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Abstract

Background Phasmatodea (stick and leaf insects) play a central role on the debate regarding wing reduction

and loss, and its wings are putative reacquisition from secondarily wingless ancestors based solely on extant species.
A pivotal taxon in this respect is the species-poor Timematodea, consisting of approximately 21 wingless extant spe-
cies, which form the sister group of all remaining winged or wingless stick and leaf insects, the Euphasmatodea.

Results Herein, the new fossils of Timematodea from mid-Cretaceous Kachin amber are reported, with winged

and wingless species co-occurring. The palaeogeographic distributions of all fossils of Holophasmatodea are summa-
rized, showing their wide paleo-distributions. The phylogenetic analysis based on morphological characters confirms
the earliest-diverging lineage of winged Breviala cretacea gen. et sp. nov. in Timematodea, and the possible relation-
ships among all families of Holophasmatodea. These are critical for the reconstruction of patterns of wing evolution

in early Phasmatodea.

Conclusions The new fossils suggest that Timematodea once had wings, at least during the mid-Cretaceous.

The palaeogeographic occurrences imply that Timematodea probably have been widely distributed since at least
the Jurassic. The phylogenetic analysis with the ancestral-state reconstruction of wings indicates that the common
ancestors of Holophasmatodea were winged, the reductions and losses of wings among Timematodea and Euphas-
matodea have occurred independently since at least the Cretaceous, and the reduction or loss of the forewing earlier

than the hind wings.
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Background

Wings are iconic structures among insects, with more
than 95% of all insects capable of flight, and these are
credited along with a plethora of other specializations
for the considerable success of Hexapoda [1-3]. Yet,
despite the monophyletic origin of wings and consider-
able success of flying insects, flight and wings have been
lost and rendered vestigial or absent an innumerable
number of times in the last 325 million years [1]. One
group in particular has been the focus of considerable
debate regarding wing reduction and loss, and its puta-
tive reacquisition from secondarily wingless ancestors
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[4-7]. The insect order Phasmatodea, the stick and leaf
insects, exhibit a complex history and pattern of wing
trait evolution. Some molecular studies have posited that
ancestors of crown-Phasmatodea were wingless and that
wings were “re-evolved” subsequently during their evo-
lution, even multiple times perhaps [4—6]. Regardless of
character polarity, such numerous transitions between
winged and wingless are likely the result of the deactiva-
tion of wing expression, while the genetic architecture
for the wing remains present, albeit dormant and ready
to be re-expressed [7]. In these studies, based solely on
extant taxa, character information on wings from extinct
Phasmatodea, and particularly from stem groups com-
prising the broader clade Holophasmatodea, have largely
been ignored, despite the assertion that fully developed
wings constitute a groundplan feature for stick insects
[1, 8], contrary to ancestral-state reconstructions based
solely on living taxa [4, 5]. Regardless, the history of wing
evolution and loss among Phasmatodea is complex and
involves many reversals, although the polarity of these
changes remains controversial.

In insects wings first evolved to as a means of accessing
food, aiding dispersal, and escaping predators [1]. Subse-
quently, wings have been augmented into varied forms,
and to serve many functions, these are frequently associ-
ated with the specific mechanics of certain kinds of flight,
although cooption for other purposes is common, such
as communication, mating, defense, or camouflage [2].
As noted, the reduction and loss of wings is frequent in
extant stick and leaf insects. There are also fully-winged
species capable of good flight, but the wings of many
relatively macropterous lineages are more often used
to control free-fall descents from tree canopies [9-12].
Some brachypterous lineages have also evolved non-aer-
odynamic functions for wings, such as aposematic col-
oration or a stridulation capability [5]. Some species can
produce disruptive sounds by rubbing the tegmina (fore-
wing) against the remigium of the hind wing [13], and
can also produce a startling visual display by suddenly
raising the tegmina and flashing bright colors or patterns
on the relatively large hind wings [14]. The wings of leaf
insects (Phylliidae) simulate the color and shape of a leaf,
while the wing venation closely resembles leaf veins. Few
species with wing remnants are present in the otherwise
apterous lineages, such as Agathemera, but a function
remains unknown for those that do retain vestiges [15].
Regardless, a stark difference can be observed between
the wings of extinct and extant species of Phasmatodea,
at least in terms of their overall size, development, and
specializations of venation. Most fossil stick insects have
two pairs of fully developed wings, with few having lost
or reduced wings, and most of the latter are from more
derived extant clades and are often comparatively young
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in age [16-18]. Many extant Phasmatodea have either
reduced wings or lost them outright, although likewise,
many notable exceptions do exist, reflective of the com-
plex mosaic of phasmatodean evolution.

Currently, definitive Phasmatodea s.l. comprise the
extinct Susumaniidae and Pterophasmatidae [16, 17],
along with the extant sister clades Timematodea and
Euphasmatodea [18-20]. The more ancient, extinct
families of Permophasmatidae, Prochresmodidae,
Xiphopteridae, Aeroplanidae, and Aerophasmatidae
are considered to be stem-groups of Phasmatodea (as
the larger group Holophasmatodea), although defini-
tive characters clarifying their phylogenetic posi-
tions remain somewhat elusive [21]. The species-poor
Timematodea comprise only 21 extant species within
a single genus, Timema, and are supported as the sis-
ter group of all other extant Phasmatodea, the latter
of which comprise the Euphasmatodea [4-6, 18-20,
22-25]. The fact that Timema are completely wing-
less and occupy such an early diverging position rela-
tive to Euphasmatodea certainly biases ancestral-state
reconstructions based solely on extant taxa alone. It is
therefore of considerable relevance that newly discov-
ered fossils of Timematodea from the mid-Cretaceous
of Asia reveal species retaining wings, with fossils of
winged and wingless species alike co-occurring dur-
ing the period. Taken together, these fossils reveal the
loss of wings in Timematodea is itself a rather com-
plex story and highlights the more extensive pattern
of repeated wing losses among Phasmatodea as well
as the critical importance of utilizing fossils rather
than relying solely on extant groups for ancestral-state
reconstructions.

Results
Systematic palaeontology
Order Phasmatodea Jacobson & Bianchi, 1902.

Suborder Timematodea Kevan, 1977.

Family Timematidae Caudell, 1903.

Breviala Yang, Engel, Shih & Gao gen. nov. (Figs. 1 and 2).

ZooBank LSID: urn:sid:zoobank.org:act:B9792FD4-3DA0-
4B69-95E5-5544B98CD951.

Type species. Breviala cretacea Yang, Engel, Shih &
Gao sp. nov.

Etymology. The new generic name is a combination
of the Latin brevis (meaning, “short”) and dla (meaning,
“wing”) (gender of the name is feminine).

Diagnosis. Head ovoid, longer than width; com-
pound eye ovoid, about 1/3 as long as head, maxilla
with two lacinial teeth; the length of pro- and meso-
thorax almost equal, metathorax short and similar
length with abdominal segment I, wing buds of meso-
and metathorax present, thoracic terga surrounded
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Fig. 1 Holotype of Breviala cretacea (No. CNU-PHA-MA2016017) (A-F, J-M) and Timema chumash (G-1). A Habitus. B Line drawing. C Head in dorsal
view. D Metatarsus. E Male genitalia. F Head in ventral view. G Head in dorsal view. H Habitus. I Protarsus. J Thorax. K Forewing bud. L Hind wing

bud. M Forewing bud. Scale bars: A,B2 mm; C,G,J 1 mm; H5mm; D, E, |, K, L0.5 mm; F, M 0.2 mm

by extensive membrane; legs slender and shorter than Etymology. The specific epithet is from the Latin
abdomen; epiproct large, triangular; cercus strongly adjective crétdcea, referencing the Cretaceous.
elongate, gradually tapering toward the apex. Diagnosis. As for the genus (vide supra).

Breviala cretacea Yang, Engel, Shih & Gao sp. nov. Materials. Holotype, a 3rd or 4th instar male, No.

ZooBank LSID: urn:sid:zoobank.org:act:E79F1468-5A4C- CNU-PHA-MA2016017; Paratype, a 3rd or 4th instar
4890-8C6A-83B2F3BDB194. female, No. CNU-PHA-MA2016018.
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i 4 . i
Fig. 2 Paratype of Breviala cretacea (No. CNU-PHA-MA2016018). A Habitus in dorsal view. B Habitus in ventral view. C Mesotarsus. D Thorax in dorsal
view. E Thorax in ventral view. F Metathorax and hind wing. G Hind wing bud. H Female genitalia. Scale bars: A, B 2 mm; C, F, H 0.5 mm; D, E 1 mm;

G0.2mm
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Electroclavella Yang, Engel, Shih & Gao gen. nov.
(Fig. 3, Additional file 1: Fig. S1).

ZooBankLSID: urn:lsid:zoobank.org:act:BC798F05-E038-
48F1-8941-25B8123080ES6.

Type species. Electroclavella genuina Yang, Engel, Shih
& Gao sp. nov.

Etymology. The new generic name is a combina-
tion of the Latin words électrum (meaning, “amber”),
clava (meaning, “club”), and the suffix —ella (indicating a
diminutive) (gender of the name is feminine).

Diagnosis. Head globular, slightly raised posteriorly;
compound eye nephroid, about 1/2 as long as head,
glossa and paraglossa long and narrow, mentum with two

i% : R A Q4 4 |

Fig. 3 Holotype of Electroclavella genuine (No. CNU-PHA-MA2016019) (A-D, G-1) and Timema chumash (E, F). A Habitus in dorsal view. B Line
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triangular sclerites, submentum cuspidal apically; pro-
thorax longer than meso- and metathorax, meso- and
metathorax similar length and longer than abdominal
segment I, wing buds absent, thoracic terga surrounded
by narrow membrane; leg slender and longer than abdo-
men; epiproct small, triangular; cercus strongly elongate,
inconsistent width.

Electroclavella genuina Yang, Engel, Shih & Gao sp.
nov.

ZooBank LSID: urn:lsid:zoobank.org:act:25225173-7271-
41F1-8483-678A41B3B53C.

Etymology. The specific epithet is the Latin adjective
genuina (meaning, “genuine”).

drawing. C Metatarsus. D Male genitalia in ventral view. E Habitus in ventral view. F Mouthparts. G Head in dorsal view. H Mouthparts. I Thorax
in dorsal view. Scale bars: A,B2 mm; E5 mm; C,D,G0.5mm;F, 11 mm;H0.2 mm



Yang et al. BMIC Biology (2023) 21:210

Diagnosis. As for the genus (vide supra).

Materials. Holotype, a 2nd or 3rd instar male, No.
CNU-PHA-MA2016019; Paratype, a 2nd or 3rd instar
female, No. CNU-PHA-MA2016020.

Locality and horizon. All the amber specimens
described herein were legally acquired by Mr Fangy-
uan Xia before 2015 and donated for this study in 2016
(before June 2017). All the amber specimens were col-
lected from Kachin (Hukawng Valley) of northern
Myanmar, which was dated at 98.79 £0.62 Ma (mid-Cre-
taceous, Cenomanian) [26, 27].

Remarks. Breviala gen. nov. and Electroclavella gen.
nov. differ from extant Timema by the antenna longer
than body, scape not stouter, abdomen not surrounded
by extensive membrane, the mesal lobe on the right cer-
cus of male absent, and cercus simple and strongly elon-
gate [28, 29]; differ from Electrotimema (Baltic amber)
by the compound eye large, leg slender and tibia without
spines ventroapically, the mesal lobe on the right cercus
of male absent, and cercus straight and elongate [30]; dif-
fer from Tumefactipes and Granosicorpes (Kachin amber)
by the prothorax short, legs slender without spines ven-
trally and ventroapically, epiproct triangular, and arolia
present [31]. In addition, Breviala differs from Electro-
clavella mainly by the head longer than wide, prothorax
short, wing buds present, thoracic terga surrounded by
extensive membrane, hind legs shorter than abdomen,
and epiproct large.

(See Additional file 1 for complete descriptions of Bre-
viala cretacea gen. et sp. nov. and Electroclavella genuina
gen. et sp. nov.)

Discussion

Phylogenetic positions of Breviala and Electroclavella

The newly discovered and described genera Breviala and
Electroclavella from mid-Cretaceous Kachin amber share
five synapomorphies of Phasmatodea: labrum emargin-
ate, prothoracic defensive glands present, metasternum
and abdominal sternum I fused, area apicalis of tibiae
present, and cerci undivided [22, 28]. They can be fur-
ther assigned to Timematodea based on the combina-
tion of the body not elongate, the median line present on
the thorax and abdomen, abdominal tergum I not fused
with the metanotum, tarsus pseudotrimeric, and ungues
asymmetrical [29]. At present, most genera of Timema-
todea, including Timema, Electrotimema, Tumefactipes,
Granosicorpes, and Electroclavella are wingless. Breviala
cretacea gen. et sp. nov. is the only species that retains
wings, and based on the analysis presented here, is recov-
ered as the earliest-diverging lineage of Timematodea
(Fig. 4, Additional file 1: Fig. S2), a position critical for
the reconstruction of patterns of wing evolution in early
Phasmatodea.
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Phylogenetic analysis of Holophasmatodea

We carried out a phylogenetic analysis by using morpho-
logical characters from representatives of all major living
and fossil lineages of Holophasmatodea, with the goal
of confirming the taxonomic position of the new taxa,
elucidating relationships among all families of Phasma-
todea, and from which to explore patterns of wing evo-
lution. In the strict consensus tree (Fig. 4, Additional
file 1: Fig. S2), most fossil groups of Holophasmatodea
form a grade to Phasmatodea s.l., while Phasmatodea
s.l. was recovered as monophyletic, as were some of the
individual families within the basal grade. Most criti-
cally, Susumaniidae, Pterophasmatidae, Timematodea,
and Euphasmatodea were all recovered as monophyletic,
including the latter two as sisters. However, the internal
relationships of Euphasmatodea could not be recovered
based on the phylogenetic analysis. The phylogeny also
provided rather interesting insights into the progres-
sive relationships of extinct Holophasmatodea (Fig. 5),
particularly the potential relative placements for Permo-
phasmatidae, Prochresmodidae, Xiphopteridae, Aeropla-
nidae, Aerophasmatidae, and Archipseudophasmatidae,
although further study is needed as much of this fossil
material is highly fragmentary and more data are needed
from specimens with a greater suite of body characters
[16]. Archipseudophasmatidae are no longer considered
a monophyletic group based on our phylogenetic analy-
sis, and their former constituents were found to belong
to lineages having fully-developed wings (Susumaniidae/
Pterophasmatidae) or were nested within Euphasmato-
dea (Pseudoperla leptoclada of Archipseudophasmatidae
was recovered within Euphasmatodea). Archipseudo-
phasmatidae require much further study. The results
suggest that Permophasmatidae, Prochresmodidae,
Xiphopteridae, Aeroplanidae, and Aerophasmatidae are
stem groups of Phasmatodea (as the larger group Holo-
phasmatodea), and the definitive Phasmatodea s.l. com-
prise the extinct Susumaniidae and Pterophasmatidae,
along with the extant sister clades Timematodea and
Euphasmatodea (Fig. 4).

Palaeogeographic distribution of Holophasmatodea

The earliest putative stem-group stick insects of the Per-
mophasmatidae are largely reported from the Permian
strata of Mongolia and Russia [32, 33], suggesting that
Holophasmatodea might have originated in Eurasia dur-
ing the Permian Period. The younger stem-group fami-
lies Prochresmodidae, Xiphopteridae, and Aeroplanidae
are known from the Late Triassic of Kyrgyzstan, France,
and Australia [8, 32, 34, 35], revealing that these groups
were already widespread at the time of Pangean emer-
gence [36]. During the Jurassic and Cretaceous Aero-
phasmatidae, Susumaniidae, and Pterophasmatidae were
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Fig. 4 Phylogeny of Holophasmatodea, showing the placements of Breviala cretacea and Electroclavella genuina, and the wing characteristic

and ancestral states, see Additional file 1: Figs. 52 and S3 for details of the

strict consensus tree and ancestral character state reconstruction of wings.

The numbers under the branch nodes are bootstrap support values (data in blue).“t"indicate the fossil species

similarly widespread and flourished until the Eocene
[16, 17, 24, 37-39]. Fossils of Timematodea are known
from mid-Cretaceous Kachin amber and Eocene Baltic
amber [30, 31], showing a formerly broad distribution
relative to modern Timema. The earliest fossil record
for Euphasmatodea is from the Early Cretaceous of Bra-
zil [40], while there is also a considerable abundance of
species from mid-Cretaceous Kachin amber [17, 21, 41],

and others are also known from the Cenozoic of North
America and Germany, and in Baltic and Dominican
amber [42—44]. The temporal and biogeographic occur-
rence of the extinct lineages (Fig. 5) demonstrates that
phasmatodeans have a long evolutionary history, perhaps
as far back as the Late Permian. Most extant species are
distributed in tropical and subtropical regions [18], and
this accords with the high occurrence of stick insects in
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Kachin amber, which is well known to have been a humid
tropical environment during the Cretaceous [36, 45].
Extant Timematodea (Timema) are distributed in west-
ern North America (California and adjacent regions)
[46], while amber fossils of Timematodea have been dis-
covered in the mid-Cretaceous of northern Myanmar as
well as in mid-Eocene Baltic [30, 31]. These amber fossils
reveal a formerly widespread distribution for the lineage,
with substantial extinction in diversity and particularly
geographic coverage, leaving a today relict Timema
(Fig. 5). The earliest known fossil occurrences for Timem-
atodea are currently those from mid-Cretaceous Kachin
amber. All other fossils of Phasmatodea from this same
deposit are of the Pterophasmatidae and Euphasmato-
dea, while Susumaniidae have not yet been documented.
However, abundant impression fossil species of Susuma-
niidae, but no Timematodea or Euphasmatodea, have
been reported in the Mesozoic of Asia, reflecting a clear
faunal difference between northern Myanmar and north-
eastern China in the Middle Jurassic to mid-Cretaceous
[47, 48]. During the mid-Cretaceous, the West Burma
Block comprised a somewhat isolated island surrounded
by sea, possessed a warm climate, and was not connected
to the mainland at the time [36, 49-51]. It is inferred that
Timematodea were most likely widespread prior to this,
dispersing across Eurasia and into what would eventually
become Europe as well as into western North America
before the West Burma Block separated from Gondwana
in the Late Jurassic [36, 50]. Accordingly, Timematodea
almost assuredly have a long evolutionary history that
extends at least into the Late Jurassic, even though rep-
resentatives of Timematodea have yet to be discovered in

Jurassic deposits. Given that many of their defining char-
acters are minute and difficult to observe in anything but
the finest-preserved compressions, distinguished Jurassic
Timematodea from other early Phasmatodea may prove
challenging.

Wing evolution of Holophasmatodea
Timematodea have traditionally been considered to be an
exclusively wingless lineage, an assumption that would
appear safe based on a superficial interpretation of extant
species alone. However, both male and female nymphs
of Breviala cretacea with wing buds demonstrate that
some species of Timematodea once had wings, at least
during the mid-Cretaceous. The wing buds of B. creta-
cea were obviously extensions of the meso- and metanota
(Figs. 1]-M and 2F, G), and were completely lost in other
Timematodea. The wingless species of Electroclavella,
Tumefactipes, and Granosicorpes from the same deposit
demonstrate that wings among Timematodea had already
begun regression by the mid-Cretaceous. Based on the
phylogenetic analysis, the ancestral condition for Timem-
atodea was most likely fully developed wings with strong
flight capability, given that the next more ancestral node
had such wings plesiomorphically. This would accord
with the former distribution of Timematodea, which
would have necessitated considerable flight ability. Sub-
sequently, the wings of Timematodea became reduced
and ultimately lost, leading to a relict distribution for
extant Timema.

The more ancient lineages of Holophasmatodea,
including Permophasmatidae, Prochresmodidae, Xiphop-
teridae, Aeroplanidae, Aerophasmatidae, Susumaniidae,
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and Pterophasmatidae, all had fully developed membra-
nous fore- and hind wings, and based on their construc-
tion, were likely strong flyers, with forewings longer than
or equal to the hind wings (Fig. 4). Timematodea and
Euphasmatodea by contrast possessed vestigial wings
or lack them entirely. Wings in these clades are mainly
expressed as (i) the moderately sclerotized forewing
(tegmina), shorter than the hind wing remigium with
a membranous anal field (with weak flight ability); (ii)
almost entirely sclerotized and tiny forewing and hind
wing without anal field (without flight capability); (iii)
forewing absent and sclerotized hind wing remigium
with a membranous anal field (with weak flight ability);
(iv) wingless (both fore- and hind wing absent). Interest-
ingly, Phasmatodea is the only insect group that has the
forewing absent but the hind wing present with weak
flight capability, for example, Aschiphasma (Aschiphas-
matodea), the sister group to Neophasmatodea [20, 25].
In conclusion, the common ancestors of Holophasmato-
dea were fully winged, and the sclerotization, reduction,
and loss of the forewings might be earlier than that of the
hind wing during the evolution of Phasmatodea. A simi-
lar pattern can also be observed in Orthoptera. Ancestors
of Orthoptera were all fully winged, and most fossil spe-
cies of Orthoptera from the Mesozoic had membranous
forewings longer than or equal to the hind wings [47], but
extant orthopterans have moderately sclerotized fore-
wings shorter than the hind wings or can be wingless.

Similarly, the phylogenetic analysis with the ancestral-
state reconstruction reveals that the common ancestors of
Holophasmatodea were winged, which is consistent with
all fossil evidence. While the ancestral states of Timema-
todea+Euphasmatodea were probably half-winged, the
brachypterous and wingless lineages (Timematodea and
Euphasmatodea) obviously appeared later. The Polyneop-
tera are a monophyletic group supported by abundant
morphological and molecular evidence [1, 23], and it is gen-
erally assumed that wings arose once [3]. While wings have
evolved a single time among insects, they became vestigial
or lost numerous times. The ancestors of most groups of
Polyneoptera had fully developed wings, even stem-group
Notoptera were winged relative to their extant suborders
(Grylloblattodea and Mantophasmatodea), which likely lost
wings once in their common ancestor [52, 53]. Uniquely,
the ancestors of Holophasmatodea had fully developed
wings, however, independent reductions and losses of wings
occurred in the extant lineages Timematodea and Euphas-
matodea. Given this, it is best to interpret wing evolution in
Phasmatodea simply as the regression of wings.

Most extant stick and leaf insects feed on and mimic
angiosperms, but the host ranges of extant Timema
include abundant conifers such as cypresses and pines
[25]. The mouthparts of B. cretacea and E. genuina were
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well-preserved and similar to extant Timema (Figs. 1F
and 3F, H), indicating that their feeding habits were likely
similar and conserved despite the considerable time sepa-
rating them, although it must be noted that their mouth-
parts are quite generalized chewing mouthparts common
to many Polyneoptera and do not indicate specializa-
tions for any given floral host. Before the establishment
of angiosperm-dominated forests, the morphologies of
Mesozoic Aclistophasma echinulatum and Cretophasmo-
mima melanogramma revealed that some early Phasmat-
odea had specialized on ferns and gymnosperms [16, 54].
Angiosperms rose to prominence during the Cretaceous,
providing a new floristic environment and diversity of
resources for stick insects, aiding the co-diversification
of these new lineages [55]. Based on all available fos-
sil evidence, the Cretaceous appears to have been a key
period for the reduction and loss of wings in Phasmato-
dea, as well as a shift between older and younger lineages
within the clade (Fig. 5). Those fully winged stem groups
began to disappear and be replaced during the Creta-
ceous this occurred alongside the floristic shift. Such a
faunal transition seems to have come about with a shift
in anti-predation strategy away from flight capability and
toward more elaborate mimicry. The different forms of
vestigial wings are used for purposes other than flying,
mainly defensive and mimetic functions in extant clades.
It is therefore clear that camouflage proved a more effec-
tive means of defense in Phasmatodea, relative to flight.
Such a strategy was apparently achieved numerous times
as these non-aggressive, phytophagous, and sometimes
fragile insects specialized on a growingly flowered world
since the Cretaceous, gradually abandoning the gossamer
wings that had otherwise carried insects to success since
the Devonian.

Conclusions

We report new mid-Cretaceous fossils of Timemato-
dea, supporting independent wing reductions and losses
among Timematodea and Euphasmatodea. Through the
ancestral-state reconstruction of Holophasmatodea, our
results demonstrate that common ancestors of Phasma-
todea were winged, and the brachypterous and wingless
lineages appeared later. The pattern of wing evolution can
be simply interpreted as the regression of wings, probably
since the Cretaceous, which could be closely related to a
shift in anti-predation strategies.

Methods

Material preservation and imaging

The specimens studied are deposited in the Key Lab of
Insect Evolution and Environmental Changes, College of
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Life Sciences, Capital Normal University, Beijing, China
(CNUB; Dong Ren, Curator). All specimens were exam-
ined and photographed by using a Nikon SMZ 25 micro-
scope with an attached Nikon DS-Ri2 digital camera
system as well as a Nikon ECLIPSE Ni microscope with
an attached NikonDS-Ri2 digital camera system. The
green background photographs were taken with the Zeiss
LSM 780 inverted confocal laser microscope (CLM)
equipped with 488 nm laser.

Phylogenetic analysis
For the phylogenetic analysis, we chose two species of
Plecoptera and four species of Orthoptera as outgroups,
and 46 species of Holophasmatodea (=Phasmato-
dea+extinct stem groups) as ingroups, inclusive of fossil
representing all extinct clades and most extant clades. A
total of 71 body characters are listed in Additional file 1:
Table S1, and the character-state matrix consisting of 52
taxa and 71 characters is provided in Additional file 1:
Table S2. The result of the phylogenetic analysis produced
12 most parsimonious trees, from which strict consensus
was produced (Fig. 4 and Additional file 1: Fig. S2).
Parsimony analysis was performed using WinClada
(Version 1.00.08) and NONA (Version 2.0) [56, 57]. Tree
search implemented a heuristic search method and the
options were set to hold 10,000 trees, 1000 replications,
100 starting tree replications, and a multiple TBR+TBR
search strategy. All characteristics were considered unor-
dered and weighted equally. Bootstrap supporting val-
ues, determined by using NONA with 1000 replications,
are represented as numbers under the branch nodes
(Fig. 4). Ancestral character state reconstruction of wings
(Additional file 1: Fig. S3) was conducted using equally
weighted parsimony methods in Mesquite 3.81 [58].
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Tal-Ta3 Tarsomeres I-lI

Un Pretarsal claw (ungues)

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512915-023-01720-0.

Additional file1: Dataset S1. Systematic palaeontology. Figure S1.
Paratype of Electroclavella genuina. Figure S2. The strict consensus tree of
phylogenetic analysis. Figure S3. Ancestral character state reconstruction
of wings. Table S1. Definition of characters and their states. Table S2.
Character state matrix of 71 characters for the 52 taxa included in the
phylogenetic study. Table S3. The list of described Phasmatodea fossils.

Additional file 2: Character state matrix of phylogenetic study.

Acknowledgements

We are grateful to Dr. Tanja Schwander from the University of Lausanne for
kindly providing the extant samples of stick insect Timema chumash. We
thank Fangyuan Xia for donating specimens for this study. We thank the
Editorial Board of BMC Biology, and in particular, Dr. Vitor Sousa. We express
our gratitude to three anonymous reviewers for their valuable comments and
suggestions.

Authors’ contributions

TPG conceived and designed the experiments. HRY, MSE, CKS, FS, YSZ, DR, and
TPG performed the analyses and experiments. HRY prepared photographs and
line drawings. HRY, MSE, CKS, DR, and TPG wrote the manuscript. All authors
read and approved the final manuscript.

Funding

This project was supported by a grant from the National Natural Science
Foundation of China (Nos. 32270467,32020103006, 42288201) and the Sup-
port Project of High-level Teachers in Beijing Municipal Universities in the
Period of 14th Five—year Plan (No. BPHR20220114).

Availability of data and materials

All data generated or analyzed during this study are included in this published
article and its supplementary information files. Nomenclatural acts established
herein are registered in ZooBank (www.zoobank.org) following the require-
ments of the International Code of Zoological Nomenclature and listed under
LSID: urn:lsid:zoobank.org:pub:8E0870FD-6D9F-4DB6-BEB9-49637E52516F.

Declarations

Ethics approval and consent to participate
Ethics approval was not required for this work. Consent to participate was not
required for this work.

Consent for publication
All the authors of this manuscript consent to its publication as a research
article in BMC Biology.


https://doi.org/10.1186/s12915-023-01720-0
https://doi.org/10.1186/s12915-023-01720-0
http://www.zoobank.org

Yang et al. BMC Biology

(2023) 21:210

Competing interests
The authors declare that they have no competing interests.

Received: 23 April 2023 Accepted: 28 September 2023
Published online: 09 October 2023

References

1.

w

20.

21

22.

23.

Grimaldi D, Engel MS. Evolution of the Insects. New York: Cambridge
University Press; 2005.

Engel MS, Davis SR, Prokop J. Arthropod biology and evolution: mol-
ecules, development, morphology. Berlin: Springer Verlag Press; 2013.
Engel MS. Insect evolution. Curr Biol. 2015;25:868-72.

Whiting MF, Bradler S, Maxwell T. Loss and recovery of wings in stick
insects. Nature. 2003;421:264-7.

Forni G, Martelossi J, Valero P Hennemann F, Conle O, Luchetti A, et al.
Macroevolutionary analyses provide new evidences of phasmids wings
evolution as a reversible process. Syst Biol. 2022;71:1471-86.

Bank S, Bradler S. A second view on the evolution of flight in stick and leaf
insects (Phasmatodea). BMC Ecol Evol. 2022;22:62.

Trueman JWH, Pfeil BE, Kelchner SA, Yeates DK. Did stick insects really
regain their wings? Syst Entomol. 2004;29:138-9.

Sharov AG. Phylogeny of the orthopteroid insects. Tr Paleontol Inst Akad
Nauk SSSR. 1968;118:1-217 [in Russian, Translated in English in 1971: Phy-
logeny of the Orthopteroidea. Israel program for scientific translations,
Jerusalem: 1-2511].

Maginnis TL. Leg regeneration stunts wing growth and hinders flight
performance in a stick insect (Sipyloidea sipylus). Proc R Soc B Biol Sci.
2006;273:1811-4.

Zeng Y, O'Malley C, Singhal S, Rahim F, Park S, Chen X, et al. A tale of
winglets: evolution of flight morphology in stick insects. Front Ecol Evol.
2020;8:121.

. Zeng, Park S, Gonzales C, Yom S, Rahim F, Dudley R. Beyond winglets:

evolutionary scaling of flight-related morphology in stick insects (Phas-
matodea). Biol J Linn Soc. 2023;140:176-95.

Boisseau RP, Buscher TH, Klawitter LJ, Gorb SN, Emlen DJ, Tobalske BW.
Multi-modal locomotor costs favor smaller males in a sexually dimorphic
leaf-mimicking insect. BMC Ecol Evol. 2022;22:39.

Robinson MH. The defensive behavior of Pterinoxylus spinulosus Red-
tenbacher, a winged stick insect from Panama (Phasmatodea). Psyche-J
Entomol. 1968;75:195-207.

Bedford GO, Chinnick LJ. Conspicuous displays in two species of Austral-
jan stick insects. Anim Behav. 1966;14:518-21.

Vera A, Pastenes L, Veloso C, Méndez MA. Phylogenetic relationships in
the genus Agathemera (Insecta: Phasmatodea) inferred from the genes
16S, COl and H3. Zool J Linn Soc. 2012;165:63-72.

Yang HR, Shi CF, Engel MS, Zhao ZP, Ren D, Gao TP. Early specializa-

tions for mimicry and defense in a Jurassic stick insect. Natl Sci Rev.
2021;8:nwaa056.

Yang HR, Engel MS, Zhang WW, Ren D, Gao TP. Mesozoic insect fossils
reveal the early evolution of twig mimicry. Sci Bull. 2022,67:1641-3.
Bradler S, Buckley TR. Biodiversity of Phasmatodea. Insect Biodivers Sci
Soc. 2018;2:281-313.

Robertson JA, Bradler S, Whiting MF. Evolution of oviposition techniques
in stick and leaf insects (Phasmatodea). Front Ecol Evol. 2018;62:16.
Simon S, Letsch H, Bank S, Buckley TR, Donath A, Liu S, et al. Old world
and new world Phasmatodea: phylogenomics resolve the evolutionary
history of stick and leaf insects. Front Ecol Evol. 2019;7:345.

Engel MS, Wang B, Algarni AS. A thorny, ‘anareolate’ stick-insect
(Phasmatidae s.l.) in upper Cretaceous amber from Myanmar, with
remarks on diversification times among Phasmatodea. Cretac Res.
2016;63:45-53.

Bradler S. Phylogenie der Stab- und Gespenstschrecken (Phasmatodea)
[Phylogeny of the stick and leaf insects (Phasmatodea)]. Species Phyl
Evol. 2009;2:133-9.

Misof B, Liu S, Meusemann K, Peters RS, Donath A, Mayer C, et al.
Phylogenomics resolves the timing and pattern of insect evolution.
Science. 2014,346:763-7.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 11 of 12

Yang HR, Yin XC, Lin XD, Wang C, Shih CK, Zhang WW, et al. Cretaceous
winged stick insects clarify the early evolution of Phasmatodea. Proc R
Soc B.2019;286:20191085.

Tihelka E, Cai CY, Giacomelli M, Pisani D, Donoghue PCJ. Integrated
phylogenomic and fossil evidence of stick and leaf insects (Phasmato-
dea) reveal a Permian-Triassic co-origination with insectivores. R Soc
Open Sci. 2020;7: 201689.

Cruickshank RD, Ko K. Geology of an amber locality in the Hukawng
Valley, northern Myanmar. J Asian Earth Sci. 2003;21:441-55.

Shi GH, Grimaldi DA, Harlow GE, Wang J, Wang J, Yang MC, et al. Age
constraint on Burmese amber based on U-Pb dating of zircons. Cretac
Res. 2012;37:155-63.

Tilgner EH. Systematics of Phasmida. Athens: University of Georgia;
2002. [PhD dissertation].

Tilgner EH, Kiselyova TG, McHugh JV. A morphological study of Timema
cristinae Vickery with implications for the phylogenetics of Phasmida.
Dtsch entomol Z. 1999;46:149-62.

Zompro O. Inter-and intra-ordinal relationships of the Mantophas-
matodea, with comments on the phylogeny of polyneopteran

orders (Insecta: Polyneoptera). Mitt Geol Paldont Inst Univ Hamburg.
2005;89:85-116.

Chen S, Deng SW, Shih CK, Zhang WW, Zhang P, Ren D, et al. The earliest
timematids in Burmese amber reveal diverse tarsal pads of stick insects in
the mid-Cretaceous. Insect Sci. 2019;26:945-57.

Gorochov AV. Permian and Triassic walking sticks (Phasmatodea) from
Eurasia. Paleontol J. 1994,28:83-97.

Aristov DS, Rasnitsyn AP. New insects from the Kungurian of Tshekarda
fossil site in Permian territory of Russia. Russian Entomol J. 2015;24:17-35.
Tillyard RJ. Mesozoic insects of Queensland No.3. Odonata and Protodo-
nata. Linnean Soc New South Wales. 1918;43:417-36.

Nel A, Marchal-Papier F, Bethoux O, Gall J-C. A'stick insect-like'from the
Triassic of the Vosges (France) (Insecta: ‘pre-Tertiary Phasmatodea’). Ann
Soc Entomol Fr. 2004;40:31-6.

Scotese CR. An atlas of phanerozoic paleogeographic maps: the seas
come in and the seas go out. Annu Rev Earth Planet Sci. 2021;49:679-728.
Ren D. First record of fossil stick-insects from China with analyses of some
paleobiological features (Phasmatodea: Hagiphasmatidae fam. nov.). Acta
Zootaxon Sin. 1997,22:268-82.

Gorochov AV. Phasmomimidae: are they Orthoptera or Phasmatoptera?
Paleontol J. 2000;34:295-300.

Shang LJ, Béthoux O, Ren D. New stem-Phasmatodea from the middle
Jurassic of China. Eur J Entomol. 2011;108:677-85.

Ghirotto VM, Crispino EB, Chiquetto-Machado PI, Neves PABA, Engelk-
ing PW, Ribeiro GC. The oldest Euphasmatodea (Insecta, Phasmatodea):
modern morphology in an early Cretaceous stick insect fossil from the
Crato formation of Brazil. Pap Palaeontol. 2022;8: €1437.

Chen S, Yin XC, Lin XD, Shih CK, Zhang RZ, Gao TP, et al. Stick insect in Bur-
mese amber reveals an early evolution of lateral lamellae in the Mesozoic.
Proc R Soc B.2018;285:20180425.

Zompro O. The Phasmatodea and Raptophasma n. gen., Orthoptera
incertae sedis, in Baltic amber (Insecta: Orthoptera). Mitt Geol-Paldont
Inst Univ Hamburg. 2001,85:229-61.

Wedmann S, Bradler S, Rust J. The first fossil leaf insect: 47 million years of
specialized cryptic morphology and behavior. PNAS. 2007;104:565-9.
Poinar JRG. A walking stick Clonistria dominicana n. sp. (Phasmatodea:
Diapheromeridae) in Dominican amber. Hist Biol. 2011;23:223-6.
Grimaldi D, Engel MS, Nascimbene PC. Fossiliferous Cretaceous Amber
from Myanmar (Burma): its rediscovery, biotic diversity, and paleontologi-
cal significance. Am Mus Novit. 2002;3361:3-82.

Law JH, Crespi BJ. The evolution of geographic parthenogenesis in
Timema walking-sticks. Mol Ecol. 2002;11:1471-89.

Ren D, Shih CK, Gao TP, Yao YZ, Wang YJ. Rhythms of Evolution: Insect Fos-
sils from the Mid Mesozoic of Northeastern China. New York: Wiley; 2019.
Gao TP, Shih CK, Ren D. Behaviors and interactions of insects in mid-
Mesozoic ecosystems of Northeastern China. Annu Rev Entomol.
2021,66:337-54.

Metcalfe I. Tectonic evolution of Sundaland. Bull Geol Soc Malaysia.
2017;63:27-60.

Westerweel J, Roperch P, Licht A, Dupont-Nivet G, Win Z, Poblete F, et al.
Aung, Burma Terrane part of the Trans-Tethyan Arc during collision with
India according to palaeomagnetic data. Nat Geosci. 2019;12:5-6.



Yang et al. BMIC Biology

51

52.

53.

54.

55.

56.

57.

58.

(2023) 21:210

Wang B, Xu CP, Jarzembowski EA. Ecological radiations of insects in the
Mesozoic. Trends Ecol Evol. 2022;37:529-40.

CuiYY, Béthoux O, Ren D. Intraindividual variability in Sinonamuropteri-
dae forewing venation (Grylloblattida; Late Carboniferous): taxonomic
and nomenclatural implications. Syst Entomol. 2011;36:44-56.

Huang DY, Nel A, Petrulevicius JF. New evolutionary evidence of Gryl-
loblattida from the middle Jurassic of inner Mongolia, north-east China
(Insecta, Polyneoptera). Zool J Linn Soc. 2008;152:17-24.

Wang MM, Béthoux O, Bradler S, Jacques FMB, Cui YY, Ren D. Under cover
at pre-angiosperm times: a cloaked phasmatodean insect from the Early
Cretaceous Jehol Biota. PLoS ONE. 2014;9: €91290.

Barba-Montoya J, dos Reis M, Schneider H, Donoghue PCJ, Yang Z.
Constraining uncertainty in the timescale of angiosperm evolution

and the veracity of a Cretaceous Terrestrial Revolution. New Phytol.
2018;218:819-34.

Nixon KC. WinClada, Version 1.00.08. Program and Documentation. New
York: Cornell University Press; 2002.

Goloboff PA. NoName (NONA), Version 2.0. Program and Documentation.
Tucuman: Fundacion Instituto Miguel Lillo; 1997.

Maddison WP, Maddison DR, Version 3.81. Mesquite: a modular system for
evolutionary analysis. 2023. http://www.mesquiteproject.org.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



http://www.mesquiteproject.org

	Independent wing reductions and losses among stick and leaf insects (Phasmatodea), supported by new Cretaceous fossils in amber
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Systematic palaeontology

	Discussion
	Phylogenetic positions of Breviala and Electroclavella
	Phylogenetic analysis of Holophasmatodea
	Palaeogeographic distribution of Holophasmatodea
	Wing evolution of Holophasmatodea

	Conclusions
	Methods
	Material preservation and imaging
	Phylogenetic analysis

	Anchor 18
	Acknowledgements
	References


