1973. Novyye tarakany (Insecta: Blattodea) iz Verkhneyurskikh
otlozheniy khrebta Karatau. In: Narchuk EP, ed. Voprosy paleontologii nasekomykh.
Dokladyna 24m Ezhegodnom chtenii pamyati N.A.Kholodkovskogo, 1971. Leningrad:
Nauka, 64-77.

Vishnyakova VN. 1980. Otryad Blattida Latreille, 1810. In: Rohdendorf BB, Rasnitsyn
AP, eds. Istoricheskoye razvitiye klassa nasekomykh. Trudy Paleontologicheskogo
Instituta. 175: 138-145.

Vishnyakova VN. 1986. Tarakany. Blattida (= Blattodea). In: Rasnitsyn AP, ed. Insects
in the early cretaceous ecosystems of the West Mongolia. The joint Soviet-Mongolian
palaeontological expedition Transactions. 28: 166—169.

Vr$ansky P, Ansorge J. 2007. Lower Jurassic cockroaches (Insecta: Blattaria) from
Germany and England. African Invertebrates 48(1):103—126.

Vrsansky P, Bechly G. 2015. New predatory cockroaches (Insecta: Blattaria: Manipula-
toridae fam.n.) from the Upper Cretaceous Myanmar amber. Geologica Carpathica
66(2):133-138 DOI 10.1515/geoca-2015-0015.

Vrsansky P, Vishniakova VN, Rasnitsyn AP. 2002. In: Rasnitsyn AP, Quicke DLJ, eds.
History of insects. New York: Kluwer Academic Publishers, 263-270.

Zefa E, Acosta RC, Timm VF, Da Costa MKM. 2022. New species of tree cricket
Oecanthus Serville, 1831 (Orthoptera: Grylloidea) from Southern Brazilian Atlantic
Forest, with bioacoustics. Zootaxa 5155(3):439-448 DOI 10.11646/zootaxa.5155.3.8.

Zimmerman EC. 1948. Insects of Hawaii. Vol. 2. Honolulu: University of Hawaii Press,
475 pp.

Li and Huang (2023), PeerJ, DOI 10.7717/peerj.15067 21/21


https://peerj.com
http://dx.doi.org/10.1515/geoca-2015-0015
http://dx.doi.org/10.11646/zootaxa.5155.3.8
http://dx.doi.org/10.7717/peerj.15067

