Diversity of feeding and pollination

strategies of Mesozoic beetles

Dissertation
zur Erlangung des Doktorgrades (Dr. rer. nat.)
der Mathematisch-Naturwissenschaftlichen Fakultét

der Rheinischen Friedrich-Wilhelms-Universitat Bonn

im Promotionsprogramm Geoscience

des Institutes flir Geowissenschaften

vorgelegt von

Tong Bao

aus Shandong, China

Bonn, 2020



Angefertigt mit Genehmigung der Mathematich-Naturwissenschaftlichen

Fakultit der Rheinischen Friedrich-Wilhelms-Universitit Bonn

1. Gutachter: Prof. Dr. Jes Rust
2. Gutachter: Prof. Dr. Thomas Martin

Tag der Promotion: 16. Juli 2020

Erscheinungsjahr: 2020



Contents

SUIIIILATY ++resseessssesssssesssssssssssssssassss e sas a2 A SRR S R S R R R 1
D 1 L LT o) ¢ 3
1.1 THE MeESOZOIC EF( ++reverererersrersrersrerssessesiessessessesssessesssessesssesssesssesssesssesssesssesssesssssssesssessessosssossossessossossons 3
1.2 Beetles as the MOSt SUCCESSIUL QIIMGALS -++------v-vvvvvervrrsssssssisiiiiiisissesessssssss it 5
1.3 MESOZOIC DEELIES +v+rererererersrersrerireriesisesisesiesssessesisessesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssessessessnossossnons 7
1.4 TRE iNSECI-DLANE IRLEEACTION +--vvvvvvvvvss0211111 v 9
1.5 The rise of “ABOMInable MYSLery” - ereeeeerrrssssssssiiiiiiisssssssssssssssiiiiissssssesssssssssicsssssenee 13

2. AR OF SEUGLY +orrsseessssessssssssssssssssssssss s s SRSRRRR 16
2.1 The key to answering “Abominable MySIery” - -wwwwuiiiiiiiiiisvernessssssssssiiiiissssssesssssssssssiieee 16
2.2 The possible beetle ecology shift while the flourish of AngiOSPErmS -« -« wwrwesriseersisrississinsiisienins. 18
2.3 Ecology of tropical amber forest in the Cretae@OUs -+ wwrrrrrrssssssssssiiiiivsssseessssssssssosiiiee 19

3. Geology setting of fossil Lagerstatten - s ssssssssssssssess 20
3.1 KArabDASIAU FOVTQLION +++rererererersrersrerssesssessissesssesssesssesssesssesssessesssesssesssesssesssesssesssesssesssesssesssessossossossossons 21
3.2 Daohugou biota and Yixian FOFMAUION -« wwereeerrrssssssssiiiiiiissssssesssssssssisisiiissssssessssssssssosoiiee 20
3.3 Burmese amber (“KaCHin QmbBer”) -------wwwwwwwrvrrvrrerrsrrsssssssssisssss 24
3.4 BQIIC QINDEY ++-wverevererererirerierisesiesiesisesisesisesisesssesisesisesssesssesssesss s s esssesssessesssesssesssesssesssesisesisessesssessessesinens o5
3.5 DOMINICAIL QIDEY +++rererererersrersreriesisesiesiesssessesssesssesssesssesssesssesssesssesssesssesssesssessesssessessesssessessessesssossessnons 26

4. MALErial ANd MEEROUS:+rrererereseresesesesesssssssssssssssesssssssssss s s E R R R R R R R R R R R R R 29
4.1 INVESHIGALEA SPECIMEIS +++r+++++vvvvvvvvveereesssssss 29
4.2 Preparation, MicroSCOPY and [MAGING - -ssseeeeeesssssssssssiiiiiissssssessssssssssssiisiisssssssessssssssssoiviiee 30
4.2.1 LaD PrOPATAtION e eereersesseeee st 30

4.2.2 Optical photOmICTOGIAPIY s tereesessririrtr 32

4.2.3 Confocal 1aser SCANMING MICTOSCOPY :+wweresresrersessrseessrsssesse st 33

4.2.4 X-ray micro-computed tomOGraphiy -« e 33

4.2.5 Synchrotron X-ray miCrotOmMO@IaAPhY «  teeeseesrsuririiiitii 34



43 Permanent storage ........................................................................................................................................... 36

5. Systemaﬁc palaeontology ...................................................................................................................... 37
0. DiSCUSSION =++resresrrenttanttuuttnnimneirneimneitneitnetttttrttar e tae s taetteatrasttasttastasstasstasstasssasssssssnsssnnsssnnses 96
6.1 Mordellidae and Mesozoic TenebrionOider - . - wrrrrrmmmmiiiriiissiisiiiiiiis ittt esssssass s ssiisaess e 96
6.2 Beetle-angiosperm ALSSOCLALLOVLS #+++++rrrrssssssssssssnnssssssstttsstssstttissstssstssissssssssssssssssssssssssssssssssessssssssiinns 101
6.3 Beetle-gymnosperm LS SOCTIALITOVL ++++++++vrsssrssrrssssnssetesttttss st ettt s st et sttt s s s s ssttss s s s s s tssse s s s sssssssssssssssssnnanes 106

6.4 Other beetle ecology in Cretaceous amber (fern association, scavenger, fungivorous, wood-

DOFEF, QIGAE @QLET) ++++++-vvvvvvvvvvvrssssssii 108
6.5 The tropical amber forest ecoSyStem in CrelACEOUS - wwwwwrrrrssssssiiiiiiisssserssssssssssssiisiisisseeeers 110
B O 1T LTty £ T 112
8. OULLOOK ++rererererereeesemmsemssssmsrssssss s e E R E R E R E R E R E AR E R ERE AR E AR ERERERERE R SRR R E R R R R R R R 113
8.1 Taxonomy and PhyLOGEny SHUCy -----------iiiiiereeeeenssessssssstiiivese s 113
8.2 Detail study of geological background of AmMber deposit - --wwwwwwssiiiviiiiivvvrrnrsrsssssssiivieee 114
8.3 Cretaceous MaCrOeCOlOQY STy -t 114
8.4 The comparative study Cretaceous island-continental environments - - - 114
ACKINOWICUEIMEIIE 1+rvv1ressssssssssssssssssssss s 116
L 1T 118
Declaration about personal contributions to the papers included in this thesis «--:--seeseeesinnnne 143
ADPENAICES 16, r+rrsrrerssesssssssssissssssssssissssss s ssss s RRRs 146

Appendix 0 TR 188



Summary

Beetles (order: Coleoptera) as the most diverse and successful animals on the earth,
comprise about 400,000 species, constituting almost 40% of described insects and a
quarter of all animal species. Beetles are normally recognized by their typical hard
exoskeleton including the elytra. They are distributed in almost every terrestrial
natural habitat today, with various feeding preferences. Approximately 90% of the
species in Coleoptera emerged in the Mesozoic, especially during the Jurassic—
Cretaceous period. At the same time, vegetation type on the earth was shifting
significantly — angiosperms (flowering plants) rapidly replacing the dominating
gymnosperms, an event which Charles Darwin called the “Abominable Mystery”. The
dramatic environmental and nutritional change could have impacted the interaction
between beetles and related plant groups. The evolution of beetles may have also
influenced the angiosperm radiation, e.g. through zoophilous pollination.

The studies in this thesis demonstrate the remarkable feeding strategies and
ecological diversity of Mesozoic beetles. Fourteen species of seven families from
Karabastau Formation, Daohugou Biota, Burmese amber and Baltic amber are
described, ranging from Early Jurassic to Eocene. The co-evolution between beetles
and vegetation environments is discussed. Based on the continuous fossil records of
the family Mordellidae, the early evolution trend of a typical beetle-flower ecology is
outlined. Hypothetically, insect pollination contributes largely to the diversity of
flowering plants, and is essential to the Cretaceous radiation of angiosperms.
Angimordella burmitina Bao, 2019 and the associated tricolpate pollens provides
direct evidence of insect pollination of Cretaceous eudicots ~99 million years ago,
extending the record of insect mediated angiosperm pollination at least 50 million
years earlier. The great angiosperm radiation in mid-Cretaceous acted as a driving
force for the replacement of earth surface vegetation. By this time, nutrition groups as

gymnosperms, fern, are also changed relatively, which also imply the associated



beetle taxa. Praezolodinus pilosus and Cretoptomaphagus microsoma provide rare
records of bottom forest ecosystem: an association of fern habited beetle and
scavenger. Wood-borer and fungivorous beetles are abundant in Burmese amber,
similar to the extant beetle species. With more and more flora and fauna inclusions
discovered from Burmese amber, it is possible to draw a big picture of the Burmese
forest back in. We can generally understand the forest vertical eco-components and
the inner relationships of the ecosystem. The Waipoua forest could be the exant
reference ecosystem. However, it should be pointed out that it is easy to
underestimate the complexity of the ecosystem, when performing a comparative study
of paleoecology in the future.

In this research, a variety of current techniques were applied and optimized in order
to carry out detailed palynological and morphological studies, including the confocal
laser microscopy (CLSM) and X-ray microtomography (micro-CT). The CLSM uses
the fluorescence effect to detect the micro-structures of the study object. The micro-
CT technique was used to generate a three-dimensional model, which gives a 360°
vison of the sample, allowing to analyze all characters. To achieve this, amber
samples need to be pre-polished until critical thickness (<1 mm). The true challenge is

to optimize the visibility of the sample without causing damage to the core inclusion.



1. Introduction

1.1 The Mesozoic Era

The Mesozoic Erais geologica period ranging from 252 to 66 mega-annum [Ma],
preceded by the Paleozoic ("ancient life") and succeeded by the Cenozoic ("new
life"). Mesozoic began in the wake of the Permian—Triassic extinction event and
ended with the Cretaceous—Pal eogene extinction event.

Mesozoic is an important period with significant tectonic, climate, and evolutionary
events (Marshak, 2016). Compared with the vigorous orogeny (mountain-building)
caused by plate convergence of the late Paleozoic, M esozoic tectonic deformation
was relatively mild. The major Mesozoic orogeny occurred in the present-day
Canadian Arctic, creating the Ellesmere orogeny, the Brooks Range, the V erkhoyansk
and Cherskiy Ranges in Siberia, and the Khingan Mountains in Northeast China
(Hughes, 1975). This orogeny is also related to the opening of the Arctic Ocean and
the subduction of the North China and Siberian cratons under the Pacific Ocean
(Hughes, 1975). On the contrary, the Mesozoic featured the dramatic rifting of the
supercontinent Pangaea, which gradually split into a northern continent, Laurasia, and
a southern continent, Gondwana. By the end of the Mesozoic, the continents had
rifted almost into their present forms, though not in their present positions. Laurasia
became North America and Eurasia, while Gondwana split into South America,
Africa, Australia, Antarctica and the Indian subcontinent, which collided with the
Asian plate during the Cenozoic, and giving rise to the Himalayas (Ren et a., 2002;
Shu et al., 2009).

Mesozoic is subdivided into three major periods.

- Triassic (~252 — 201 Ma)

- Jurassic (~201 — 145 Ma)

- Cretaceous (~145 — 66 Ma),

which are further subdivided into a number of epochs and stages.



The Triassic continental interior climate was generally hot and dry, therefore
typical deposits from thistime are red bed sandstones and evaporites. Pangaea's large
arealimited the moderating effect of the ocean. The continental climate was highly
seasonal, with very hot summers and cold winters. The polar regions were apparently
moist and temperate, providing habitats suitable for the devel opment of fauna and
flora (Miller and Baranyi, 2019). The Jurassic climate was tropical, much more humid
than the Triassic one, and almost resembled the conditions in a preliminary rainforest
in the tropical areasin Middle — Late Jurassic. These conditions paved the way for a
lush vegetation to grow, dightly increasing the carbon dioxide levels, therefore
creating a “ greenhouse” warming of the whole earth. However, in Late Jurassic a
cooling trend started which continued into the Early Cretaceous (Berriasian)
(Sellwood and Valdes, 2008). Though seasonal snow may have happened farther from
the poles, glaciation restricted only to high-latitude region (Huber et a., 2002). After
the end of the first age of Cretaceous, likely due to the intense volcanic activities
which produced large quantities of carbon dioxide, temperatures increased again and
stayed almost constant until the end of the period. The cretaceous temperature
gradient from the equator to the polar areas was very gentle, which implies/suggests
weaker global winds that drove the ocean currents and resulted in less upwelling and
more stagnant oceans than they are today (Stanley, 2004). Sediment cores show that
tropical sea surface temperature may have briefly been aswarm as 42 °C (108 °F),
with average around 37 °C (99 °F). Meanwhile, deep ocean temperature was as much
as 15to 20 °C (27 to 36 °F) higher than that of the current (Skinner et al., 2008).

The Mesozoic period has seen a tremendous evolution of both the fauna and flora.
In contrast the current terrestrial vegetation, which is dominated by
angiosperms(flowering plants), the dominant terrestrial plants of that time were
gymnosperms, which are vascular, cone-bearing, non-flowering plants that produce
seeds without a coating, such as cycad and conifers (Wang and Ran, 2014).

Angiosperms emerged and then primarily radiated sometime during the Late Jurassic—



Early Cretaceous period (Labandeira and Currano, 2013). By the end of the
Cretaceous, angiosperms already dominated tree florain many areas, although some
evidence suggests that the biomass had been dominated by cycads and ferns until after
the Cretaceous—Pal eogene extinction (Dilcher, 1979). Mesozoic is the era of reptiles,
with the dominating animals being various archosaurs: dinosaurs, pterosaurs, and
aquatic reptiles such asichthyosaurs, plesiosaurs, and mosasaurs (Hedrick and
Dodson, 2020). With the tectonic and climatic changes of the late Jurassic and
Cretaceous, adaptive radiation was accelerated, featured by the emergency of early
birds and eutherian mammals (Holgado and Sufier, 2018). Insect diversity highly
developed in Mesozoic, which may provide new insights of the Mesozoic vegetation

shift (Ross, 2019; Zhang et al., 2018).

1.2 Besetles as the most successful animals

Beetles are the common names for species within the order Coleoptera (Class:
Insecta). With about 400,000 species, Coleopteraisthe largest of al orders,
constituting almost 40% of present described insects and 25% of all known animals.
Except for the oceans and the polar regions, beetles are found in almost every habitat
around the world (Crowson, 1981).

The genera body plan (“Bauplan”) and anatomy of beetles are quite uniform and
are typical of aninsect: body consists of head, thorax, abdomen and three pairs of legs
(Lawrence and Slipinski, 2005). Beetles typically have particularly hard exoskeletons
including the elytra, though some (e.g. the rove beetles, Staphylinidae) have very
short elytrawhile others (e.g. the blister beetles, Meloidae) have softer elytra. All
beetles are members of the superorder Endopterygota, most of whom undergo
complete metamorphosis (Beutel and Leschen, 2016). Some bestles, typically
members of the families Meloidae and Rhipiphoridae undergo a hypermetamorphosis

process, in which the first instar takes the form of atriungulin (Zachary H. Falin,



2002; Pinto and Bologna, 2002). The typical form of metamorphosisin beetles
consists of four major stages. egg, larva, pupa, and imago or adult (Beutel and
Leschen, 2016).

Col eoptera has been suggested to be monophyletic, though the classification of a
large number of beetles speciesis problematic. The Order Coleopterais generaly
classified into five suborders, represented by significant characteristics (Bouchard et
al., 2011):

- Adephaga (~ 10 extant families, largely predatory beetles)

- Archostemata (4 extant families, mainly wood-eating beetles)

- Myxophaga (4 extant families, aguatic and semiaguatic beetles)

- Polyphaga (~ 90% of the beetle species, highly diversed)

- TProtocoleoptera (7 extinct families, range Early Permian-Late Albian).
Particularly, the main apomorphy for beetles in the large suborder Polyphagaliesin:

1. The hind coxa (base of the leg), which does not divide the first and second

abdominal/ventral plates (known as sternites);

2. The notopleura suture (found under the pronota shield) is not present.

Five infraorders are further divided within Polyphaga (Bouchard et a., 2011):
- Bostrichiformia
- Cucujiformia
- Elateriformia
- Scarabaeiformia
- Staphyliniformia,
which displays an enormous variety of specialization and adaptation. They have
multiple interactions with their ecosystems, e.g. living and feeing on plants and fungi,
leaf littering, decaying wood and flowers, breaking down animal and plant debris, and
eating other small invertebrates (Peris and Rust, 2019).

Beetles are highly evolved insect groups, which is reflectedin their locomotion,

communication, sociality and advanced ecology roles. Adapted to different living



habits, their locomotion modes vary and the related body muscles (e.g. wings, hind
legs) develop correspondingly (Bao et a., 2018c). Most beetles are solitary, but in
many species and/or higher taxa conglobations, aggregations and awide variety of
parental cares are known (Brandmayr, 1992). Both their adults and larvae are the food
of many predators including mammals from bats to rodents, birds, lizards,
amphibians, fishes, dragonflies, robberflies, reduviid bugs, ants, other beetles, and
spiders. Thus, beetles developed a variety of anti-predator adaptations to defend
themselves. These include camouflage and mimicry against predators that hunt by
sight, toxicity, and defensive behaviour (Poulton, 1940). A few species of beetles are
ectoparasitic on mammals (e.g. Platypsyllus castoris, parasitises beavers Castor spp.)
(Avenant-Oldewage, 2002). Some species of beetles (e.g. Passilidag) are intermediate

hosts of mites or ticks during phoresis (Villegas-Guzman et a., 2008).

1.3 Mesozoic beetles

The earliest Coleoptera fossil records are from Early Permian (Smith and Marcot,
2015). As a consequence of the Permian -Triassic extinction event, the fossil record of
insectsin Triassic is obvioudly scant compared with Jurassic and Cretaceous. Y et till
large quantities records were found in China, Australia, Argentina, South Africa,
Eastern USA and Europe (Zheng et al., 2018). Especially in Late Triassic, the
diversity of beetles developed primarily, with new taxa emerging, e.g. species of the
infraorders Archostemata (e.g. Ademosynidae, Schizocoleidae), species of Adephaga
(e.g., Triaplidae, Trachypachidae), species of Polyphaga (e.g. Hydrophilidae,
Byrrhidae, Elateroidea) are abundant in at the Babiy Kamen site in the Kuznetsk
Basin (Beutel and Friedrich, 2008; Ponomarenko, 1969, 2004); species from the
families Cupedidae were discovered from Lower Triassic, Madygen Suite, southwest

border of Ferganavalley, Osh Province, Lyaylyakskiy District (Ponomarenko, 1967).



During the Jurassic, the diversity of beetles familiesincreased dramatically. Early
herbivorous species showed primary development. The estimated divergence times
suggest that most modern families of Chrysomeloidea originated during the Jurassic
period (Farrell et a., 1998; Wang et al., 2014). The leaf beetles, Chrysomelidae,
might have emerged in the Middle Jurassic (Wang et a., 2014). It is assumed that the
ecology of Chrysomeloidea should be shifted from cycads and conifers of Early
Jurassic to angiosperms of Jurassic-Cretaceous due to the angiosperm radiation
(Wang et al., 20134). Indeed, most of recent herbivorous beetles feed on angiosperms,
which contributed to a doubling of herbivorous species during the Middle Jurassic
(Labandeira and Sepkoski, 1993). Around the same time, early Tenebrionoidea,
Scarabaeoidea and Curculionoidea appeared, indicated surface feeding strategy
associated with rotten wood, fungi, lichen, moss (Gratshev and Zherikhin, 2003;
Hsiao et al., 2017; Wang and Zhang, 2011). There are more than 150 important fossil
sites from the Jurassic, the majority in Eastern Europe and North Asia. Outstanding
sitesinclude Solnhofen in Upper Bavaria, Germany (Ponomarenko, 1983),
Karabastau formation in South Kazakhstan (Szwedo and Zyla, 2009a; Y an, 2009), the
Yixian formation in Liaoning, North China, as well as the Daohugou biota and further
fossil sitesin Mongolia which generally belong to the Jehol Group (Wang et al.,
2009)

Most of the extant beetle families appear to have arisen in the Cretaceous. The
Coleopterarecords discovered in Cretaceous amber inclusions are quantitively
dominated (Periset a., 2016; Peris and Rust, 2019). The diversity of Cupedidae and
Archostemata decreased considerably (Ponomarenko, 1969), while the diversity of
polyphaga increased tremendously, which includes 90% of extant families (Grimaldi
and Engel, 2005). Staphylinidae isthe most species-rich family from tropical and
subtropical amber deposits, which shows a high diversity of feeding habits, covering
the entire range of ecological habitats (Peris and Rust, 2019). It is supposed that the

radiation of angiosperm influence on the diversity of Cretaceous Coleoptera (Faegri



and Van der Fijl, 2013; Winship and Hu, 2010). However, the increase of the number
of beetle families during the Cretaceous may not completely correlate with the

increase of the number of angiosperm species (Labandeira and Sepkoski, 1993).

1.4 The insect-plant interaction

Taking beetles as an example, the feeding strategy and ecology of insects are quite
advanced and diverse. Archostemata, normally identified as the ancestral group in
Coleoptera, are characterized by atrend towards limited food uptake in the adult
stage, besides, their larvae adapt to burrowing in wood (Beutel and Friedrich, 2008).
The adults of Adephaga are predacious while the larvae, with only afew exceptions,
possess more or less advanced preoral digestion (Beutel et al., 2019). Both the adults
and larvae of Myxophaga feed on agae, while Polyphaga are primarily saprophagous,
especially fungivorous (Beutel and Y avorskaya, 2019). On amacro level, except for
some purely carnivorous groups, the majority of beetles and insects are associated or
partially associated with floraenvironment. In order to study the insect-plant
interactions, based on their morpho-behavioural mechanisms of food acquisitions, the
related taxa are classified into Functional Feeding Groups (FFGs) (Table 1) (C. C.
Labandeira, 2006; Labandeira, 2002). Basically, the FFGs can be classified as
exophytic (externa foliage feeding subdivided in skeletonization, hole, margin and
surface feeding), endophytic (galling, leaf mining and piercing / sucking), and
intermediate, that category is recognized where the arthropod herbivore islocated
externally but feeds on internal tissues (piercing-and-sucking, oviposition and root

feeding) (Labandeira, 2013a).



Table 1. Terrestrial arthropod (insect) functional feeding groups. Based on (C. Labandeira, 2006; C. C. Labandeira, 2006; Labandeira, 20133,

2002; Labandeira et a., 2007)

Feeding Functional

system feeding group

Examples

Tissues consumed

Earliest occurrence

External
Exophytic _ _
foliage feeding

Palynophagy

Surface fluid
feeding

Margin feeding, hole feeding, surface
feeding, skeletonization

Whole palynomorph consumtion, puch-

and-sucking of protoplasts, feeding and

carrying pollen

Siphonate feeders, spongers, lappers

Epidermis, parenchyma,

xylem, phloem

Spores, pollen, megaspores

Secretory tissues, epidermis

Middle Devonian

Middle Silurian

Late Pensylvanian

_ Piercing and
Intermediate _
sucking

Oviposition

Rhizophagy

Deep-tissue feeding, mesophyll feeding,

punch-and-sucking

Solitary, rows, multiple clusters

(none recognized)

Xylem, phloem, epidermis,
parenchyma,
megagametophyte endosperm
tissues, integuments
Epidermis, parenchyma,
xylem, phloem, periderm
Epidermis, parenchyma,

xylem, phloem

Early Devonian

Late Pensylvanian

Middle Pensylvanian

10



Endophytic

Leaf mining

Galling

Seed predation

Borings

Serpentine mines, blotch mines, cambial

mines

Prosoplasmic galls, histoid galls, organoid
gdls

(none recognized)

Bark borings, heartwood borings, sapwood
borings, pith borings

Epidermis, parenchyma,
xylem, phloem, apical
meristem, lateral meristem,
intercalary meristem
Epidermis, parenchyma,
xylem, phloem, collenchyma,
sclerenchyma, apical
meristem
Epidermis, megagametophyte
endosperm tissues,
integuments
Periderm, parenchyma,
xylem, phloem, collenchyma,
sclerenchyma, apical
meristem, lateral meristem,

intercalary meristem

Middle Triassic

Middle Devonian

Early Pensylvanian

Early Devonian

11



Thefossil history of insect-plant associations can be viewed as three kinds of
relatively distinct but related fossil records (Labandeira, 2018, 2010):

- the separate plant fossil,

- the separate animal body fossil,

- the insect-plant association fossil record.
The first and second categories are relatively clear, based on taxonomy and phylogeny
study; while the fossil records of the third category are complicated and require multi-
disciplinary knowledge. The third fossil category can be further subdivided into six
principal types of evidence to support and explain insect-plant associations
(Labandeira, 2018):

(1) plant reproductive biology,

(2) plant damage,

(3) dispersed copralites,

(4) insect gut contents,

(5) insect mouthparts,

(6) plant and insect taxonomic assignment to a modem descendant for which.

reliable ecological data exist.

Based on strength, the above six types of evidence can be divided into direct
evidences and indirect evidences (personal communication with David Peris). Direct
evidences, such asinsect gut contents, coprolites, plants fragments remain on insect
body and mouthparts, can strongly support insect-plant associations. On the other
hand, indirect evidences, e.g. insect and plant morphology and anatomy characters,
plant damage, plant and insect taxonomic assignment, are less persuasive. However,
when afossi| record combines both direct and indirect evidence with more details, a
comprehensive explanation of the insect-plant association and ecology could be

achieved (Bao et al., 2019hb).
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1.5 Therise of “Abominable Mystery”

The “Abominable Mystery” is used by Charles Darwin to express his wonder about
the rapid radiation of angiosperms in Cretaceous (Friedman, 2009). In 1879, John Ball
published an article about the origin of the flora of the European Alps, which soon
drew Charles Darwin’s attention. On July 22nd, Darwin wrote about his uncertainty
about the early origin and fast radiation of angiospermsin his letter to the botanist Sir
Joseph Dalton Hooker. He thought, the evolution and devel opment of every taxon
should abide by the fundamental principle of going from simple to complex.
Obvioudy, the emergency of angiosperm violates this principle, which he mentioned
as the famous “abominable mystery”.

From the first macrofossil occurrence of angiosperms (Sun et al., 2002) until they
took the dominance, the earth vegetation shows a big but quick transition during
Jurassic—Cretaceous interval (Krassilov, 1977). Phylogenetic analysis of angiosperms
shows that basal angiosperms (ANITA grade) consist of Amborellaceae,
Hydatellaceae, Cabombaceae, Nymphaeaceae, Austrobaileyaceae, Trimeniaceae,
Schisandraceae, and |lliciaceae developed in Early Cretaceous (Thien et a., 2009).
The great angiosperm radiation, when a great diversity of angiosperms appearsin the
fossil record, occurred in the mid-Cretaceous (Dilcher, 1979). By the Late Cretaceous,
angiosperms appear to have dominated the habitats, shaping the current earth
vegetation (Sadava, 2014). Hypothetically, the large canopy-forming trees replaced
conifers as the dominant trees 66 million years ago, close to the end of the Cretaceous
or even later, at the beginning of the Tertiary (Sadava, 2014).

Through decades of research, the exact explanation for the rapid radiation of
angiospermsis still arguable. One hypothesis is the so-called Genome Hypothesis
(Simonin and Roddy, 2018). During the early Cretaceous period, only angiosperms
underwent rapid genome downsizing, while genome sizes of ferns and gymnosperms
remained unchanged. Smaller genomes and smaller nuclei allow for faster rates of cell

division and smaller cells. Thus, species with smaller genomes can pack more and

13



smaller cellsin particular veins and stomata into a given leaf volume. Genome
downsizing therefore facilitated higher rates of transpiration and photosynthesis and
thus a faster rate of growth. This could have countered some of the negative
physiologica effects of genome duplications, facilitating increased uptake of carbon
dioxide despite concurrent declines in atmospheric CO> concentrations, and allowed
the flowering plants to outcompete other land plants.

From the view of palaeontology, the oldest flower fossil dated to the Early
Cretaceous (115125 Ma), which isrelated to the extant Nymphaeaceae (Friiset .,
2001). The advanced eudicot flower emerged no later than Cenomanian (Liu et a.,
2018). Based on the studies of early angiosperm flower fossils and in situ pollen since
the 1970s (Dilcher, 1979), the hypothesis that insect pollination was the dominant
mode of angiosperm pollination during the Lower Cretaceous (Friis et al., 1999), with
specialization increased by the angiosperm radiation (125-90 Ma) (Crepet and Nixon,
1996), iswidely accepted. However, the direct evidence for Cretaceous insect-
angiosperm interaction is absent. Concrning the common modern pollinators, bees
(Apoideaq) arerarely recorded since Cretaceous with their ancestral taxa (Poinar and
Danforth, 2006), but the specimen with collected pollen are recorded only as early as
Middle Eocene (Wappler et a., 2015); butterfly (Papilionoidea) records are absent
before Cenozoic. The indirect evidence for early insect-angiosperm interaction is
also limited, and the existing few mainly focused on floral morphology and the
potential association with pollinators (Crepet and Nixon, 1998; Gandolfo et a., 2004)
or the mouthpart evolution of long-proboscid insects that influenced piercing /
sucking feeding strategies (Labandeira, 2010; Liu et a., 2018). However, the dramatic
earth vegetation change did leave traces on the fossil records of plant-insect
associations. The number of gymnosperms associated insect taxa started to decrease
from Barremian (~125 Ma) and reached a stable low level by Turonian (~90 Ma).
During the same period, the angiosperms associated insect taxa started to grow and

reached the peak (Periset al., 2017). The intersection of two trends caused a short-
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time global decrease of plant-associated diversity in total, which is called the
“Aptian—Albian gap” (~125-90 Ma) (Labandeira, 2014; Wang et al., 2016). Thus, the
mid-Cretaceous is a so the key period for answering the palaeoecological transition of

faunataxa (Wang et a., 2013a).
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2. Aim of study

2.1 The key to answering “ Abominable Mystery”

Currently, Darwin’s “ Abominable Mystery” has come to indicate about all aspects
of the origin and early evolution of flowering plants. However, indeed Darwin was
deeply bothered by what he perceived to be an abrupt origin and highly accelerated
rate of diversification of flowering plants in the mid-Cretaceous. Obvioudly, he took
refuge in the possibility that arapid diversification of flowering plants in the mid-
Cretaceous might have a biological explanation involving coevolutionary interactions
between pollinating insects and angiosperms. Probably, we can make breakthrough
from palaeontology (palacoentomology) aspect; try to discover the early insect taxa
records which show a possible close relationship with angiosperms (e.g. feeding trace,
palynology records, etc.), and use this as a shred of evidence. Before this research,
thiskind of evidence in Mesozoic, especialy the direct pollination evidence, was
completely absent. Thus, it still remains atheoretical hypothesisthat thereis
advanced insect-angiosperm interaction during Mesozoic and due to this, insects and
angiosperms both got to flourish further.

Compare with other insect groups, the Mesozoic beetles are highly diversein
ecology, especialy for some polyphagan groups. Theoretically, the possible fossil
materials that can support the hypothesis exist. The target material should generally
match the following characters.

- Fossil records are continuous. The fossil records of the same animal group should
be continuous with the range at least from Jurassic to Cretaceous, cover the
angiosperm radiation and the vegetation change period (125-90 Ma).

- Morphological characters are obvious. The morphology characters of the fossil
specimens should not be extremely hard to exam. Especialy for the Jurassic fossil,
they are mainly compressed rock fossil, detailed morphology characters may be hard

to observe or damaged.
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- The extant relative taxa should imply close insect-plant interaction. The relative
extant taxa should give supportive reference to the ecology, which can help
understand and explain the palaeoecol ogy.

Thefossil records of the beetle family Mordellidae (Coleoptera: Tenebrionoidea)
apparently match for the three main requirements above. The extant Mordellidae are
characterized by wedge-shaped body, expanded hind legs, wide metacoxa plate and
elongated pygidium. The extant Mordellidae congtitute of about 1500 species
worldwide (Jackman and Lu, 2002), among the typical flower beetle, represent flower
diet and generalized pollination (Y ang and Ren, 1999; Beutel and Leschen, 2005).

Before this research, a certain amount of Mordellidae fossil were discovered;
however, the importance of Mordellidae fossil recordsis not being serioudy valued.
Thefossil records of Mesozoic mordellids are generally scarce but continues, mainly
found in the Late Jurassic Karabastau Formation, Russia (Scegoleva-Barovskaja,
1929) and the Early Cretaceous Yixian Formation of China (Liu et al., 2008, 2007)
without the pygidium. The Cretaceous (Albian) Mediumiuga sinespinis (Burgos,
Spain) shares the primitive characters with modern Mordellidae, and is featured by
appendix microstructures on mesotibiae and mesotars (Peris and Ruzzier, 2013). The
Cenozoic Mordellidae are comparatively abundant, discovered in Fushun amber of
the Eocene of China (Zhang and Hong, 1999), Kishenehn Fm., Eocene of Montana,
USA (Huber and Greenwalt, 2011), Green River Fm., Eocene of Colorado, USA
(Cockerell, 1925), Baltic amber of the Eocene Baltic gulf (Kubisz, 2003; Odnosum
and Perkovsky, 2010; Perkovsky and Odnosum, 2013), Florissant Fm., Oligocene of
Colorado, USA (Cockerell, 1907; Scudder, 1890), Rott Fm., Oligocene, Germany
(Statz, 1952), Carbonate Fm., Oligocene, France (Nel, 1985), Mexican amber,
Miocene, Mexico (Poinar, 1993), Olympia beds Fm., Pleistocene, Washington, USA
(Ashworth and Nelson, 2014) display close similarity to the extant species and they
have been traditionally assigned in the major part of the casesto Mordella and

Mordellistena.
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| believe the fossil records of Mordellidae could be the key factor to explain the
insect-plant association in Mesozoic and the “ Abominable Mystery”. Based on the
newly discovered taxa and the carefully re-examination of the continuous fossil
records, it will help usto understand the evolution trend of the family. The
morphology change of beetles could give new insights linked to their ecology change.
Besides, there could be other early flower beetle records which can be also taken asa

reference during the study.

2.2 The possible beetle ecology shift while the flourish of angiosperms

Asthe dynamic of the earth surface vegetation changed, the flourish of
angiosperms not only replaced the dominance of gymnosperm plant, but also
impacted on other floragroups development such as tree ferns, ferns and
cycadophytes. By the mid-Cretaceous, the environment formerly occupied by ferns
and cycadophytes started to shift to angiosperms domination. Surprisingly, the
diversity of fern dramatically increased, almost 90% of modern ferns evolved by this
time (Schneider et a., 2016). The possible explanation remains unclear. I nsect,
including various beetle groups, probably played important roles, as some groups are
closely related to particular plant groups. Based on the former summary, during the
“Aptian—Albian gap”, the insect-plant association follows these shift mode (Peris et
al., 2017):

(1) gymnosperm host associations that became extinct earlier in the interval, such
as zhangsolvid flies (Ren et al., 2009);

(2) gymnosperm host associations that survived the interval and continued largely
to the present, exemplified by merothripid thrips (Labandeira et al., 2007);

(3) gymnosperm host associations that transitioned laterally onto new angiosperm

hosts, which included false blister beetles (Periset al., 2017);
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(4) new angiosperm host associations later in theinterval, of which bees are an
example (Wappler et a., 2015);

The new materialsin this research provided new evidence to support the mentioned
four modes and further discussion will up to be more complete. For instance,
Cretaceous Mordellidae give new insights into early angiosperm association. Early
Kateretidae records imply a shift process from gymnosperm association to
angiosperm association. However, beetles are discovered in more diverse habitats
with more various plant hosts, which indicated the interactions and shift dynamic are

considerably more complicated than it was early assumed.

2.3 Ecology of tropical amber forest in the Cretaceous

The main Cretaceous amber deposits are all located in the northern hemisphere
(Fig. 1) include Lebanon (late Barremian), Spain (early Albian), France (late
Albian/early Cenomanian—Santonian), Myanmar (early Cenomanian), New Jersey
(late Turonian), Russia (Taimyr, middle Santonian) and Canada (late Campanian)
(Peris and Rust, 2019). The amber materials are typically found in sediments with
fluvial and/or marine influence; therefore these amber-bearing deposits are thought to
be mostly allochthonous accumulations (Zherikhin and Ross, 2000). It has been
suggested that resin globules are commonly washed from their place of origin and
concentrated in fluvial, deltaic, lacustrine or even nearshore marine environments
(Penney, 2010). Regarded as the Cretaceous climate, the amber forest climateis
generally characterized as nowadays tropical or subtropical. Especially for the
Lebanon and Myanmar deposits, their geological setting is closer to equatorial which
implies atypical tropical Cretaceous forest.

The tropical forest ecosystem is composed of complicated components, stable and
with high floraand fauna diversity. This can be easily differed from Burmese amber

flora and faunainclusions. However, research in the recent years mainly focused on
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individual groups taxonomy and phylogeny. Few research discuss the outer picture of
the whole ecosystem. Since the beetles are the most diverse and distributed fauna
fossil (at least from Cretacous), they can be treated as clue to link different zone
habitats, e.g. from bottom forest to top, from shore to inland, which is possibly helpful

for comprehensive discussion of the amber forest as awhole.

Fig. 1. Main Cretaceous amber deposits: 1. Lebanon (late Barremian), 2. Spain (early Albian), 3.
France (late Albian/early Cenomanian—Santonian), 4. Myanmar (early Cenomanian), 5. New Jersey
(late Turonian), 6. Russia (Taimyr, middle Santonian), 7. Canada (late Campanian). (Map source: Ron
Blakey, NAU Geology)

3. Geology setting of fossil Lagerstétten

A fossil Lagerstétte is a special sedimentary deposit that exhibits extraordinary
fossils with exceptional preservation. In palaeontology, two kinds of Lagerstétten
were defined: Konzentrat-Lagerstétten (concentration Lagerstétten), deposits with a
particular "concentration” of disarticulated organic hard parts, such as a bone bed,
and Konservat-L agerstétten (conservation Lagerstétten), deposits known for the

exceptional preservation of fossilized organisms or traces (Seilacher, 1970), of which
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conservation Lagerstdtten are more spectacular because of the special anoxic
taphonomy environment, sometimes including preserved soft tissues and traces. In
this research, fossils from various Konservat-L agerstétten were checked or examined.
Karabastau Formation, Daohugou biota and Yixian Formation are inorganic fossil
deposits, that represent regional terrestrial sediments environment (lake, pond, bog,
etc.). Daohugou biota and Yixian Formation can be considered as the compounds of
Jehol Biota ecosystem with the similar sediment structures, however their fossil
assemblages are quite different. Mesozoic and Cenozoic amber biota are organic

fossil deposits, that represent tropical forest environments.

3.1 Karabastau Formation

The Upper Jurassic Karabastau Formation of the Karatau Range (the northwestern
spur of the Tian Shan Mountains) islocated near the village of Aulie (formerly called
Mikhailovka), Chayan Digtrict, Chimkent Region, southern Kazakhstan (Fig. 2A).
The Karabastau Formation, yielding about 18,000 insect fossils to date, abundant with
vertebrate fauna (fishes, pterosaurs, amphibians and reptiles) and numerous plant
fossils, isamong the world’ s most prolific sources of fossil insects (Rasnitsyn and
Zherikhin, 2002). Based on the plant assemblages (bennettites, conifers,
pteridophytes, cycadophytes, Equisetales, Caytoniales, Ginkgoales, Cycadales, and
Czekanowskiales) and a spore-pollen analysis (domination of Classopolis pollen,
minority with Leiotriletes-type spore and Klukisportites microrelief), the age of the
Karabastau Formation may be assigned to the Upper Jurassic (Oxfordian—
Kimmeridgian), i.e. circa 158-152 Ma (Kirichkova and Doludenko, 1996), but the
precise age remains unclear because of the lack of a definite radiometric age.

The Karatau Range is composed of continuous rock records from Lower
Proterozoic to extant. The Jurassic deposits form anarrow belt between Maly Karatau

and the southern and central parts of the Bolshoy Karatau, which 2-8 km in width,
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stretches over 200 km from the Chokpak pass in the southeast to the valley of the
Bala Turlan river in the northwest (Doludenko and Orlovskaya, 1976). The deposits
consist of grey, laminate siltstones, marls, limestones and dolomites, which separate
into two series by the grey or black aleuralites, with inclusions of sandstones,
conglomerates and gravels (Szwedo and Zyla, 2009b). Almost all organic remains are
associated with the uppermost layers of upper series with component of aleurolites,
marls, limestones and dolomites (Doludenko et al., 1990).

The Karatau paleo-lake originated in the inner-mountain basin, and relatively
rapidly was filled with proluvia sediments. The water in the lake was characterized
by high hardness and relatively high salinity, and the paleoclimate was dry
(Ponomarenko et al., 2005). Preserved in this deposit there are abundant fishes,
insects, and diverse plants including bennettita-leans, cycads, conifers, and ferns
(Doludenko and Orlovskaya, 1976). Theinsects from Karatau are preserved as
organic remainsin dark grey siltstone. These insects have been intensively studied
during the past eighty years and include 19 orders and several thousand species.
Among them, the Coleopterais the most diverse group and comprises approximately
half of all thefossil insects from Karatau (Y an, 2009), significant by the water beetle
Gyrinidae (Y an, 2009), the “most ancestral” extant beetle family Ommatidae (Tan et

al., 2012) and ancestor flower beetle Praemodellinae (Bao et al., 2019c).

3.2 Daohugou biotaand Yixian Formation

The Middle Jurassic Daohugou beds are currently known to have been distributed
in asmall area across the border of Ningcheng, Inner Mongolia and Lingyuan,
Liaoning. Major fossil localities include the Daohugou Village, Zhujiagou,
Jiangzhangzi, Wubaiding etc. (Fig. 2B). The Daohugou beds consist three lithology
sequences: the lower part is mainly composed of grayish tuffs with interbedded thin
and reddish shales, which had previoudly been misidentified as belonging to the
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Tuchengzi Formation; the middle part is composed of thick grayish tuffs with
interbedded thin gray or greenish tuffaceous shales; and the upper part is composed of
interbedded grayish tuffs and shales, representing the main fossil abundant horizon
(Wang et al., 2005). The Dachugou deposits were often folded or inverted dueto
strong tectonic activities. Most fossil insects from Daohugou beds are preserved as
organic remains on the surface of grey tuffaceous siltstones, usually in such
impeccable detail that even fine setae can be discerned on tiny specimens (Wang et
al., 2009). The radiometric dating of the underlying and overlying ignimbrite with
40Ar/39Ar and SHRIMP U-Pb methods suggested that the Daohugou biota occurred
a aninterval from 168 Mato 152 Ma(Liu et al., 2006), aMiddle Jurassic or early
Late Jurassic age. In thisresearch, concept of rough Middle Jurassic ageis preferred,
which was supported by most palaeontol ogists based on the analysis of fossil plants,
conchostracans, bivalves, and insects (Jiang, 2006; Rasnitsyn et al., 2006; Ren et al.,
2002; Shen et al., 2003; Zhou et al., 2007). The paleoclimate in Daohugou during the
mid-Jurassic times was warm temperate, and the flora was dominated by
Bennettitales, Filicales, Pinales, Ginkgoales, and Coniferales (Pott et al., 2012; Zhang,
2006). The coleopteran assemblage is the most diverse group in this fauna and more
than 10 families have been described and a plethora of fossils (especially Polyphaga)
await further description (see asummary in Kirgjtshuk et al., 2010).

Despite the Dachugou beds and Y ixian Formation share high lithological
similarity, their fossil assemblages are quite distinctive, significant by the absence of
Lycoptera (iconic fish taxa in Jehol biota) in Daohugou bed (Wang et al., 2005). This
probably shows they belong to the same cycle of volcanism and sedimentation
although the Daohugou beds are lower than the Yixian Formation. Hypothetically, the

Daohugou fossil assemblage represents the earliest evolutionary stage in Jehol Biota
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3.3 Burmese amber (“Kachin amber”)

The amber from Myanmar, commonly known as Burmese amber, has along
history of excavation. The oldest record of Burmese amber comes from Siku
Quanshu-Han Dynasty (~3rd century) (Kaniaet al., 2015); the first possible Burmese
amber object was unearthed during the archaeological study of Marquis of Haihun
tomb (Jiangxi, China, ~59BC) (Yang et a., 2017). Traditionally, Burmese amber
plays an important role in regional economy, healthcare and art (Zhang et al., 2017).
Nowadays, the commercial Burmese amber source islocated in the Hukawng Valley
of the Myitkyina and Upper Chindwin districts (Cruickshank and Ko, 2003; Ross,
2010; Zherikhin and Ross, 2000), which contain thirteen documented sites (Chhibber,
1934), however most of the coordinates of the locations have been lost. The deposit in
Noije Bum (north of Myanmar, 20km to the southwest of Danai, Hukawng Valley,
Kachin Province, “Kachin amber”) (Fig. 3) was re-exploited in 1990s and became the
main source for excavation (Ross et al., 2010; Xiaet al., 2015), which has been
regarded as one of the most important deposits for studying Cretaceous terrestrial
biodiversity, more than 300 families of arthropods have been reported from this
deposit (Bao et al., 2018a). Kachin amber mine was excavated for centuries, till now
continuoudly attracted generations of researchers. The first three Kachin amber
inclusion species were named in 1916; by 1999 only 45 species were identified; by
the end of 2018 the total had risen to an incredible 1,192 species (Ross, 2019).

The Burma Terrane was part of a Trans-Tethyan island arc and stood at a near-
equatorial southern latitude at ~95 Ma, suggesting island endemism for the Burmese
amber biota (Westerwee! et a., 2019). Theresin chemical analysis suggests Araucaria
family could be the main component of the Burmese amber forest (Ross, 2010). The
surrounding matrix in Kachin amber mine consists fine-grained sedimentary rock,
greyish to bluish-green, with fine fragments of volcaniclastic (Shi et al., 2012). Based
on U-Pb dating of zircons, the radiometric age of Kachin amber deposit has been

dated as earliest Cenomanian, Late Cretaceous, ca. 99 Ma (Shi et al., 2012). However,
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the true age of the amber could be dightly older due to the high roundness of the
amber surface and the marine faunainclusions (Yu et a., 2019), which indicate the
re-operation process before the amber was buried into the surrounding rock matrix

(Bao et al., 20183).

3.4 Baltic amber

Baltic amber is amongst the largest and most significant of the world' s amber
deposits, with numerous yield sites along the Baltic shore. It occurs primarily along
the shores of the Baltic Sea in Paleogene sands dated to as early as 40 Ma ago
(Kosmowska-Ceranowicz, 2005; Ritzkowski, 1997). The diagenetic history of Baltic
amber from its origin until the present has been outlined by Gaigalas and Halas
(2009) based on isotope analysis. The most productive amber deposit islocated in the
Samland Peninsula (Kaliningrad, Russia), featured by the main amber bearing
sediment, the Blue Earth (a high glauconite concentration and a dark-blue clayey silt)
(Kasinski and Kramarska, 2008). The Samland amber layer also extend to Poland, and
thus, further Baltic amber deposits exist, such as Chtapowo, the delta of Parczew, the
region of Kurpie and Polesie Lubelskie in South Poland (K osmowska-Ceranowicz,

1997).

The Baltic amber resin source is supposed to contain several speciesin family
Pinaceae, Araucariaceae and Sciadopityaceae, based on the morphol ogical-anatomical
analysis and resin chemical analysis (Sadowski, 2017). In the Baltic amber, animal
inclusions are more abundant than plant inclusions. Especially Arthropoda are very
well represented, approximately comprise 80% of all animal inclusions from Baltic
amber with 539 families were hitherto described, among which Diptera represent the
most abundant group of arthropods with 800 species being described, followed up by
Araneae (587 species) and Hymenoptera (448 species) (Weitschat and Wichard,
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2010). Theflorainclusions are comparatively less numerous, approximately 130

species of plants (conifers and angiosperms) were described (Sadowski, 2017).

3.5 Dominican amber

Dominican amber is an important Cenozoic amber deposit from the Dominican
Republic, dated as the Miocene. Three main sitesare in yielding: La Cordillera
Septentrional, in the north, and Bayaguana and Sabana de laMar, in the east. Inthe
northern area, the amber-bearing unit isformed of clastic rocks, washed down with
sandstone fragments and other sediments that accumulated in a deltaic environment,
even in water of some depth. In the eastern area, the amber isfound in a sediment
formation of organic-rich laminated sand, sandy clay, intercalated lignite, and as well
as some solvated beds of gravel and calcarenite.

The supposed resin source for Dominican amber from the extinct tree Hymenaea
protera (Fabaceae), indicated the tropical forest climate. Differing with Baltic amber,
the Dominican amber is nearly aways transparent with higher quantity of fossil

inclusions.
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Fig.2. (A) map of the locality of Karabastau Formation in southern Kazakhstan. Highlighted area
enlarged and shown in detail. 1, main fossil locality near village of Aulie. Scale bars= 50 km. (B) map
of the Daohugou bictain Inner Mongolia and north-eastern China. Highlighted area enlarged and
shown in detail. 1, Daohugou locality. Scale bars = 20 km. Research materials collected from the
localities with red triangle mark. (For interpretation of the referencesto colour in thisfigure legend, the

reader is referred to the web version of thisarticle).
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4. Material and methods

4.1 Investigated specimens

The research materials are stored and investigated in different institutions and

organizations (Table 2). Therock fossils materials included Daohugou Biotafossil,

Yixian Formation fossil and Karabastau Formation fossil. The amber materials were

discovered from Northern Myanmar, Baltic Sea regions, Ethiopia and Dominican

Republic. For reference, collections of extant beetle fauna from Naturhistorisches

Museum, Vienna, Austriaand Museum Alexander K6nig, Bonn, Germany were

examined.

Table 2. Examined materials for this thess.

I nstitution/Or ganization

Collection

Nanjing Institute of Geology and Palaeontology of
the Chinese Academy of Sciences (NIGPAS), China

Borissiak Paleontological Institute, Russian

Academy of Sciences, Moscow, Russia

Laboratory-Museum of Amber Inclusions, Gdansk
University, Poland

Lingpoge Shanghai Museum, China

Shiguangnian Tengchong Museum, China

Eurofossil Nuremberg, Germany

Naturhistorisches Museum, Vienna, Austria

Museum Alexander K6nig, Bonn, Germany

Daohugou Biotafossil,
Yixian Formation fossil,

Burmese amber

Karabastau Formation fossil

Baltic amber, Ethiopia
amber

Burmese amber, Baltic
amber, Dominian amber
Burmese amber, Dominican
amber

Dominican amber
Coleoptera collection

Coleoptera collection
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The revised holotype in this research should keep the original identification number in
the origina ingtitution. The newly described hol otype and paratype are permanently
preserved with unique identification number in related ingtitution. The related
published work and the nomenclatural actsit contains have been registered in
ZooBank, the proposed online registration system for the International Code of
Zoological Nomenclature (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 not officially published
work istemporary mark with LSID urn: Isid: zoobank.org: act: XXXXX.

4.2 Preparation, microscopy and imaging

The Daohugou Biotafossils and Yixian Formation fossils were excavated
autonomousdly from the Lagerstétte through variable mechanical methods. Amber
samples were excavated by local |abors, then transferred to specific laboratory for

further preparation, observing and imaging.

4.2.1 Lab preparation

The imbedding rock matrix for Daohugou biotaand Yixian Formation fossils are
clean sedimented shale. General cleaning process could be accomplished with
digtilled water. Air scriber HW-322 was applied for detailed restoration, which can

maximally protect the material from fragmentation in process of preparation.

Before observation, amber materials need go through a series of preparation
processes. Firstly, the thin surface surrounding rock matrix needs to be removed by
centrifuge which may take 3-5 days depending on the hardness of materials. The
inclusions of the preliminary prepared amber samples are visible to the naked eye or

to the smple optical stereo microscope, which are ready for the primary taxonomy
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study. For the selected materials through the primary observation, advanced detail
preparation will be proceeded. Buehler ISOMET mechanical saw was applied to cut
and shape the amber samplesinto agood observation form. The rotating speed of saw
and the counterweight can be adjusted due to the amber samples. For polishing the
amber surface, Buehler surface operation system was applied. The roughness degree
of CarbiMet & MicroCut abrasive paper varies from grit size 400 (P800)-1000
(P2500), which can be used to decrease progressively in practice. The finest abrasive
mediais MasterPolish™ suspension of high purity alumina and silicagel, which
should be used together with velvet disc, achieve polish grade till 0.05um.

The particular shaped and partially damaged amber samples could be embedded
and stabilized in artificial adhesives (Araldite®). Following the protocol by
Nascimbene and Silverstein (2000), the artificial resin matrix produced by a mixture
of high-grade Epoxy resin (EPO-TEK 301-2, Part A) and hardener (EPO-TEK 301-2,
Part B). To avoid numerous air bubbles occurring during the mixing process, the air
was released by placing the container for a short time into a vacuum drying oven (VO
200, with pump module PM 200) until a vacuum of 50 mbar was reached. The target
amber specimen was glued into a chamber of silicon ice cube mould. The injected
volume of glue liquid should be adjusted perfectly in case the specimens ‘floating up’
in the mould during the embedding process. Under a fume hood, the epoxy resin-
hardener mix was added to each chamber containing an amber specimen by a plastic
pipette, covering the entire amber piece at least 1-2 mm above the upper facet. After
that, the silicon mould was set into the vacuum chamber (adjust vacuum to 50 mbar)
and remained therefor at least 15 minutes to ensure that the epoxy permeated the
entire amber specimen. Air bubbles which remained in the epoxy resin were removed
with a needle afterwards. For further operation, the mould that contains al embedded
specimens was placed into afume hood for at least 3-5 days, air-dry. Later, the well-
embedded amber samples could be taken out from mould and repeated with the

cutting and polishing process.
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4.2.2 Optical photomicrography

Stereo zoom microscope is the key equipment to observe the micro world, which
provides a 3-dimensional or "stereo” image when looking through the microscope.
Stereo zoom microscopes alow quick zoom from low to high magnification. Using a
stereo zoom microscope makes it simple to view asample in the entire field of view,
then focus and zoom in on a particular part of interest. Stereo microscope
magnification is calculated by multiplying several variablesincluding: eyepiece
magnification, built-in objective lens (or zoom) magnification and auxiliary lens
magnification. Zeiss AXIO Zoom V 16 microscope system at the State Key
Laboratory of Palaeobiology and Stratigraphy, Nanjing Institute of Geology and
Palaeontology of the Chinese Academy of Sciences (NIGPAS), China, LeicaM205 A
microscope system and the Leica Application Suite (LAS Version 4.7) at Laboratory-
Museum of Amber Inclusions, Gdansk University, Poland, Zeiss AXIO Zoom V16
microscope system and ZEN application University of Bonn, Germany were applied
during research. For observing amber specimens, incident and transmitted light were
used simultaneoudly in most instances. Each image was digitally stacked with 40-50
individual focal planes, produced with the software Helicon Focus 6
(http://www.heliconsoft.com) or Zeiss software ZEN for better illustration of the
three-dimensional structures. Variable colour lens and syrup or liquid paraffin can
improve the image quality. For observing rock fossils, Nikon SMZ1000
stereomicroscope with external digital camera (DXM1200) at the State Key
Laboratory of Palaeobiology and Stratigraphy, NIGPAS, Chinawas applied with only
incident light.

High magnification optical microscope was used for observing particular micro
objectsin amber samples, e.g. pollens, spores and other micro inclusions. Amber
specimens must be polished till ultimate thickness (<0.5mm) and set into dice. When
applying the objective 40x, 60X, cedarwood ail, liquid paraffin or glycerol must be

used as observation media.
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4.2.3 Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) is an optical imaging technique for
increasing optical resolution and contrast of a micrograph using a spatial pinhole to
block out-of-focus light in image formation. Confocal microscopy provides the
capacity for direct, noninvasive, serial optical sectioning of intact, thick, living
specimens with a minimum of sample preparation as well as a margina improvement
in lateral resolution compared to wide-field microscopy. CLSM makes it possible to
protect the amber material and meanwhile observe the detail structures of inclusions.
Especiadly for detecting pollen and spore inclusions, light produced by fluorescence
very closeto the focal plane can be detected, the image's optical resolution,
particularly in the sample depth direction, is much better than that of wide-field
microscopes. Photomicrographs in research normally with green-black background
were taken using a CLSM Zeiss LSM 710 system with laser wavelength 488 nm
(Laser module LGK 7812 ML5) at the State Key Laboratory of Palaeobiology and
Stratigraphy, NIGPAS, China. Based on the diameter and thickness of amber
specimen, two objectives (“Plan-Neofluar” 20X/0.50 M27 and “Plan-Apochromat”
63X/1.40 Qil DIC M27) were applied. AxioVision 4.0 modules with the software

AxioVision Rel. 4.8.2 were used to produce high resolution images.

4.2.4 X-ray micro-computed tomography

X-ray micro-computed tomography uses x-raysto create cross-sections of a
physical object that can be used to recreate avirtua model (3D model) without
destroying the original object. Comparing the medical X-ray tomography, the X-ray
micro-computed tomography is a closed X-ray system, in which X-ray shielding is
put around the scanner. Target object was placed on the spiral table, digital detectors
with small pixel pitches and micro-focus x-ray tubes were employed to yield in high

resolution images. In order to perform a three-dimension reconstruction of the insect

33



inclusion in amber samples, the fossils were scanned at the micro-CT laboratory of
NIGPAS, using a 3D X-ray microscope (3D-XRM), Zeiss Xradia 520 versa. Unlike
conventional micro-CT, which relies on maximum geometric magnification and aflat
panel detector to achieve high resolution, 3D-XRM uses CCD-based objectives to
achieve higher spatial resolution. Based on the size of the fossil specimen, a charge-
coupled device (CCD) and 4X objective was used, providing variable isotropic voxel
sizes (UM, see figure captions) with the help of geometric magnification. During the
scan, the acceleration voltage for the X-ray source was 50 kV (power 4W), and athin
filter (LE3) was used to avoid beam hardening artefacts. To improve signal-to-noise
ratio, 3000 projections over 360° were collected, and the exposure time for different
proj ection was 2-5s (see figure captions). Volume data processing was performed
using software VGStudio Max (version 3.0, Volume Graphics, Heidelberg, Germany)
and the ASTRA toolbox *.

* The ASTRA Toolbox isa MATLAB toolbox of high-performance GPU primitives
for 2D and 3D tomography, from 2009-2014 developed by iMinds-Vision Lab,
University of Antwerp and since 2014 jointly developed by iMinds-VisionLab,
UAntwerpen and CWI, Amsterdam. The toolbox supports parallel, fan, and cone
beam, with highly flexible source/detector positioning. A large number of

reconstruction algorithms are available, including FBP, ART, SIRT, SART, CGLS.

4.2.5 Synchrotron X-ray microtomography

Synchrotron tomography provides a way for visualising the three-dimensional
interior structure of real objects non-destructively and with a high spatial resolution.
This alows the detailed microstructural analysis of many different kinds of materials.
Synchrotron x-ray tomography is based on the detection of either the attenuation or
the phase shift of the beam transmitted through a sample. While radiography

measures images for a single orientation of the sample, tomography measures images
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for many different angular positions. Thisresultsin a set of projections, which can be
used to reconstruct two-dimensional layers or dices through the object. By stacking
these dices together, it is possible to visualise the structure in three dimensions. In
recent years, synchrotron-based X-ray microtomography (SR-pCT) has become an
important technique to examine fossil insects in amber (Soriano et al., 2010; van de
Kamp et al., 2014), which allows a non-destructive visualization of amber inclusions
without distracting particles or reflections and even facilitates the examination of
internal anatomical characters. In comparison with X-ray micro-computed
tomography, theoretically synchrotron-based X-ray beams provide the following
advantages: the very high intensity of the source yields images with a high signal-to-
noise ratio on short time-scales, which enables fast radiographic investigations. The
beam can be easily monochromatic. This allows correl ations between attenuation
values and the chemical congtituents of the sample. The option to vary the energy of
the radiation enables the investigation of objects with very different absorption
coefficients within the same measuring environment. The high parallelism of the
beam limits imaging artefacts. The high beam coherence can be used for phase
contrast imaging and hol otomography, which provide much higher image contrast.
However, practically it istruly impossible to predict the degree of preservation of an
insect by the outer shape of the inclusion, which caused the scanning result very much
varies. Besides, a careful scanning and examination process remains serious time-
consuming. Even if SR-UCT is often described as being non-destructive, it should be
noticed that intense synchrotron-based X-rays— and in particular the polychromatic
radiation employed for high-throughput experiments — usually results in browning of
the amber, lasts for couple of months (van de Kamp et a., 2014). Thus, Synchrotron
based X-ray microtomography of amber inclusionsis till initsinfancy. Large

comprehensive studies on the different kinds of amber materials are demanded.
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4.3 Permanent storage

The permanent storage of rock fossils is comparatively ssimple due to the properties
of rock: good water resistance, pressure resistance and oxidation resistance. The
research materials should be set into sample box with cotton or other soft issue in the
bottom, then placed in the collection cabinet with clear identified label.

The amber specimen could be temporarily stored in mini sealed sample box in
order to be re-examined easily. Some amber specimens exhibited deep fissures and
cracks that even extended to the inclusion, which may facilitate deterioration of the
amber inclusions, destabilizes the entire specimen and also impairs the optimal view
of theinclusion (Bisulca et al., 2012; Nascimbene and Silverstein, 2000; Pastorelli,
2009). Thus, a perfect protection measures are required for permanent storage. The
amber specimens which reached ultimate thickness (< 0.5mm) can be assembled into
dice with coverdip and stored at moderate temperature and humidity. The amber
specimens that embedded into artificial adhesives (see 4.2.1) can be carefully placed

into moderate sized sample box and seal ed.
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5. Systematic pal aeontology

Order Coleoptera Linnaeus, 1758

Superfamily Tenebrionoidea Latreille, 1802

Family Mordellidae Latreille, 1802

Subfamily Praemordellinae Scegoleva-Barovskaja, 1929 (Scegoleva-Barovskaja,
1929)

[Praemordellinag] Scegoleva-Barovskaya, 1929, Comptes Rendus del’ Academie
des. Sci. I'URSS 27-29. — Liu et al., 2007, Zootaxa 1415, 49-56. — Liu et a., 2008,
Cretaceous Research 29, 445-450. — Bouchard et d., 2011, Zookeys 88, 389. - Liu et
al., 2015, Journal of Environmental Entomology 37, 866: [stem: Praemordell-].

Praemordellidae Wang, 1993, Acta Geologica Sinica, 67, 86-94.

Type genus. Praemordella Scegoleva-Barovskaja, 1929, by original designation.
Diagnosis (emended). Body wedge-shaped, arched, with fine pubescence. Antennae
filiform, inserted in front of eyes; maxillary palpi linear, last segment with dight
enlargement. Eyes ovate, not reaching occiput, head deflexed strongly, constricted
behind eyes to form a neck; hind coxae enlarged to a small but transversely dliptical
plate; hind femora dender, not as enlarged as those of modern mordellids; hind tibiae
longer than hind femur; penultimate tarsal segments smple; tarsal claws pectinate;
last tergite without prolongation.

Composition. Five genera: the type genus Praemordella Scegoleva-Barovskaja,
1929; Wuhua Wang and Zhang, 2011 (Middle Jurassic; Daohugou deposits of China);
Cretanaspis Huang and Yang, 1999 (Early Cretaceous; L ushangfen Formation of
China); Mirimordella Liu et al., 2007 and Bellimordella Liu et al., 2008 (Early
Cretaceous, Yixian Formation of China).

Remarks. Two “Mordellidae” fossils from the Lower Cretaceous of Australia and
Spain respectively probably belong to this family (Jell and Duncan, 1986; Soriano et
al., 2007).

37



Key to genera of Praemordellinae

1 Hind coxae with width/length ratio about 3

2
— Hind coxae strongly enlarged, width/length ratio < 2.5
.3
2 Hind tibiae longer than hind tarsi, with oblique truncate apex.
cee e e o WUDUR Wang& Zhang

— Hind tibiae shorter than hind tarsi, with straight truncate apex

cer eeeee . Praemordella Scegoleva-Barovskaja
3. Hind tibiae much longer than hind tarsi; hind apical spur longer than 1st
tArSOMENE... ... oot et et e e et et et et ceeee e+ enene e e CTEEANASPIS HUANQ& Y @NQ
— Hind tibiae shorter than hind tarsi; hind apical spur shorter than 1st
L2 S 0] 111 (= TR
4 Elytra curved; hind tibiae with oblique truncate
BPEX .. te eet et et et e e e e e e eereseeseenee 1o eees o2 MiTIMOrdella Liu, Lu& Ren
— Elytraflat; hind tibiae with straight truncate

APEX .. e et et et et e e e e e e ee ee e e e e G BElIMOrdella Liu, Zhao& Ren

Genus Praemordella Scegoleva-Barovskaja, 1929

Type species. Praemordella martynovi Scegoleva-Barovskaja, 1929. Monotypy.
Diagnosis (revised). Elytraflat, tapering on apical 1/3; hind coxae transversely
enlarged to form an eliptical plate, width/length ratio about 3; hind tibiae expanded
apically, shorter than hind tarsi, with straight truncate apex. It ismost closely related
to Wuhua in having the flat elytra, wide hind coxae, but differs from Wuhua in having
the hind tibiae shorter than hind tarsi, with straight truncate apex. It is different from
Mirimordella in having the flat elytra, wide hind coxae, middle coxae distant from

fore coxae, and hind tibiae with straight truncate apex; from Bellimordellain
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possessing the wide hind coxae; from Cretanaspis in having the hind tibiae much
longer than hind tarsi, and hind apical spur longer than 1st tarsomere.
Type horizon and locality. Karabastau Formation, Upper Jurassic; village of Aulie,

Chayan Didtrict, Chimkent Region, southern Kazakhstan.

Praemordella martynovi Scegoleva-Barovskaja, 1929

(Figs. 4)

Diagnosis. Body moderate sized (length about 9 mm). Pronotum strongly convex,
about one-fourth of elytralength. Middle tarsal ratio 10:4:4:3:3. Hind tarsi dightly
longer than hind tibiae, tarsal ratio 10:5:4:4.

Type material. Holotype PIN (reference numberswith PIN for the collection in
Borissiak Paleontological Ingtitute, Russian Academy of Sciences, Moscow, Russia),
a beetle with head deformed in alateral position (with the right side fully exposed).
Locality and horizon. Late Jurassic Karabastau Formation; village of Aulie, Chayan
Digtrict, Chimkent Region, southern Kazakhstan.

Description. Body medium-sized, elongate. Head strongly deflexed and deformed,
eyeslarge, ovate, about 0.5 times as long as head. Pronotum strongly convex, 0.25
times aslong as elytra; lateral sides rounded. Scutellum not visible. Metepisternum
long, narrow, broad anteriorly.

All tibiae and tars with distinct apical ridges. Fore femora dightly longer than
tibiae, fore tibiae dightly increasing in width apicaly; apical spur not visible; fore
tars with basal 2 segments preserved. Middle femora aslong astibiae, longer than
fore ones; two subequal apical spurs smple, 1/3 aslong as tarsomere |; middle tars
1.2 times aslong as middle tibiae, tarsal ratio 10:4:4:3:3. Hind coxae transversely
enlarged to form an eliptical plate, whichis dightly shorter and wider than the hind
femora; width/length ratio 3:1; hind femora wider and longer than fore or middle

ones, hind tibiae 1.1 times longer than femora, dightly increasing in width apically;
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two apical spursvisible, about 1/4 aslong astarsomere |; hind tars 1.1 times aslong
as hind tibiae, tarsal ratio 10:5:4:4.

Abdomen with 5 visible segments, sharply tapering towards apex from segment I11.
Segment | dightly longer than the other segments; segment 3 shortest; segment V
extended beyond elytra; last tergite without prolongation, as sclerotized asits
ventrites.

Measurements (mm). Body length 6.5 (from front edge of head to tip of elytra).
Head length 1.0. Fore leg length: femur 1.3; tibia 1.2; tarsomeres 1-2 0.65, 0.31.
Middle leg length: femur 1.6; tibia 1.6, tibial spur 0.27; tarsomeres 1-5 0.80, 0.33,
0.32, 0.24, 0.24. Hind leg length: coxae 0.57; femur 1.9; tibia 2.2, tibial spur 0.22;
tarsomeres 14 1.04, 0.52, 0.40, 0.40; tarsal claws 0.30. Pronotum length 1.2. Length
of abdominal segments 1-5 0.56, 0.52, 0.32, 0.60, 0.52. Elytral length 5.5.

Remarks. The type specimen does not have atrue pygidium because the elongated
and pointed abdomen illustrated by Scegoleva-Barovskaja (1929) isnot a
prolongation of the last terminal tergite, but the last few abdomina segments
extended together. A similar taphonomical condition also occursin some other
beetles. For example, the last few abdominal segments of atenebrionoid beetle
(CNU-C-NN2007203) (reference numbers with CNU for the collection in the Key
Lab of Insect Evolution and Environmental Changes, Capital Normal University,
Beijing, China) were extended from the abdomen, making this part appear to be a

pointed “pygidium” (Fig. 6.).

Genus Wuhua Wang and Zhang, 2011

Type species. Wuhua jurassica Wang and Zhang, 2011.

Diagnosis (revised). Antennae filiform, as long as pronotum. Elytra tapering on
apical 1/3, apex individually rounded; middle coxae separated from each other, distant
from fore coxae; hind coxae transversely enlarged to form an dliptical plate,

width/length ratio 3:1; hind tibiae expanded apically, longer than hind tarsi, with
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obligue truncate apex. Wuhua differs from Praemordella Scegoleva- Barovskaja,
1929 in having hind tibiae longer than hind tarsi, with oblique truncate apex; differs
from Mirimordella in possessing flat elytrawith rounded apex, middle coxae distant
from fore coxae, wide hind coxae, and longer hind tibiae with straight truncate apex;
differs from Bellimordella in having middle coxae distant from fore coxae and hind
coxae wide; and distinctly different from Cretanaspisin having the longer hind tars,
and the hind apical spur shorter than 1st tarsomere.

Type horizon and locality. Middle Jurassic Daohugou deposits; Wuhua Town,
Ningcheng County, Chifeng City, Inner Mongolia, China.

Composition. Two species. Wuhua jurassica Wang and Zhang, 2011 and Wuhua

peregrina sp. nov., both from the Middle Jurassic of Daohugou, China.

Wuhua peregrina sp. nov.

(Figs. 5.

Diagnosis. Body large (length about 12 mm). Pronotum short, about one-fourth of
elytralength. Hind tars dightly shorter than hind tibiae, tarsal ratio 5:2:2:2. It differs
from Wuhua jurassica in having alarger body, shorter pronotum, and tarsomere |
shorter than tarsomeres 11-1V of hind tars.

Type material. Holotype NIGP154954 (reference numbers with NIGP for collection
of Nanjing Institute of Geology and Palaeontology, Chinese Academy of Sciences,
Nanjing), acomplete beetle in lateral position (with the right side fully exposed).
Locality and horizon. Middle Jurassic; Daohugou deposits (41° 180" N, 119 °130’
E), Wuhua Town, Ningcheng County, Chifeng City, Inner Mongolia, China.
Etymology. Specific epithet is from the Latin word “peregrine”, meaning strange.
Description. Body elongate, with short pubescence. Head strongly deflexed,
congtricted behind eyes, with aclear occipital protrusion. Maxillary palpi linear, with
3 complete segments visible; length ratio from base to apex 3:2:3, with terminal one

digtinctly enlarged. Eyes large, ovate, about 0.5 times as long as head. Mouth-parts

41



not clearly visible. Antennae inserted in front of eyes. one antennawith only distal 5
antennomeres visible. Pronotum strongly convex, widened posteriorly, dightly longer
than head; basal angles acute; base straight. Scutellum small, sharply pointed
posteriorly. Epipleuron narrow, extending apically on 1/3 of basal elytra
Metepisternum long, narrow, broad anteriorly.

All tibiae and tars with distinct apical ridges, tars smple; claws pectinate. Fore
coxae conical, foretibiae dightly increasing in width apically; fore tarsi 0.8 times as
long asforetibiae, tarsal ratio 10:7:6:6:8. Middle coxae almost triangular; middle tro-
chanters small; middle femora dightly shorter than tibiae; apical spurs smple, 1/4 as
long astarsomere |; middle tars dightly longer than middle tibiae, tarsal ratio
9:4:4:4:5. Hind coxae transversely enlarged to form an elliptical plate; width/length
ratio 3:1; hind trochanters small; hind femorawider and longer than middle one; hind
tibiae dightly longer than femora, 1.2 times as long as hind tarsi, dightly increasing in
width apically; one apical spur visible, curved, 1/4 aslong as tarsomere |; hind tars
with tarsal ratio 5:2:2:2.

Abdomen with 5 visible segments, sharply tapering towards apex from segment I11.
Segment | dightly longer than the other segments; segments 2-5 subequal in length;
last tergite without prolongation, as sclerotized as its ventrites.

Measurements (mm). Body length 11.5 (from front edge of head to tip of elytra).
Head length 2.1. Eye length 1.0. Fore leg length: tibia 1.6; tarsomeres 1-5 0.67, 0.47,
0.40, 0.40, 0.54. Middle leg length: femur 2.7; tibia 3.1, tibial spur 0.28; tarsomeres
1-5 1.16, 0.54 0.50, 0.54, 0.67; tarsal claws 0.47. Hind leg length: coxae 0.81; femur
3.0; tibia 3.8, tibial spur 0.75; tarsomeres 14 1.39, 0.54, 0.54, 0.60; tarsal claws 0.40.
Pronotum length 2.2. Scutellum length: 0.7. Length of abdominal segments 1-5 1.08,
0.81, 0.81, 0.81, 0.94. Elytral length 9.3.

Family Mordellidae Latreille, 1802

Subfamily Apotomourinae Bao, 2019
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[Apotomouridag] Bao, 2018, Cretaceous Research, 91: 14-19
LSID urn: Isid: zoobank.org: act:086C7EOB-E0C2-490B-B836-D6140 F6ADS82E

Diagnosis. Body small, length 1.2—2.5 mm, wedge-shaped; color from dark brown to
black. Head strongly declined. Pygidium completely reduced. Fore- and middie legs
obvioudly shorter than hind legs. Metafemora well devel oped, strongly enlarged.
Comb-like setae widely preserved on the posterior metatibiae. Sclerotic spines
preserved in the ventral metatibiae and metatarsi. Claws small, b-cleft.

Etymology. Apotomos (Greek) - short; oura (Greek) - tail. Apotomourinaeis
referring to the short body shape, without last sterna elongation.

Genus Multispinus Bao, 2018
LSID urn: Isid: zoobank.org: act:4BD5B958-B109-4E39-A683-570B 6BBDB5EF

Type species. Multispinus multispinosus Bao, 2018

Diagnosis. Body small, wedge-shaped, size 2.20 mm -2.50 mm; shape smooth,
streamlined, color dark brown to black. Head large, declined. Pygidium reduced. Fore
and mid legs dender and shorter than the hind legs. Metafemora strong and enlarged,
sclerotic spines or comb-like setae widely preserved on the metatibiae and metatars.
Claws small with 2 spines.

Etymology. Multispinus (Latin) - many spines, referring to the character of hind legs.
Multispinus multispinosus Bao, 2018.
(Fig. 7-8.)

LSID urn: Isid: zoobank.org: act: CEB1A8FE-92EB-47DD-9BA8-848 99D95D3B0

Diagnosis. Asfor the genus.
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Type material. Holotype NIGP168210 and paratype NIGP168211, NIGP168212 are
adult specimens; holotype male, paratype sex unknown.

Etymology. Asfor the genus, different suffix for species name.

Description. All measurementsin mm.

The body length of holotype NIGP168210 is 2.27, of paratype NIGP168211 is 2.50
and paratype NIGP168212 is 2.35; wedge-shaped, widest at base of prothorax,
dightly narrowed anteriorly and strongly narrowed posteriorly. Latera view, body
curled up with dightly convex abdomen.

Head large, triangular in frontal view, strongly declined, as wide as apex of thorax,
abruptly constricted behind eyes to form a narrow neck which is concealed by
pronotum; hypognathous. Occipital region with transverse carina that adjoin anterior
edge of pronotum. Eyes latera, large, well developed, shape oval, entirely
emarginated, finely faceted, interfacetal setae reduced. Antennae are about half-length
of the body; filiform; consist of 11 antennomeres, covered with short setae. Clypeus
distinct; labrum prominent; maxillary palpi long with four visible palpomeres, apical
pa pomere dightly expanded, scalene.

Pronotum length 0.52 in holotype, narrowed in front, as wide as elytra at base,
widest posteriorly; shape irregular, sides moderately curved; surface rugose-punctate.
Lateral pronotal carinae complete, simple, without raised margin or bead. Prosternum
short, concave. Mesosternum about twice the length of prosternum, carinate;
mesocoxae small. Metasternum large, about three times length of prosternum;
metacoxae very large, flat, contiguous. Scutellar shield small, posteriorly narrowly
rounded. Elytralength 1.58 in holotype, narrowed behind, exceeding the body,
surface rugose-punctate; margin fold up dightly. Legs well devel oped; hind legs
longer and stouter than fore and mid legs. Trochanter joint strongly oblique with base
of femur in contact with coxa. Metafemora enlarged for jumping. Metatibiae dender,
with large spurs preserved by side; dightly expanded posteriorly with terminal comb-

like setae. Tarsal formula 5-5-4, tarsomeres compressed, slender. Spurs preserved in
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the inner surface of the first tarsomere; comb-like setae preserved in the same position

of 2nd to 4th tarsomeres. Claws very small, cleft; terminal sharp, with 2 short spines.
Abdomen with five sterna, with dightly sclerotized spines on the posterior margin

of -1V sterna, V sternum distinctly narrowed posteriorly, sutures distinct; pygidium

reduced; surface micro- rugose. Male genitalia are visible in holotype specimen,

short.

Remarks. Due to the surrounding amber matrix, the specimen appears dark-brown to

black in color, without patterns and spots on scutellum and elytra. Setae are well

developed, from head until the terminal abdomen; neatly toward posterior direction.

Wings folded and rolled under elytra.

Multispinus parvus Bao, 2020

(Fig.9.)
LSID urn: Isid: zoobank. org: act: 8DCC3478-F601-47A7-A88A-8B920129A 330

Differential diagnosis. Multispinus parvus different from Multispinus multispinosus
by: (1) body much smaller, (2) pronotum shape special, anterior rounded, posterior
wide, with two bends; (3) 6 pairs of short spines preserved in ventral metatibiae.
Type material. Holotype NIGP171284, male.

Etymology. Parvus (Latin) - small.

Description. All measurementsin mm.

Holotype NIGP171284, body very small, length 1.21, wedge-shape, widest in
posterior pronotum, body dightly narrower anterior and posterior; laterally curved, C-
shape. Body colour from dark brown to black, without patterns.

Head small, rounded triangular in frontal view; narrowest posterior, as wide as
anterior pronotum; hypognathous. Eyes lateral, large, well-devel oped, shape oval,
finely faceted, interfacial setae well developed. Antennae short, less than half body
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length; serrate-filiform. Clypeus distinct; maxillary palpi moderated with four
pal pomeres, apical palpomere expanded, securiform.

Pronotum length 0.14, widest at the base 0.44, anterior rounded, posterior wide
with two bends. Scutellum shield length 0.07, width 0.09, triangular. Elytra not
exceed abdomen, length 1.12, widest at anterior 0.42, surface almost smooth, with
very fine setae; hind wing transparent, hided under elytra.

Metaepistenalong, irregular rectangular, preserved with fine setae. Metacoxae
enlarged formed metacoxal plate; trochanter oblique. Metafemora enlarged, numerous
tiny spines preserved posterior. Metatibiae dim, long; comb-like setae preserved
posterior. Tars form 5-5-4, dim. Metatibiae and metatarsi without any ridge. Ventral
metatibiae preserved 6 pairs sclerotic tiny spines. Ventral metatarsus | preserved long
and short fine spines; ventral metatarsus |1-1V preserved short setae; comb-like setae
preserved in each posterior metatarsus. Length metatarsi: 0.19, 0.10, 0.07, 0.10. Claw
simple, b-cleft.

Abdomen with 1-5 five sterna, narrowed posteriorly, surface micro-rugose, length
0.11, 0.08, 0.07, 0.05, 0.15, very fine setae preserved between sternites. Pygidium

distinct, aedeagus partially exposed.

Genus Apotomoura Bao, 2018

LSID urn: Isid: zoobank. org: act: BF540A74-B2B7-47A7-B78B-D04 83C8A000E

Type species. Apotomoura fortiscrura Bao, 2018

Diagnosis. Body usually very small, wedge-shaped, size 1.50 mm to 1.70 mm; shape
smooth, streamlined, normally curved; thorax big; color black. Head large, lying flush
to thorax. Abdomen sterna contracted; pygidium reduced. Fore and mid legs slender
and shorter than the hind legs. Metafemora strong and enlarged; metatibiae and
metatars short and strong; 3-4 sclerotic spines preserved on the metatibiae and the

first tarsomere. Claw small.
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Etymology. Apotomos (Greek) - short, oura (Greek) - tail, referring to the short body.

Apotomoura fortiscrura Bao, 2018
(Fig. 10.)
LSID urn: Isid: zoobank. org: act:47D094F1-939A-4481-8F87-5EE CO11FBAEC

Diagnosis. Asfor the genus.

Type material. Holotype NIGP168213 and paratype NIGP168214 are adult
specimens, sex unknown.

Etymology. Fortis (Latin) - strong, scrura (Latin) - legs, referring to the
morphological character.

Description. All measurementsin mm.

The body length of holotype NIGP168213 is 1.69; of paratype NIGP168214 is
1.64; wedge-shaped, widest at posterior base of prothorax, dightly narrowed
anteriorly and posteriorly. Lateral view, body strongly curled upwards; thorax inflated
conspicuoudly; hind legs very large and stretched.

Head large, oval infrontal view, strongly declined, as wide as apex of thorax,
sharply constricted behind eyes, hypognathous; surface rugose-punctate, with short
setae covered widely. Eyes lateral, large, well developed, shape oval, entirely
emarginated, finely faceted, interfacetal setae well developed. Antennae short, not
extending beyond thorax; serrate-filiform; antennomeres triangular to oval. Clypeus
distinct; maxillary palpi moderated with four palpomeres, apical palpomere expanded,
securiform.

Pronotum length 0.51 in holotype, narrowed in front, as wide as elytra at base,
widest posteriorly; surface smooth; shape irregular, margin without fold or setae.
Prosternum abbreviated, metasternum large. Metacoxae very large, flat, contiguous.
Scutellar shield small, triangular, posteriorly narrowed. Elytra highly curled,

narrowed behind, surface rugose-punctate; margin smooth. Hind legs longer and
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stouter than fore and mid legs. Trochanter reduced. Metafemora strongly enlarged;
metatibiae short but strong, with 3-4 tiny spurs preserved by side; comb-like setae
preserved by the posterior terminal. Tarsal formula 5-5-4, tarsomeres compressed,
shorter and stronger compared with Multispinus multispinosus; all tibiae and tarsi
with distinct apical ridges, 3-4 tiny spurs preserved by side of thefirst tarsomere; a
pair of short setae preserved at the posterior margin of each tarsomere, no comb-like
setae. Claws very small.

Abdomen with five sterna, narrowed posteriorly, surface micro- rugose, sutures
distinct; pygidium distinct.
Remarks. Specimen color black or dark brown. The preserving posture of all the
specimens are similar, highly curled and hind legs extended. Body setae short and less

dense. Wings folded and rolled under elytra

Family Mordellidae Latreille, 1802
Subfamily Mordellinae Latreille, 1802

Tribe Raynoldsiélini Franciscolo, 1957

Diagnosis (emended). Tribe Raynoldsiellini Franciscolo, 1957 represented by only
one extant monotypic genus, Reynoldsiella parallela Ray, 1930, recorded hitherto
only from Venezuela. The most important differential character for Raynoldsiellini
Franciscolo, 1957 is metatibiae without any kind of ridges, including the subapical

one (Franciscolo, 1957; Peris and Ruzzier, 2013).

Primaevomordellida Bao, 2019

LSID urn: Isid: zoobank.org: act:5CC9AB4D-97B1-4F73-8412- 9COF68453EF7

Type species. Primaevomordellida burmitina Bao, 2019
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Diagnosis. Primaevomordellida differs from Reynoldsiella mainly based on the
following characters. (1) eyes small, glabrous; (2) metafemora not greatly enlarged;
(3) subapica spurs on metatibiae long, about half length of metatibiae; (4) pygidium
sharply elongated, length ratio between pygidium and hypopygidium 4:1; (5)
branches of right genital parameron with equal length.

Etymology. Primaevo (Latin) - primaevus, means original; primagvomordellidarefers

to the first true pintail beetle.

Primaevomordellida burmitina Bao, 2019
(Figs. 11-12)
LSID urn: Isid: zoobank.org: act:5BBB6443-3582-4E0B-94F8- 7066CF4A C45A

Diagnosis. Asfor the genus.

Type material. Holotype NIGP168789 (Male) and paratype NIGP168790 (sex
undetermined).

Etymology. Burmitina (Latin), related to mineralogical name burmite.

Description. Dimensions: holotype NIGP168789 is 3.0 mm in length, of the paratype
NIGP168790 is 2.9 mm (pygidium excluded); body profile typically mordelloid,
dightly arched in lateral view. General colour of the body integuments black, except
for the orange anterior legs.

Head: head large, amost as the prothoracic width, strongly declined; eyes latera,
moderately small, finely faceted and glabrous, not reaching occiput. Occipital region
wide and flat, matching perfectly with the anterior edge of pronotum. Antennae
comparatively short, filiform and feebly serrate; antennomeres covered of setae.
Apica palpomere securiform.

Prothorax: pronotum trapezoid in dorsal view, dightly narrowed in front and as wide
as elytraat base; disc of the pronotum smooth and covered of short and dense

recumbent hairs. Anterior legs simple; tibiae slender and linear, tarsus with al the five
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segments feebly dilated; tarsomere one to four bearing short spines at the detail
margin; apical spurs on pro tibia present.

Meso and metathorax: scutellum triangular. Elytra, in dorsal view, subparallel at the
humeri, gradually curving up to apex proximity; integuments covered with by fine
setae. Metaepistena typically mordelloid, of the Mordellistena-type.

Coxal plate expanded, widely rounded at the posterior margin, typically mordelloid;
trochanter reduced.

Metafemora laterally compressed and feebly expanded. Meta- tibiae elongated,
subconical, with obliquely truncated apexes, metatibiae missing of any kind of ridge
including the sub apical one; apical margin of hind tibiae bearing comb-like setae;
ventral side of metatibiae and metatarsomeres presenting fine spine-like setae; Apical
spurs on posterior tibiae present, equal in size and

approximately half of length of metatibiae. Tarsal formula 5-5-4; pro- and
mesotarsomeres cylindrical, dightly dorso-ventrally compresses, onlychium instead
apically on the fourth tarsomere; metatars laterally compressed, slender, presenting
comb-like setae at the apical margin; length ratio of the four hind tarsomeres 3:2:1:1.
Claws small and bi-cleft.

Abdomen: visible abdominal sternites with length ratio 3:3:3:4:8. Pygidium
subconical, elongated and pointed at apex; pygidium length about four times the
hypopygidium. Genital organs of holotype partially exposed. Apica part of penis
visible, pointed.

Remarks. The holotype and paratype shows natural black or deep brown colour on
elytra. Fine setae are well devel oped on the beetle body (including legs, antennag),
dorsally and ventrally, regularly in a posterior direction. The amber matrix is not

clear, contains alarge amount of organic impurities.

Family Mordellidae Latreille, 1802
Subfamily Mordellinae Latreille, 1802
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Tribe Mordellini Seidlitz, 1875

Genus Tomoxia Costa, 1854

Type species. Tomoxia bucephala Costa, 1854.

Diagnosis (emended). The diagnostic characters for the genus Tomoxia when
compared to the other members of the tribe Mordellini are: (1) eyesfinely granulated;
(2) scutellum quadrilateral or irregular shaped; (3) hind tibiawith afine dorsal ridge
and alatera ridge; basal tarsomere of hindleg also with afine dorsal ridge
(Franciscolo, 1965; Jackman and Lu, 2001; Liljeblad, 1945; Smith, 1882)

Tomoxia succinea Bao, 2019
(Fig.13-14.)
LSIDurn:lsid:zoobank. org:act:0E01A 684-3COE-4C43-82CF-82180FFDCOCC.

Diagnosis (emended). The differential specific diagnosis for Tomoxia succineais. (1)
the length to width ratio of the pronotum is 1:2, dightly narrower than the elytra at
base; (2) the length ratio between the last abdominal sternum and pygidium is 1:4; (3)
the length ratio of the hind tarsomeresis 2:1:1:1; (4) the form of the scutellum is
trangitional, ranging from triangular to quadrilateral.

Type material. Holotype 5715 and paratype 5743 (reference 1D for the collection of
the Laboratory-Museum of Amber Inclusions, Gdansk University), adult specimens;
sex unknown.

L ocality and horizon. Eocene Baltic amber. Mine located in territory of Republic of
Poland.

Etymology. From succinum, Latin for amber.

Description. All measurementsin mm.
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The body length of the holotypeis 2.6, that of the paratypeis 2.9; edge-shaped,
widest at base of prothorax, much narrower posteriorly, lying in lateral view, curled
up with adightly convex abdomen.

Head rather large, almost of prothoracic width, finely punctured; eyeslarge,
ellipsoidal, finely faceted and granulated, apparently not reaching occiput, hairy.
Antennae long, filiform. Mouthpart isinvisible due to preservation. Pronotum
trapezoidal or quadrilateral from dorsal view, length to width ratio 1:2, dightly
narrower than elytra at base. Anterior lobe moderate, not distinctly narrow, dightly
protruding inwards, anterior angles not visible from above; lateral margins gradually
curved from anterior to posterior angles, posterior margin sinuate, posterior lobe
dightly protruding backwards. Scutellum irregular quadrilateral. Elytra elongated,
cuneate; sculpture reticulate with rather obvious and fine punctures; leather luster,
lateral margin rounded and smooth; posterior margin narrow and rounded, not sharp.
Mesothorax and metathorax enlarged, flat, covered by fine setae. Middle tibiae as
long as first three segments of same pair of legs; hind tibiae with a fine but obvious
dor- sal ridge and alateral ridge close to subapical side. Basal tarsomere of hindleg
also with fine dorsal ridge; last two tarsomeres of hindleg dightly longer, length ratio
of four hind tarsomeres 2:1:1:1; pair of subapical spines preserved on each tarsomere.
Five abdominal sternawith length ratio 3:2:2:2:4, compact and neatly connected, no
appendix struc- ture between each. Pygidium elongated and pointed; length ratio
between last abdominal sternum and pygidiumis 1:4.

Remarks. The holotype has an unusual leathery shiny gloss; the paratype has a
natural black color pattern on the elytra. The beetle cuticle is punctured, setae are well
developed on the body, dorsally and ventrally, regularly in a posterior direction.
Genital structure isnot clear due to the preservation. Paratype body surface covered
by fine white layer, which istypical for Baltic amber inclusions due to the effect of

the air during preservation.
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Family Mordellidae Latreille, 1802
Subfamily Mordellinae Latreille, 1802

Genus Angimordella Bao, 2019
LSID urn:lsid:zoobank.org:act:D31C312B- 218A-47EC-A427-53ED39FE1926

Type species. Angimordella burmitina Bao, 2019

Diagnosis. Body small, with pronotum and elytrawith wrinkles or ridges dorsally;
antennae serrate; meso- and meta-tibiae without any kind of ridge including sub-
apical one; pygidium not well developed, shorter than 1/2 of last abdominal sternite.
Etymology. The generic name is derived from the Latin prefix “angi” (referring to

angiosperm) and the genus Mordella Linnaeus.

Angimordella burmitina Bao, 2019
(Fig. 15-16.)
LSID urn:lsid:zoobank.org:act:46B77E87-5047-49B4- B29A-448D0B41CA9D

Diagnosis. Asfor genus.

Type material. Holotype. NIGP171315 (Fig. 15), a complete beetle with left side
visible but its right side covered by abundant micro-bubbles. A thrip is near the
maxillary palpi of the beetle on the left side. Numerous pollen grains distributed on
and around beetle body.

Horizon and locality. Mid-Cretaceous (approximately 99 Ma); Burmese amber, from
the Hukawng Valley, Kachin State, Myanmar.

Etymology. The specific nameis derived from Latin “Burmitina’, referring to the
mineralogical name of Burmese amber.

Description. All measurementsin mm.

53



Body strongly convex, wedge-shaped, widest near based of prothorax, dightly
narrowed anteriorly and posteriorly (Fig. 15A and B). Body length 4.25; ratio of body
length to greatest body width 3:2. Head length 0.51, large, transverse, strongly
declined, with mouthparts directly posteriorly; compound eyesfinely faceted and
glabrous. Occipital region wide, surface with wrinkles and hairs, matching perfectly
with anterior edge of pronotum. Antennae comparatively short, with 7 visible
antennomeres, obvioudly serrate (Fig. 15D), covered with hairs. Maxillary palp length
0.38; apica maxillary palpomere length 0.18, securiform, strongly enlarged.

Pronotum length 1.11, dlightly narrowed anteriorly, widest posteriorly, as wide as
elytra at base, lateral margin dightly curved; pronotum disc with ridges and covered
by short and dense recumbent hairs (Fig. 15C). Elytralength 2.46, approximately 2.5
times as long as pronotum, covering al abdominal segments, with dight surface
relief, gradually curving up to apex proximity; integuments covered with fine hairs.
Fore legs smple, tibiae dender. Mesotibiae and mesotarsi simple, long and dender.
Metaepistena long, rectangular. Metacoxae greatly enlarged with rounded posterior
margin, extending laterally to meet elytra, widely rounded at posterior margin;
trochanter oblique. Metafemora length 0.80, laterally compressed and greatly
expanded, more than 4 times wider than mesofemora. Metatibiae length 0.74, blade
shaped, about same length as metafemora with obliquely truncated apexes; metatibiae
without any kind of ridge including sub apical one; apical margin of hind tibiae
bearing comb-like setae; ventral side of metatibiae and metatarsomeres with fine
spine-like setae; apical spurs on metatibiae absent. Metatars laterally compressed,
comparatively sturdy, with comb-like setae on apical margin and apical spurson
posterior margin, spiny on inner margins (Fig. 15F); length of four metatarsomeres
0.50, 0.30, 0.18, 0.16, ratio 5:3:2:2. Claws small and bi-cleft. Abdomen distinctly
narrowed posteriorly, with five free ventrites. Ventrites 1-5 length 0.16, 0.16, 0.15,
0.12, 0.26, ratio 1:1:1:1:2 (Fig. 15E). Hairs present on abdomen, dightly elongated

between sternites. Pygidium very short, 0.18 long.
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Remarks. Angimordella burmitina can be attributed to the subfamily Mordellinae by
the following characters. wedge-shaped body, enlarged last segment of maxillary

pal pi; metacoxae greatly enlarged forming arounded plate; metafemora expanded and
well developed; and pygidium very short. It resembles Primaevomordellida burmitina
Bao, 2019 from Burmese amber in the absence of ridge on metatibiae and metatars,
but differs from the latter in having a short-pointed pygidium. It isaso similar to
Mediumiuga sinespinis Peris and Ruzzier, 2013 from late Albian Spanish amber in
having a very short pygidium and ventrally spiny metatibiae and metatarsi, but differs

from the latter in the absence of ridge on metatibiae and metatarsi.

Pollen Descriptions. There are at least 62 pollen grains (from only the visible left
side of the beetle) in the amber in total, of which 24 pollen grains aggregate into two
small clusters near the abdominal end of the mordellid (Fig. 16A). Pollen grainsin the
amber are retitricol pate and highly uniform in morphology (Fig. 16B, C and H). The
shape of the grain is approximately oblate spheroidal, 25.56 pm (30.95-22.08 um) x
16.49 um (20.68—13.93 um) in equatorial view (based on measurement of the 27 best
preserved pollen grains, Table 3). The colpi are long, wide and deep and extend to the
pole. The exine is moderately thick, approximately 1 pm. The luminaare small,
evenly spaced and approximately 0.5 um in diameter. The pollen clump shapeis
irregular, and the pollen grains are well preserved (Fig. 16F and G), indicating that
they are natural floral remains rather than coprolites (Winship and Hu, 2010). These
pollen grains can be confidently attributed to the eudicot monophyletic group (true
dicotyledons), members of which are distinguished from all other angiosperms by

their tricol pate pollen structure (Halbritter et al., 2018; Judd and Olmstead, 2004).

Table 3. Length and width measurements of pollen grains.

Length (um) Width (um)

22.50 14.31
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25.83 17.92

27.54 19.29
23.80 20.01
23.06 16.36
23.90 16.46
24.44 16.17
22.08 20.68
23.60 16.86
22.75 1591
27.05 17.06
30.95 15.90
22.55 18.17
27.13 18.57
24.98 17.39
28.40 15.38
26.95 15.77
25.11 14.53
28.89 18.31
27.12 14.42
29.83 19.39
23.98 14.05
25.79 14.33
22.24 15.01
25.71 14.40
2341 13.93
30.58 14.80

Note: Pollen length is the maximum value between two polar points, and pollen width

is the maximum value of the equatorial zone.

56



Family Tenebrionidae Latreille, 1802
Subfamily Zolodininae Watt, 1975

Type genus Zolodinus Blanchard, 1853

Praezol odinus gen. nov.
LSID urn: Isid: zoobank.org: act: X X XXX

Type species. Praezolodinus pilosus gen. et sp. nov.

Diagnosis. (1) Body small, elongated, completely covered with long erect and shorter
suberect setae (or pubescence) dorsally and punctured setae ventrally, (2) antennae
long and dender, 11-antennomeres, 3-segments club, (3) mandibular molawith fine
and long pubescence, (4) apical maxillary palpomere securiform, dightly enlarged,
(5) pronotum big, quadrilateral, lateral angle sharp (<90°), distinct, (6) eytra not
strong convex, with rounded humeral angles, with more than 10 striae of circular
punctures, with scutellary striole, (7) procoxal cavities not closed externally;
prosternal process convex, (8) mesocoxae with exposed trochantins, (9) meso- and
meta coxal cavities closed laterally by meso- and metasterna, (10) tibiae and tars
dender, with numerous with sclerotized short spines and setae apically and parallel-
sided; penultimate tarsomere not lobed; claws simple, (11) abdomen 5-sternites,
punctured, intersegmental membranes absent, (12) aedeagus inverted, pimeloid type.
Etymology. Prae - Latin prefix, meaning "before". Praezol odinus refers the ancient

Zolodinus.

Praezol odinus pilosus sp. nov.
(Fig. 17.)
LSID urn: Isid: zoobank.org: act: X X XXX

Diagnosis. Asfor the genus Praezol odinus gen. nov.
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Type material. Holotype NIGP001, male, a complete beetle covered by abundant
micro-bubbles, preserved together with a small leiodid beetle. Unknown plant
fragments remain.

Horizon and locality. Mid-Cretaceous (approximately 99 Ma); Burmese amber, from
the Hukawng Valley, Kachin State, Myanmar.

Etymology. Pilosus -Latin, meaning “hairy”, refers to the surface with abundance
pubescence and setae.

Description. All measurementsin mm.

Body elongated, dightly convex dorsally; unicolorous dark brown, total length 4.20
(Fig. 17A). Head prognathous; eyeslarge, transverse, oval, dightly prominent, not
convergence in the middle of head; antennae 11-antennomeres, filiform, moderately
long, length 1.40, evenly covered with sparse, erect to semi-erect s mple pubescence;
antennal insertion not concealed; antennomere 1 enlarged, antennomeres 2-8
elongate, subequal in length, antennomeres 9-11 dightly dilated apically, formed
club, antennomere 11 spindle-shaped (Fig. 17B); labrum free; apical maxillary
pa pomere securiform, wider than preceding ones, narrowly truncate apically with
gparse setae; process of galea brush-like (Fig. 17B); mandibular mola with fine and
long pubescence; labia palp 2-segments, short, narrowed. Pronotum irregular
guadrilateral, length 1.02, widest in middle, 1.20. Lateral dightly arcuate, exceed
anteriorly and posterity, with comparatively long and dense pubescence; apex
posteriorly concave, rounded; base posteriorly convex, rounded; anterolateral angle
sharp, distinct, posterolateral angle sharp, distinct; disc flattened, lateral curved up,
without impressions; pronotal punctation minute and dense, punctures sparser on disc
than lateral; disc sparsely covered with dark erect very short setae. Prothoracic
hypomera covered with short erect setae; prosternum punctured, prosternal process
convex, tenebrionid type; procoxae externally open; procoxal cavities not closed
behind. Elytra elongate-oval, length 2.42 (Fig. 17C), convex dorsally, terminal sharp

narrowed; humeri rounded; each elytron with numerous striae (more than 5) of dot
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punctures, undulate; lateral margin with long pubescence, length ca. 0.2, dorsum with
short semierect setae. meso- and metaventrite with delicate, moderately sparse
punctation; meso- and metaepisternum with small and distinctly denser punctures,
covered with short, fine semierect setae, gradually narrowing posteriorly. Legs long,
dender, covered with sparse setae. Procoxal cavities closed. Mesotrochantin exposed.
Mesocoxae oval, longitudinal; metacoxae narrowly oval, transverse; all coxae
distinctly not contiguous, meso- and meta coxal cavities closed laterally by meso- and
metasterna (Fig. 17E). Femora slender, without appendix structure, metafomora
length 0.91, distinctly longer than mesofemora. Tibiae dender and straight, parallel-
sided with sclerotized short spines and setae, dightly shorter than femora, apically
with numerous short spines (more than 4). Tarsi form 5-5-4, almost the same length
of tibiae, with dense setation on parallel side and sclerotized short spines apically;
penultimate tarsomere not bilobed or widened, shortest compare with other
tarsomeres. Protarsomere 1-5 length: 0.07, 0.06, 0.07, 0.06, 0.17. Mesotarsomere 1-5
length: 0.14, 0.08, 0.08, 0.06, 0.15. Metatarsomere 1-4 length: 0.22, 0.09, 0.08, 0.17.
Claws thin, free, smple, bi-cleft. Abdomen 5-segments (Fig. 17D), sternites 1-3
connate, sternites 4-5 flexible and movable, ventral with fine setae (sternites 4-5
denser), intersegmental membranes absent or nor exposed between sternites 3-5;
length sternites 1-5: 0.26, 0.36, 0.28, 0.18, 0.21. Genitals complete exposed, length
0.83; phallus with sclerotized arms; aedeagus inverted, pointed, pimeloid type (Fig.
17F).

Remarks. Darkling beetle is the common name of the large family of beetles
Tenebrionidae. The number of speciesin the Tenebrionidae is estimated at more than
20,000 and the family is cosmopolitan in distribution. Most species are generalistic
omnivores, and feed on decaying leaves, rotting wood, fresh plant matter, dead
insects, and fungi as larvae and adults (Bouchard et al., 2005). Praezolodinus pilosus
gen. et sp. nov. assigned to the tenebrionid subfamily Zolodininae based on the

following characters. tarsal formula5-5-4 (genera feature of tenebrionoid
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Coleoptera); trochanters all of heteromeroid type; procoxal cavities not closed;
aedeagus inverted; elytra with more than 10 striae; mandibular mola with fine
appendix structure; trochantins exposed; penultimate tarsal segments simple not
lobed; tarsal claws smple.

Subfamily Zolodininae hitherto includes two genera Tanylypa Pascoe, 1869
(Tasmania), Zolodinus Blanchard, 1853 (New Zeaand). Praezolodinus gen. nov. is
distinguished by body not glabrous, preserved with numerous setae or pubescence;
prothorax width > length; mandibular mola with pubescence.

Most subfamilies of Tenebrionidae are recovered as paraphyletic (Kergoat et al.,
2014). Therelationships and higher taxonomy of Tenebrionidae remains problematic.
Two broad evolutionary lineages, tentyrioid lineage and tenebrionoid lineage, are
recognized within the Tenebrionidae based on structure of the mouthparts and male
genitalia and on the occurrence of abdominal defensive glands (Doyen and Lawrence,
1979). Based on the adult character of inverted aedeagus and the absence of
abdominal defensive glands, Zolodininae indicate close relation with Pimeliinag;
therefore, represent the tentyrioid lineage (Watt, 1974). However, larva of Zolodinus
suggest arelationship to the tenebrionoid lineage (Doyen and Lawrence, 1979).
Molecular analyses supported that the family Tenebrionidae is made of three major
lineages, namely “pimelioid”, “lagrioid” and “tenebrionoid”, of those Pimeliinae
among the most basal taxa (Kergoat et al., 2014). The extant Pimeliinae distributed
widely in al biogeographic ream, and Zolodininae only be found in New Zealand
and Tasmania (Lawrence and Slipinski, 2013). The discovery of P. pilosus may imply
the Laurasia origin of thislineage.

Spor e microfossil. Numerous spores (30-40 um in length) compactly preserved near
the thorax and on the aedeagus terminal of tenebrionid beetle. Spores monolete,
outline in equatoria view bean-shaped, surface densely covered by verrucae of
irregular shape, polygonal. Verrucatosporites-type. Many genera of spores from ferns

are characterized by kidney-shaped grains with a single elongate monol ete scar.
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Monol ete spores are common in seven families of pteridophytes (Aspleniaceae,
Blechnaceae, Dryopteridaceae, Gleicheniaceae, Lomariopsidaceae, Polypodiaceae
and Thelypteridaceae). Species of Glel cheniaceae and Thelypteridaceae discovered
from Burmese amber (Regalado et al., 2018; Schmidt et a., 2016). The
Verrucatosporites-type is quite common within the family Polypodicaeae (Van

Uffelen, 1991).

Family Lelodidae Fleming, 1821
Subfamily Cholevinae Kirby, 1837
Tribe Ptomaphagini Jeannel, 1911

Type genus Ptomaphagus Hellwig, 1795

Cretoptomaphagus gen. nov.
LSID urn: Isid: zoobank.org: act: X X XXX

Type species. Cretoptomaphagus microsoma gen. et sp. nov.

Diagnosis. (1) small body size (1.35 mm); (2) apical maxillary palpomere elongate,
subcylindrical and distinctly narrowed just after its base; (3) protibiaweakly bent
distaly; (4) metaventral carinaextending posteriorly from the lateral edge of
mesocoxal cavity.

Etymology. The generic name Cretoptomaphagus is a combination of the prefix
Creto-, referring to the Cretaceous, and Ptomaphagus I1liger, type genus of

Ptomaphagini.

Cretoptomaphagus microsoma sp. nov.

(Figs.18-19.)
LSID urn: Isid: zoobank.org: act: X X XXX
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Diagnosis. Asfor the genus Cretoptomaphagus gen. nov.

Type material. Holotype NIGP001, gender unknown.

Horizon and locality. Mid-Cretaceous (approximately 99 Ma); Burmese amber, from
the Hukawng Valley, Kachin State, Myanmar.

Etymology. The specific epithet derives from the Greek 'mikros (= small), and 'soma
(= body), and alludes to the small size of the beetle.

Description. All measurementsin mm.

Body length ca 1.35. Form compact and elongated oval; moderately convex. Body
color dark brown, mouthparts yellowish brown (Fig. 18A). Exposed part of the head
delimited posteriorly by an occipital carina, its contour firmly connected with anterior
edge of pronotum (Fig. 18B); dorsal surface covered with short setae. Ocelli are
absent. Compound eyes located on the posterolateral area of the head capsule;
moderately sized, with convex surface and numerous ommatidia; the anterior edgeis
evenly rounded while the posterior margin is dightly convex, amost straight, and
delimited by a postocular ridge (Fig. 18B). Antennal insertion visible from above,
foramen facing anterolaterally. Antenna length 0.54, with 11 antennomeres; scapus,
pedicellus and antonnomere 3 elongated and subcylindrical; scapus longer than
pedicellus, which in turn islonger than antennomere 3, al of them of subequal width
(Fig. 19B-C). Remaining antennomeres wider than long. Antennomeres 7-11
compose an indistinct club (Fig. 19B-C). Antennomere 7, 9 and 10 large and cupola-
shaped; antennomere 8 distinctly shortened. Antennomere 11 elongate and subconical
apically (Fig. 19B-C). All antennomeres are densely covered with setae; some longer
setae are distributed close to the distal border of the antennomeres 7, 9, and 10;
antennomere 11 with some long setae inserted laterally at the base of the subconical
part, and also at the apex (Fig. 19C). Antennal periarticular gutter not visible.
Maxillary palp with four palpomeres. Palpomere | very short; palpomere |
cylindrical, almost twice as long as palpomere |; papomere 111 elongate, distinctly

widening distally and almost four times longer than palpomere I1; palpomere IV
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elongate, subcylindrical and thinner just after its base (so that the upper margin seems
dightly concave), dightly longer than palpomerelll (Fig. 19D). Palpomere |
covered by setae, palpomere 1V with no apparent setae. Labium with apical

pal pomere dightly longer than the subapical one, and dightly shorter than the basal
pa pomere (Fig. 19D). Pronotum densely pubescent, without any apparent pattern of
setal distribution; anterorateral angle rounded, posterolateral angle acute. Elytra
densely pubescent, with parallel rows of transverse strigae along which the setae are
aligned (Fig. 19C, arrows). Metathoracic wings present (Fig. 18A). Mesothoracic
pleura suture approximately transverse (Fig. 18C-E). Mesepimeron trapezoidal;
posterior margin transverse; posteromesal corner forming an acute angle (Fig. 18C-
E). Metanepisternum visible. Metathoracic anapleura suture visible. A metaventral
carina extends posteriorly from the lateral edge of mesocoxal cavity, reaching
approximately the midlength between the posterior edge of the metaventrite and the
lateral edge of the mesocoxal cavity (Fig. 18C-E). Procoxae subconical, extending
over the mesoventrite in ventral view (Fig. 19A). Profemur flattend, fairly broad
proximally and dightly narrowing distally; the distal half of its margin opposed to the
tibiais dightly concave. Protibia cylindrical, dightly widening distally; apical portion
weakly bent, causing a dight concavity at the distal extension of the outer tibial
margin (Fig. 19E, arrow; whilethe inner tibial margin, in turn, is dightly convex in its
distal extension); only an apical spur isvisible ventrally. Protarsus composed of five
tarsomeres (Fig. 19F); the four proximal tarsomeres expanded laterally; ventral
surface with a dense vestiture of tenent setae; terminal tarsomere amost as long as
tarsomeres 2-4 combined, bearing apair of claws a apex. Middle legs longer than
forelegs. Mesocoxa weakly projecting beyond the ventral surface of the pterothorax.
Mesofemur with lateral edges dightly diverging at the basal third, and then gradually
converging toward apex. Mesotibia cylindrical, subtly curved, and dightly widening
distally; surface with short, suberect spines sparsely distributed; mesotibial apex

armed with acrown of regularly-sized spines; two apical spurs are visible ventrally
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(Fig. 19A, G). Mesotarsus composed of five dender tarsomeres without ventral tenant
setae; at least the basal tarsomere with afew short spines protruding at the ventral
apex; terminal tarsomere with apical claw (Fig. 19G). Hind legs longer than middle
legs (Fig. 19A). Mesofemur flattened, with subparallel edges at the basal half.
Mesotibia straight. Other morphologica aspects of the hind leg are otherwise very
similar to those of the middle leg (Fig. 19G, H). All legs pubescent. Abdomen with
six visible ventrites densely setose.

Remarks. Family Leiodidae included around 3800 described species found
worldwide, adults and larvae of these beetles generally feed on fungi in rotting plant
or animal remains (Peck and Newton, 2017). Cretoptomaphagus microsoma is
attributed to Leiodidae based on the characteristic interrupted five-segmented
antennal club —i.e.,, the second club antennomere is smaller than the first and third —a
synapomorphy of the family (Newton, 2016). Leiodidae is currently subdivided into
six subfamilies. Cholevinag, the most diverse, has been sustained as monophyletic
based on its typical cephalic configuration, with the posterodorsal contour of the
exposed part of the head capsule abutting with the anterior pronotal edge, both
appearing firmly connected (Antunes-Carvalho et al., 2019). This synapomorphic
feature isfound in C. microsoma, supporting itsinclusion in Cholevinae. An
additional synapomorphy of this subfamily is the presence of agenal fold covering
the posterior face of the compound eyes (Antunes-Carvaho et a., 2019, 2017), a
feature apparently also presentsin the leiodid fossil.

Cretoptomaphagus microsoma is placed in Ptomaphagini by having adistinctly
narrowed apical maxillary palpomere, one of the derived characters that supports the
monophyly of thistribe (Antunes-Carvalho et a., 2019). A unique synapomorphy of
Ptomaphagini is the V-shaped depression at the distal extension of the unguitractor
plate(Antunes-Carvalho and Gnaspini, 2016), avery small feature that cannot be
observed in the fossil. In contrast to the pubescent apical maxillary palpomere

generaly found in Cholevinae, members of Ptomaphagini retain as a plesiomorphic
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trait a distal maxillary palpomere mostly glabrous (Antunes-Carvalho et al., 2019).
The same condition is shared by C. microssoma. Other traits that characterize the tribe
—and were detected in the fossil — include the metaventral carina, aregular crown of
spines at the tibial apex, protars laterally expanded in males, and dorsal surface of
elytrawith parallel rows of transverse strigae (with the pubescence aigned below
them).

Ptomaphagini presently comprises three subtribes, Baryodirina, Ptomaphagina and
Ptomaphaginina. The monotypic Baryodirina was described based on asingle female
of Baryodirus from Gunung Mulu, Ma aysia (Perreau, 2000). Its peculiar morphology
includes tetramerous protarsi, dual setation on the pronotal and elytral surface, and a
strongly developed median longitudinal carina, features that easily separate
Baryodirus from other Ptomaphagini including C. microsoma. The other subtribes are
distinguished from each other by the presence of arow of spines along the external
margin of the protibiain Ptomaphaginina, atrait also present in Baryodirus, but
lacking in Ptomaphagina (Newton, 1998; Perreau, 2000). The external row of spines
was not detected in the protibia of C. microsoma. The mutual monophyly of
Ptomaphagina and Ptomaphaginina was recently suggested, even though weakly
supported and only if Baryodirus was excluded from the analysis; when added,
Baryodirus was nested inside Ptomaphaginina (Antunes-Carvaho et al., 2019).
Derived features that sustained each subtribe cannot be confirmed in C. microsoma.

Ptomaphagina encompasses eight extant genera with members distributed in
Holarctic, Neotropical and Oriental regions (Perreau, 2000). Features of the antenna
and maxillary palp tentatively suggest an affinity of the fossil with Ptomaphagus
(Holarctic, Neotropical and Oriental) and Adelopsis (Neotropical), the most diverse
genera of Ptomaphagini. Cretoptomaphagus microsoma distinguishes from other
Ptomaphagina by its very small size and protibial bent distally. However, due to the
limited variation in external morphology, the discussions on generic relationships and

the single phylogenetic study focused on the tribe are dominated by genitalic
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characters (e.g., (Gnaspini, 1996; Peck, 1973). Additionally, the access to external
charactersislimited in the fossil, and those of the genitalia are presently unavailable
for study. This scenario makes it challenging to infer the phylogenetic position of C.

microsoma within Ptomaphagina.

Family Anthicidae Latreille, 1819
Subfamily Tomoderinae Bonadona, 1961
Genus Pseudotomoderus Pic, 1892

Type species. Pseudotomoderus compressicollis Motschulsky, 1839
Diagnosis (emended). (1) pronotum lacking distinct apical rim or collar, (2) distinct
lateral antebasal constriction present on pronotum, (3) metacoxae broadly separated,

(4) intercoxal projection rounded, (5) elytraflattened, humeri obsolete, subangular.

Pseudotomoderus burmitina sp. nov.
(Fig. 20.)
LSID urn: Isid: zoobank.org: act: X X XXX

Differential diagnosis. (1) body small, (2) elytra elongated, flattened, subquadrate,
with angle marked humeral (shoulder form), (3) elytraless dense punctured, (4)
aedeagus long, apical sharp pointed.

Type material. Holotype NIGP002, a complete beetle covered by numerous micro-
bubbles.

Horizon and locality. Mid-Cretaceous (approximately 99 Ma); Burmese amber, from
the Hukawng Valley, Kachin State, Myanmar.

Etymology. The specific nameis derived from Latin “Burmitina’, referring to the
mineralogical name of Burmese amber.

Description. All measurementsin mm.
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Male. Body very small, total length 1.64, head, thorax and abdomen clearly
divided, uniformly brownish to dark brown, numerous black dots preserved on elytra,
no other colour patterns.

Head smooth, dorsally flattened, length 0.21, width 0.36. Eyes large, prominent,
subcircular, not collide in the middle frons, truncate opposite the insertions of
antennae. Dorsal surface with very fine punctures, pubescence very sparse and
inconspicuous. Antennae comparatively long, clavate, length 0.71, 11-antenomeres,
extending to base of elytra; basal antennomere long; 2nd — 4th antennomere dender,
5th — 10th antennomere oval to triangular, wider than preceding ones, 11th
antennomere elongate, asymmetrically triangular, apical pointed, aslong as
antennomeres 9th —10th combined. Mandible small; terminal maxillary palpomere
dightly expanded, subangular on inner margin, finely faceted.

Pronotum width 0.40, length 0.32, smooth dorsally with very fine punctures, wider
than head; ant-like shape, anterior sharply narrowed, width anterior lobe 0.18;
posterior strongly constricted formed bottleneck shape contact with elytra, width
anterior lobe 0.24; evenly rounded on lateral margins. Scutellum very small,
triangular.

Elytraflattened, elongate, each elytron subquadrate, length 1.11, width in the
middle 0.71. Humeri obsolete, subangular, shoulder form. Punctures widely preserved
on elytra surface, irregularly arranged into more than 6 rows on each elytron, deeper
and dense in anterior. Pubescence sparse, appressed, directed posteriorly.

Ventral body smooth, with very fine and sparse setae. Mesosternum small and
short. Metacoxae broadly separated by moderately rounded intercoxal projection.
Legs dender, smooth; tibiae and tars with very fine setae; tars form 5-5-4.
Metatarsomeres dender and bilobate; length metafemur 0.34, metatibiae 0.37,

metatarsomeres 0.18, 0.07, 0.05, 0.06. Claws simple, rather long.
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Abdomen smooth, lateral margin with sparse but comparatively long pubescence,
5-segements. Length abdominal segments, 0.17, 0.14, 0.12, 0.11, 0.11. A very short
pygidium hided. Aedeagus exposed, length 0.17, apical pointed.

Superfamily Cucujoidea Latreille, 1802
Family Kateretidae Kirby, 1837

Genus Magnipolliniretes gen. nov.

LSID urn: Isid: zoobank.org: act: X X XXX

Type species. Magnipolliniretes burmites gen. et. sp. nov.

Differential diagnosis. (1) Body size bigger, > 4mm. (2) Elytra shortened, but exceed
40% of body length, leaving two last abdominal segments exposed, (3) Numerous
punctured striae on each eytron. (4) Maxillawith galea and lacinialong, narrow,
curved inward near distal end. (5) 4th pro-, meso- and meta- tarsomere shortened,
obviously compared with 5th tarsomere.

Etymology. Magni (Latin) —big, Pollini- (Latin), from the Latin ‘pollinis’, referring
to the English ‘pollen’; -retes, the usual suffix for generic names in the family

K ateretidae.

Magnipolliniretes burmites gen. et. sp. nov.

LSID urn: Isid: zoobank.org: act: X X XXX

Diagnosis. Asfor genus.

Type material. Holotype. NIGP003, a complete beetle with partial ventral
compressed. Numerous grains attached to the body.

Horizon and locality. Mid-Cretaceous (approximately 99 Ma); Burmese amber, from

the Hukawng Valley, Kachin State, Myanmar.
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Etymology. Burmite (Latin) — Burmese amber.
Description. All measurementsin mm.

Length 4.2. Body oblong oval, flattened. Dorsum with recumbent pubescence.
Head prognathous, not abruptly constricted posteriorly. Eyes finely faceted,
moderately convex. Antennae length 0.90, 11- antennomere with loose 3-segmented
club (antennomere 9-11); antennomere 1 elongated oval, length 0.11; antennomere 2-
8, length ca. 0.07, subcylindral; antennomere 9-11, length ca. 0.08, cup shaped,
prolonged and enlarged with fine pubescence, formed club. Antennal insertions
exposed; subantennal grooves and subantennal ridges absent. Labrum free, transverse.
Mandibles well developed, length 0.75, high sclerotized, moderately curved. Maxilla
with galea and lacinialong, narrow, curved inward near distal end; laciniawith
pointed apex and group of setae on outer edge prior to apex, Maxillary palp 4-
segments, terminal palpomere securiform, wider than preceding ones, narrowly
truncate apically with sparse pubescence. 2nd segment of labial palp cup shaped,
narrowed, elongated.

Pronotum length 1.06, width in middle 1.30 as wide as elytra, nearly rectangular,
sides dightly arcuate; lateral carinae complete, simple; anterior angles obtusely
angulate; posterior angles broadly rounded.

Elytra shortened, length 1.60, width in middle 1.37; leaving pygidium and part of
preceding abdominal tergum exposed, truncate apically; transversely strigose;
scutellary striole absent; scutellum shield small, triangular; numerous punctured striae
on each elytron.

Prosternite anterior with fine pubescence. Procoxa cavities transverse, externally
open. Mesosterna completely bordered anteriorly. Metasterna flat. Metacoxae
transverse, widely separated. Femur slender, tibiae typically widened posteriorly;
lateral edges with short setae; two tibial spurs present; tars 5-5-5, tarsomeres 1-3
bilobed, with densely setose pads; tarsomere 4 shortened, setae preserved parallel-
side and apical. Length protarsomeres 1-5: 0.11, 0.08, 0.06, 0.03, 0.19; length
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mesotarsomeres 1-5: 0.09, 0.05, 0.06, 0.04, 0.18; length metatarsomeres 1-5: 0.11,
0.10, 0.08, 0.05, 0.24. claws simple, bi-cleft.

Abdomen with five ventrites, exceed elytra, ventra surface with very fine and short
setae, posterior ventrite with sparse pubescence. Pygidium oblique transverse.
Remarks. Color varies from black to dark brown based on light. Ventral structure
partially compressed, difficult to observe. Structure detail shows under CLSM.

The numerous pollen grains show high similarities to several basal angiosperms
(ANITA group, ANITA stands for Amborella, Nymphaeales, Illiciales, Trimeniaceae
and Austrobaileya), especially the nymphaealean plants. The earliest fossil record of
nymphaeal ean plants dated as Early Cretaceous (Friiset a., 2011). The earliest
Nymphaeaceae pollen record is from the Maastrichtian Edmonton Formation
(Alberta, Canada) (Srivastava, 1969), characterized by monosulcate, elliptical and
retipilate to reticulate pollen ornamentation. The grains preserved in NIGP0O03 is
approximately oblate spheroidal, 54.75 um (63.22-47.01 um) x 44.33 um
(52.59-38.76 um) (based on measurement of the 10 best preserved grains) in
equatorial view. Monosulcate; colpi long, wide, deep and extend to the pole. Exine

moderately thick, ~1.5 pm. Ornamentation very ssimple or hard to observe.

Superfamily Lymexyloidea Fleming, 1821
Family Lymexylidae Fleming, 1821
Subfamily Atractocerinae Laporte, 1840
Type Genus Urtea Paulus, 2004

Diagnosis (emended). Genus Urtea is distinguished from other atractocerines by the
following combination of characters. (1) body smal, narrow and elongated (~12-16
mm); (2) head large, wider than pronotum; (3) eyeslarge, occupy entire frons,
contiguous anteriorly; (4) antennalong, dender, filiform, surface with short setae; (5)

pronotum anteriorly narrow; (6) scutellum, width < length; (7) elytron subquadrate,
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length / width ratio ca. 4:1; (8) hindwings well developed, C+Sc+R, r-m, M+Cu
present; (9) metacoxae long, oblique, cone-shaped, together with trochanter formed
X-shape symmetrically.

Type species. Urtea graeca Paulus, 2004

Urtea orientem sp. nov.

LSID urn: Isid: zoobank.org: act: X X XXX

Diagnosis. The new species differs from Urtea graeca with the characters. (1) eyes
smaller, dorsum neck area behind the eyes comparatively wide; (2) 11th antennomere
triangular, apically pointed; (3) pronotum nearly rectangular, narrower at anterior and
posterior; (4) scutellum narrow, irregular shield shape, width < length, with small
black pattern near median.

Type material. Holotype. NIGP004, a complete specimen. Bubbles accumulated
below the abdomen terminal. A small Diptera above the dorsum.

Horizon and locality. Mid-Cretaceous (approximately 99 Ma); Burmese amber, from
the Hukawng Valley, Kachin State, Myanmar.

Etymology. Orientem (Latin) — oriental, referring to the discovery region.
Description. Measurements in mm.

Male. Body length 13.3, elongated, narrowly paralel sided, moderately
dorsoventrally flattened. Head, pronotum and elytra surface leathery, preserved with
tiny setae. Body brownish to yellowish, no colored patterns or textures.

Head large, broadly oval, dightly vertical, wider than pronotum, width 1.11. Eyes
very large, irregular oval, occupying extensive parts of head surface, frontal nearly
convergence formed a suture. Dorsum neck area behind the eyes comparatively wide,
Raractocerus-type. Antennae long, 1.40; filiform, with numerous setae. 11
antennomeres, 1st and 2nd antennomeres thick, 3rd - 10th antennomeres has general

elongated form, but continuousdly shortened, 11th antennomere triangular, apically
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pointed. Mandibles small. Maxillary pal pus 4-segmented; 4th palpomere highly
modified into palp organ.

Pronotum nearly inverted trapezoidal, brownish, matt; length 1.00, anterior
protruding, narrow, width 0.42, biggest width 0.90, posterior width 0.67, lateral
margin dightly curved. A fully developed longitudinal lines throughout in the middle.
Scutellum very small, subquadrate or shield shape, length longer than width (Iength
0.35, width 0.29), with tiny blackish patterns.

Elytra shorter than 1/5 of body length, narrow at the base, each elytron
subguadrate, length 2.08, width in the middle 0.60; dorsum simple, brownish, matt.
Hindwings exposed, marginal C+Sc+R vein well developed, r-m crossvein present,
conspicuous, M+Cu fork present.

Prothoax narrow, cervicalialarge, prosternum diminished. Mesosternum small.
Metasternum long, narrow. Markedly modified metacoxae elongated and oblique,
together with trochanter formed X-shape structure, Urtea-type. Legs dender, thin,
with very short setae on surface, tars form 5-5-5, claws simple.

Abdomen long, flattened dorsoventrally, sternites subquadrate. Abdominal segment
[1-VI11 ventrally leathery, nearly rectangular. VIII tergite very small, telescoped inside
VI1. Aedeagus exposed. Median |obe exposed, narrow; lateral 1obe thick.

Type material. Paratype. NIGP0O05, a complete specimen. Bubbles distributed
ventrally. Numerous fungi spore grains associated with beetle.
Description. All measurementsin mm.

Sex unknown. Body length 11.5, elongated, narrowly parallel sided, dorsoventrally
flattened. Head, pronotum and elytra surface leathery, preserved with tiny setae. Body
brownish, numerous colored dots on ventral abdomen and elytra.

Head large, broadly oval, flattened, wider than pronotum, width 1.03. Eyes very

large, irregular oval, occupying extensive parts of head surface, frontal nearly

72



convergence formed a suture. Dorsum neck area behind the eyes wide, Raractocerus-
type. Antennae long, 1.03, filiform, 11 antennomeres, terminal antennomere
triangular, apically pointed. 4th palpomere highly modified into palp organ, highly
expanded.

Pronotum nearly rectangular, brownish, matt; length 1.00, anterior protruding,
narrow, width 0.44, biggest width 0.85, posterior sharply narrowed, width 0.41, lateral
margin dightly curved, with two dark colored lineal pattern, lateral posterior margin
dightly extended. A fully developed longitudinal lines throughout in the middle,
blackish. Scutellum very small, posterior sharply narrowed, shield shape, length
longer than width (length 0.43, width 0.31), with two symmetrical tiny blackish
patterns near the median.

Elytra shorter than 1/5 of body length, narrow at the base, each elytron
subguadrate, length 1.80, width in the middle 0.48; dorsum simple, brownish, matt,
anterior with numerous blackish dots. Hindwings exposed, marginal C+Sc+R vein
well developed, r-m crossvein present; M+Cu fork present.

Prothoax narrow. Mesosternum small. Metasternum long, narrow, with very fine
and dense setae. Metacoxae distinctively modified, elongated and oblique, Urtea-type.
Legs dender, thin, with very short setae on surface; posterior tibiae spurs preserved,
tars form 5-5-5, claws simple.

Abdomen long, flattened dorsoventrally, sternites subquadrate. Abdominal segment
[1-VI11 ventrally leathery, with very fine surface setae, nearly rectangular. Genitalia
hided.

Remarks. Family Lymexylidae also known as ship-timber beetles, are the sole
member of the superfamily Lymexyloidea (Wheeler, 1986). Genus Urtea including
only one species Urtea graeca Paulus, 2004 distributed in eastern Europe (Paulus,
2004). Urtea orientem sp. nov. shows similarity to Raractocerus with vertical head
position and eyes form. However, the distinctly modified metacoxae, shield shape

scutellum (width < length) and anteriorly narrowed protonum assigned it to Urtea.
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Urtea orientem sp. nov. easily separated with another Cretaceous genus
V etaractocerus with bigger body size, shorter elytra, present of M+Cu, scutellum

shape and metacoxae shape.

Superfamily Scarabaeoidea Latreille, 1802
Family T Passal opal pidae Boucher and Bai, 2016

Type genus Passal opal pus Boucher and Bai, 2016

Col orpassal opal pus gen. nov.
LSID urn: Isid: zoobank.org: act: X X XXX

Type species Colorpassal opal pus coloratum gen. et sp. nov.

Differential diagnosis. Characters distinguished with Passalopalpus: (1) Mandibles
powerful, surface smooth, with 4 strong teeth, basal teeth obvioudy small; (2)
maxillary palps exceeding 3/4 length the lateral edges of mandibles; (3) latera
pronotum covered with setae of uneven lengths, very long anteriorly and short
posteriorly; (4) protibiae well developed, with 6 sclerotized teeth, with more than 10
pairs long setae; (5) abdomina sternites|l-VI with short setae on the lateral margin,
VI1-VIII with long setae on the lateral margin, mediotergite V111 apex with plentiful
very long setae; (6) elytra shinning and rainbow colourful.

Etymology. Color, shortened for coloratum (Latin), means colour.
Col orpassal opal pus coloratum sp. nov.
(Fig. x.)

LSID urn: Isid: zoobank.org: act: X X XXX

Diagnosis. Asfor the genus Col orpassal opal pus gen. nov.
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Type material. Holotype NIGP006, sex unknown, a compl ete beetl e attached by
numerous mites on ventral and dorsal body. A small sized beetle preserved alongside
holotype, same species.

Horizon and locality. Mid-Cretaceous (approximately 99 Ma); Burmese amber, from
the Hukawng Valley, Kachin State, Myanmar.

Etymology. See etymology for genus Colorpassal opal pus.

Description. All measurementsin mm.

Macropterous. Habitus depressed, widely pubescent, elongated and narrow, except
widened elytra. Colour of body and legs dark brown or black ventral and dorsal,
elytra shinning and colourful. Body length:7.54; greatest width: 2.65 over middle
elytra; smallest width: 1.35 over middle pronotum.

Head frontal border, on half concave, thin and with long and spaced setae; sides
prominent; external angles powerful and thick, apex curved and thorny upward,
forming anterior angles of head. Clypeus exposed, wider than the labrum. Labrum
large, narrower on base, anterior border convex. Medio- and laterofrontal areas large,
concave; anterior mediofrontal area glabrous; laterofrontal areas, anteriorly with long
and scattered setae, posteriorly with atuft of very long and dense setae close to supra-
ocular ridges. Posterior mediofrontal area concave as previoudy, but forming a
narrow cavity with a dense tuft of setae, most of them very long. Lateropostfrontal
areas convex; integument smooth, with setae in tufts less dense and less long than
previoudy. Postfrontal area glabrous, with light anteroposterior lines on amost all
width. Latero-ocular pit large and deep, connecting eye and supra-ocular ridge, with
numerous short to very long setae. Eyes globulous, exceeding head width. Ocular
canthus rather short and narrow; apex obtuse shorter than eye. Postocular pits
obsolete, with small and scattered setae. Antennae with 9 antennomeres, rather long;
scape long and curved. Antennomeres V1I-1X formed clubs, length: 0.29, 0.40, 0.39,
thick, convex down, with numerous minute but prominent setae; antennomeres |-V

dender and smooth, length: 0.27, 0.09, 0.07, 0.07, 0.06, 0.06, with a pair long setae
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on I11-VI each and numerous short setae. Mandibles powerful and regularly waisted;
inner lobes with 4 strong teeth, conical, on same plan with comparable devel opment
and conformation; basal teeth obviously small, proximal tooth higher and longer;
smooth. Ligulasmall, covered with setae. Maxillae with long and straight maxillary
palps of 4 articles, exceeding 3/4 length the lateral edges of mandibles, smooth; galea
very developed, long and straight, with numerous, strong and long setae almost
everywhere. Mentum large, trapezoid; disk somewhat convex; no lateral pits;
integument almost smooth, except very short and spaced setae. Submentum large,
with numerous punctuations and rather long setae almost everywhere. Hypostomal
processes wide and long, hairless and smooth.

Pronotum thin, narrow and elongated, quadrilateral, length 1.86, biggest width at
posterior, 1.51. Anterior border weakly concave; anterior angles well rounded; sides
dightly concave on half of median length; margina groove obsolete, except close to
posterior apex; posterior border regularly rounded, incised in middle; dorsodiscal
integument glabrous, finely granulous throughout, but irregular. Lateral pronotum
covered with setae of uneven lengths, very long anteriorly and short posteriorly.
Ventral with numerous short setae.

Elytrathin, little sclerotized, length, narrow on the base, then clearly widened on
postmedian part, length 4.09; anterior border concave, with sharp edge and long, thick
and scattered setae up to included calli. Elytron hairless, with more than 5 striates, not
punctuated, little deep and wide, more or less paralld; interstriae smooth or almost,
dightly convex. Elytron margin covered with fine and dense setae of very uneven
lengths. Apex rounded, thin, very concave at junction of elytra, where last abdominal
sternites clearly exposed dorsally. Hindwings hided.

Procoxal fosse very large and oval. Mesocoxal pit small and oval. Metacoxae
external, very large. Legslong and rather dender, tarsi form 5-5-5. Profemora short
and very wide on the base; mesofemora narrow and elongated; metafemora of

intermediate conformation with the previous, rather thickset. Protibiae comparatively
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strong; outer face dightly curved, with 6 sclerotized teeth, with more than 10 pairs
long setae, inner face with fine and dense setae like brush, more some distal setae;
tarsal pit long, with not thorny and very danted margin. Mesotibiae less expanded
than protibiae, with numerous pairs long setae. Metatibiae finer and longer than
mesotibiae; setae more numerous; apical forks and spolons very well devel oped.
Tarsomeres 5 articles; -1V fine, elongated and pointed, with 2 pairs long setae on the
lower and upper faces, more some scattered shorter setae; V expanded, more
elongated, with 4 pairs long setae. Claws long, thin and strongly hooked, thickened on
the lower face, only with short setae on surface. Abdomen long and wide, 7 visible
sternites, complete I1-VI1 and mediotergite V111, length: 0.26, 0.25, 0.37, 0.32, 0.26,
0.18, 0.13. Abdominal sternites 11-V1 with short setae on the lateral margin; VII-VIII
with long setae on the lateral margin. Terminate mediotergite VI exposed dorsally,
exceeding the apex of elytraand with plentiful very long setae. Reproductive organs

not clear visible.
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Fig. 4. Praemordella martynovi Scegoleva-Barovskaja, 1929, PIN, holotype. A, Body. B, Tarsus of

hind leg. C, Tarsus of middle leg. Scale bars=2 mminA; 1mmin B-C.
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Fig. 5. Wuhua peregrine, NIGP154954, holotype. A—B Body. The specimen was photographed dry A and under alcohal B. C, Head.

D, Tarsusof middleleg. E, Tarsus of hind leg. Scae bars=5 mmin A-B; 1 mmin C-E.
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Fig. 6. A tenebrionoid beetle, CNU-C-NN2007203. Scale bar =5 mm.

Fig. 7. Multispinus multispinosus, general view, holotype NIGP168210. A. microscope photo, latera

view. B. Hand drawing. Scale bars 0.5 mm.
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Fig. 8. Multispinus multispinosus details. A-C. Details of leg structure, paratype NIGP168211. A. Tarsa formula5-5-4. 1-V, tarsal segment number. B. Spines and setae
structure. tsp.- tarsal spine, ptsp.-posterior margin tarsal spine, cs.-comb-like setae on posterior margin of metatibiae. C. Claws. cl.- claws, with 2 spines. D, E. Head and
mouthpart structures, holotype NIGP168210. mp.- maxillary palpi. at.- antennae. lab.- labrum. F. Spines preserved in posteriors margin of abdominal sterna, specimen

NIGP168212. asp.- abdomina spines. Scale bars 0.1 mm.
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Fig. 9. Multispinus parvus a. latera view; b. details of hind legs, 1-1V represent 1t to 4th
metatarsomeres, metatibiae spines pointed by red dots; c. details of head and thorax; d. details of
metathorax and abdomen, 1-5 represent 1st to 5th sternites, arow of fine setae between 4th and 5th
sternites pointed by yellow dots; e. dorsal view. Abbrevia- tions. at. antennag; cl. claw; hw. hind wings;
mc. metacoxal plate; mp. maxillary palp; sc. scutellum; sp. spines on metatibiae; &t. setae. Scale bars =

0.1 mm.
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Fig. 10. A, B. Apotomoura fortiscrura general view, holotype NIGP168213. A. microscope photo,
lateral view. B. Hand drawing. C. Spines and setae structure, holotype NIGP168213. tsp.- tibiae spine,
cs.-comb-like setae on posterior margin of tibiae. D. Tarsal formula, hind tarsi 4 segments, paratype

NIGP168214. |1V, tarsal segment number. Scale bars 0.2 mm.

Fig. 11. Primaevomordellida burmitina general view, holotype NIGP168789. A. microscope photo,

lateral view. B. Hand drawing. Scale bars 0.4 mm.
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Fig. 12. Body structures of Primaevomordellida burmitina. A. Lateral view, length of pygidium and
last abdomina segment are indicated. B. Dorsal view, scu.- scutellum, py.- pygidium. C. hind leg
structures, hand drawing is highlighted. D. Genital organ highlighted. E. Detail structures of head and
mouthpart. eye.- eyes, ant.- antennae, mp.- maxillary palpus. F. Fore legs structures. A-D from

hol otype NIGP168789, E-F from paratype NIGP168790. Scale bar A-E 0.4 mm, F. 0.2 mm.
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Fig. 13. Holotype of Tomoxia succinea. a Lateral view. b Dorsal view. ¢ |-1V: 1st to 4th hind
tarsomeres; length ratio 2:1:1:1. d 5th abs. the 5th abdominal sternum, pyg. pygidium, length ratio 1:4.
Scalebar: 1 mm
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Fig. 14. Detailed morphological structures. a Highlighted scutellum shape (holotype). scu. scutellum. b
Detailed hind leg structures (paratype). dr. fine dorsal ridge, Ir. lateral ridge, sp. subapical spines on

tibia and tarsomere. ¢ Schematic drawing of hind tibiaand tarsi. Scale bar: 0.5 mm
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Fig. 15. Cretaceous tumbling flower beetle Angimordella burmitina. (A) Habitus. (B) drawing. (C)
Prothorax and pronotum highlighted by red dashed lines. (D) Microtomographic reconstruction of the
head. Maxillary palpi highlighted in yellow. (E) Abdomen, I1-1V represent 1st to 5th abdominal
ventrites. (F) Hind leg, |-V represent 1st to 4th metatarsomeres. an, antennae; cl, claw; mp, maxillary

palp; py, pygidium; sp, spines on metatibiae and metatars; tr, trochanter.
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Fig. 16. Angimordella burmitina and

tricol pate pollen grains. (A) Habitus. Pollen
grains attached to the body are indicated by
red dots, unattached are indicated by yellow
dots, clumped pollens are indicated by blue
squares. B—H locations are highlighted in A.
(B and C) Pollen grains near the body. Yelow
arrows point to colpi. (D and E) Pollen grains
on the body. (F—H) Clumped pollen grains. G
and H focus on the pollensthat at the right
side of the clump in F with different
magnification and rotation angle. Blue arrows

point to colpi.



Fig. 17. A-F. Praezol odinus pilosus gen. et sp. nov. 3-11, antennomeres 3-11; abs 1-5, abdominal
sternites 1-5; aed, aedeagus; €, elytron; mc, metacoxae; mm, mandibular mola; mp4, maxillary
pal pomere 4; mset, mesepi sternum; mts, metasterna; mtt1-4, metatarsomere 1-4; nl, pronotum; pe,

pedicellus; sc, scapus; tro, trochantins;
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Fig. 18. A-E. Cretoptomaphagus microsoma gen. et sp. nov. cx2, mesocoxa; €l, elytron; fe2,
mesofemur; mc; metaventral carina; msp, mesepimeron; mtas, metathoracic anapleural suture; mtet,

metanepi sternum; mtv, metaventrite; nl, pronotum.
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Fig. 19. A-H. Cretoptomaphagus microsoma gen. et sp.nov. 3-11, antennomeres 3-11; cl1-3, pro-
/meso-/metatarsal claw; he, head capsule; Ip, labial palp; md, mandible; mpl-4, maxillary palpomere 1-
4; mst1-5, mesotarsomere 1-5; mtt1-5, metatarsomere 1-5; pe, pedicellus; prt1-5, protarsomere 1-5; sc,

scapus, tibl, protibia; tsl1-3, pro-/meso-/metatibia spur.
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Fig. 20. A-D. Pseudotomoderus
burmitina sp. nov. A. Habitus. B and C.
Morphology detail. D. 3-dimentional
reconstruction based on micro-CT scan
data (4% objective, isotropic voxel sizes
2.07 pm, acceleration voltage for the X-
ray 50 kV (power 4W)). aed, aedeagus,
ant, antennae;, hum, humeri; mesc,
mesocoxa; metc, metacoxa. Scale A-D =

0.2 mm.



Fig. 21. A-F. Magnipolliniretes burmites gen. et. sp. nov. A. Habitus. B-D. Morphology detail. E and
F. Pollen grain attached, monosul cate marked by yellow arrow. club, antennae club; gal, galea; mp,
maxillary palpi; 4th-tars, 4th tarsomere. Scale A= 0.5mm B and D = 0.2mm, C = 0.1mm, Eand F =50

um.



Fig. 22. A-B. Urtea orientem sp. nov. Holotype. NIGP004. C-F. Urtea orientem sp. nov. Paratype.
NIGP005. metc, metacoxa; scut, scutellum; 4th-mp, 4th maxillary pal pomere; 11th-ant, 11th
antennomere. Suspected fungi spores are marked by yellow arrow. Scale A=1 mm, B-D = 0.5 mm, E

and F=0.2 mm.
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Fig. 23. A-E. Colorpassal opal pus coloratum gen. et. sp. hov. with mites associated dorsoventrally. F.
Silphidae sp. (extant) present typical mite phoresis scenario. club, antennae club; man, mandibles; mp,

maxillary palpi; proti, protibiae. Scae A-C=1mm, D and E=0.5mm, F=1 mm.
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6. Discussion

6.1 Mordellidae and Mesozoic Tenebrionoidea

Mordellidae is emended into four subfamilies (T, extinct taxa):

- T Praemordellidae,

- T Apotomourinae,

- Mordellinae,

- Ctenidiinae.

Except Ctenidiinae that includes only one species Ctenidia mordelloi des without
fossil records, Praemordellidae, Apotomourinae, Mordellinae have high species
diversity and fossil records are abundant.

Praemordellinae was emended as a subfamily of Mordellidae but differs from most
families within Tenebrionoidea in the combination of following characters. body
convex; head strongly deflexed, not retracted into prothorax; antennae filiform and
tars smple. It issimilar to extant subfamily Mordellinae in having the humpbacked
body, strongly deflexed head, filiform antennae and pectinate tarsal claws, but
distinctly differs with most of extant mordellids beetle in the absence of the pygidium,
hind femora not well devel oped, and absence of the preapical ridges on the hind
tibiae. Praemordellinae is similar to Ripiphoridae in having the convex body and
simpletars, but differs from the latter in having filiform antennae. It also resembles
Scraptiidae in having the filiform antennae, and humpbacked body, but differsin
having pectinate tarsal claws (simple in Scraptiidae), and penultimate tarsal segments
simple (distinctly lobed in Scraptiidae). Furthermore, Praemordellinae is different
from Meloidae in having the humpbacked body with middle coxae separated from
each other; and from Tetratomidae because the latter has the short, triangular, dightly
deflexed head.

Apotomourinae was originally established as the family Apotomouridae (Bao et a.,

2018c), now is emended as the subfamily Apotomourinae, including 2 genera 3
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species, all from mid-Cretaceous Burmese amber. The identified characteristic of
Apotomourinae are coincided with majority of extant mordellids, such as.
humpbacked body, wedge-shape, short antennae, €ytra not exceed abdomen, hind
legs well developed, metacoxa specialized as metacoxal plate. The differential
characters of Apotomourinae are: pygidium absence, completely not developed, body
with usually with appendix structures (e.g. setae, spines). The non-compl etely-
developed pygidium is also significant in Praemordellinae (Bao et al., 2019¢). The
Mordellinae species Mediumiuga sinespinis Peris, 2013 discovered in Cretaceous
Spanish amber preserved with not compl ete devel oped pygidium (Peris and Ruzzier,
2013). The Mordellinae species from Cretaceous Burmese amber
Primaevomordellida burmitina Bao, 2019 preserved with an elongated pygidium as
majority of extant mordellids (Bao et al., 20194). Thus, the development of pygidium
has varied degree inside family Mordellidae. It is an apomorphy between subfamilies
within Mordellidae, rather apomorphy between Mordellidae and other families. The
common but obvious characters of extant Mordellidae (Mordellinag) are diversity of
ridges on metatibiae and metatarsi, such as apical-subapical ridges, dorsal-lateral
ridges (Jackman and Lu, 2002), which is not common in Apotomourinae. The species
of Apotomourinae are with complicated setae and spines structures on legs instead of
ridges. M. sinespinis Peris, 2013 are preserved with both ridges and advanced setae
and spines which indicated M. sinespinis could be a transition species between
Apotomourinae and Mordellinae. The thorax and coxa structure values importantly in
Coleoptera taxonomy (Beutel and Friedrich, 2005); such as the specialized metacoxal
plate is an important apomorphy for differentiation of Mordellidae and related groups
(e.g. Ripiphoridae, Meloidae) (Hsiao et al., 2017). This structure is clearly examined
in Apotomourinae, which made it hard to be established as a single family.
Mordellinae species originated from the Cretaceous and displayed a high
diversification. Six tribes, Raynoldsiellini, Conaliini, Mordellini, Mordellistenini,

Mediumiugini and Stenaliini are included in subfamily Mordellinae, with adistinctive
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evolutionary trend of the hind leg structures (Jackman and Lu, 2002; Peris and
Ruzzier, 2013). The suspected earliest record Liaoximordella hongi Wang, 1993, isa
nearly complete, dorsoventrally compressed specimen from the Lower Cretaceous
Yixian Formation of western Liaoning, China (Wang, 1993), the correct classification
still needs to be discussed and the holotype may belost. The first true Mordellinae
speciesis Primaevomordellida burmitina Bao, 2019, which is described from
Cretaceous Burmese amber (Bao et a., 2019a). The filiform antennae, the
Mordellistena-type episterna and the elongated pygidium place P. burmitina into
Mordellinae undoubtedly and the smple hind leg structure without appendix
structures assignes it to the basal tribe Raynoldsiellini. Compared to the only extant
species Reynoldsiella parallela (basal Mordellinag), P. burmitina shows similarities
to species of tribe Mordellini and Mordellistenini, including the dilatation of antennae
starts from the 5th antennomere, which occursin amost all Mordellini species, the
4th segment of the maxillary palpus is expanded, securiform, which istypical in
genus Mordella; the scutellum shape is triangular which is common for most of
Mordellini and Mordellistenini species, while for Reynoldsiella parallela thisis
exactly semicircular; the pygidium is obviously elongated, narrow and sharp-pointed,
similar with the genus Mordellapygium (Franciscolo, 1957; Jackman and Lu, 2002).
In Cenozoic, Mordellinae rapidly diversified with the significant development of
ridges structure on metatibiae and metatarsi. The most abundant records are from

Baltic amber, with in total 6 genera 12 species (Bao et al., 2018b) (Table 4)

Table 4. List of fossil records of Mordellidae found in Baltic amber. The extinct fossil

taxa are marked by .

Species Deposit department

Falsomordellistena
|SEA Krakow collection

eocenica t
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Glipostena ponomarenkoi
"

Glipostena sergdli
Mordellistena amplicollis
Mordellistena antiqua
Mordellistena goeckel
Mordellistena
korschefskyi

Mordellistena soror

Mordella inclusa
Mordella scheelei
Mordella sp.
Mordellaria friedrichi t
Tomoxia succinum sp.

nov.t

Klesov locality (SIZC K collection), Rovno Amber

Hoffeing/Deutsches Entomol ogisches Institut collection
Hoffeing/Deutsches Entomol ogisches Institut collection
Scheele collection, University of Hamburg

Scheele collection, University of Hamburg

Hoffeing/Deutsches Entomol ogisches Institut collection

Hoffeing/Deutsches Entomol ogisches Institut collection

Halle collection

Scheele collection, University of Hamburg
Hoffeing/Deutsches Entomol ogisches Institut collection
Schmalhausen Ingtitute of Zoology SIZC collection
Laboratory-Museum of Amber Inclusions, Gdansk

University

The Mesozoic records of Tenebrionoidea are quite abundant, dominated by

Burmese amber species and the total species amount increases each year (Batelka et

al., 2018). The Early Mesozoic Tenebrionoidea are mainly discovered in Karabastau

Formation (Kazakhstan), Daohugou Biota (Inner Mongolia, China) and Yixian

Formation (Liaoning, China) (Wang et al., 2013b). The earliest Ripiphoridae

Archaeoripiphorus nuwa Hsiao, 2017 discovered from Daohugou biota, shows high

similarities in body morphology and taphonomy condition with Praemordellinae

(Hsao et a., 2017). Liaoximordella hongi Wang, 1993 (Yixian Formation) is

regarded as a basal member of the Mordellidae based on the following four characters

(Wang, 1993): basal and apical segments of the antennae are shorter than middle

ones, head and pronotum are large, broader than length; legs are lender with distinct
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tibial spurs; pygidium is present. Thefirst three characters are not autapomorphies of
Mordellidae, and can be found in some Tenebrionoidea groups, such as Melandryidae
and Scraptiidae (Wang, 1993). Evaluating based on the photograph, L. hongi does not
have an elongated and pointed terminal tergite. Itslast abdominal segment isjust
extruded, and this taphonomical deformation is common in dorsoventrally
compressed beetles (e.g., figs. 5-8 in Kirgtshuk et a., 2010; figs. 8-10 in Nikolgev
et a., 2011). Huang and Y ang (1999) suggested that it was a primitive representative
of Ripiphoridae. However, L. hongi is distinguished from typical Ripiphoridaein
having filiform antennae. These evidences indicated the Ripiphoridae and
Mordellidae may share a common origin. Besides, some of the extant Mordellidae
species show typica rhipiphoroid traits, e.g. the only one species Ctenidia
mordelloides in Ctenidiinae and Ideor hipistena occipitalis Franciscolo, 2000. Though
I. occipitalis definitely fits within the ground plan of Mordellidae, it superficially
resembl es Rhipistena Sharp (Rhipiphoridae, subfam. Pelecotominae) probably as a
result of convergence (Franciscolo, 2000).

The phylogeny relationships between basal taxain Tenebrionoidea like
Mordellidae, Ripiphoridae has been argued for along time. Crowson (1955) indicated
close relationships between the scraptiids and mordellids, but later he suggested a
tenebrionoid lineage consisting of Melandryidae, Mordellidae + Ripiphoridae and
Scraptiidae (Crowson, 1966). Lawrence, (1982) suggested a dightly different group,
placing Tetratomidae, Melandryidae, Mordellidae and Ripiphoridae into asingle
assemblage. The sister group relationship Mordellidae + Ripiphoridae is also
supported by Franciscolo (2000, 1957) based on the similarities of Ctenidiinae and
some Ripiphoridae, but Falin (2003) argued about the monophyly of Ripiphoridae. It
was also questioned by Svéacha (1994) with the preliminary comparative observations
on the larvae of Pelecotoma fennica (Ripiphoridae: Pelecotominae) and various
mordellids. In recent studies, molecular analyses also supported the sister-group

relationship between the Ripiphoridae and Mordellidae, and further indicated this
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lineage is probably a primitive group (Batelka et al., 2016; Hunt et al., 2007,
Levkani¢ova and Bocék, 2009; Zhang et al., 2018). Despite the widespread opinion
considering Mordellidae closely related to the Ripiphoridae, their phylogenetic
relationships with other families of Tenebrionoidea remain unclear (Zachary H Falin,
2002). However, the up-to-date knowledge supported a clade of Mordellidae +
Ripiphoridae sister to al remaining Tenebrionoidea and Lymexylidae (Batelka et al.,
2016). The adult characters show that Praemordellinae is closely related to
Mordellidae, Ripiphoridae and the fossil Apotomourinae, and thus probably isa stem
group including the ancestor of these families (Bao et a., 2019c). However, further
elucidation of phylogenetic position of Praemordellinae will require additional study

of tenebrionoid phylogeny.

6.2 Beetle-angiosperm associations

Beetles are among the most important pollinators of flowering plants, especially
basal angiosperms (Thien et al., 2009), and they are also thought to be among the
earliest insect visitors and pollinators of angiosperms (Bernhardt, 2000). Especialy
five main groups of polyphagan beetle Tenebrionoidea, Scarabaeoidea,
Curculionoidea, Cucujoidea and Chrysomeloidea, spanning the key period of
angiosperms development in the Jurassic-Cretaceous; the extant species of these five
beetle groups are important pollinators of basal angiosperms today, suggesting that
their ecological association with angiosperms probably formed as early as Jurassic-
Cretaceous, thus provided important clues to explore the coevolutionary processes
between beetles and angiosperms (Wang et al., 2013b).

Tenebrionoidea

Tenebrionoidea is morphologically distinguished group. Adult tenebrionoids have
an aedeagus of heteromeroid condition, trochanterofemoral articulations oblique, and

tarsal formulae of 5-5-4, 4-4-4, 3-4-4 or rarely 3-3-3 (Lawrence et al., 2010).
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Mordellidae is among the basal taxa of Tenebrionoidea (see 6.1). The extant
Mordellidae body length ranges from 1.5 to 15 mm, can achieve irregular tumbling
movements to escape from predator and feeding on flower corolla. The meta-
trochanter-femur (thighs and surrounding rings of the third leg pair) has a great
capacity of free rotation which increased the jumping ability (Burrows, 2006; Ge et
al., 2011; Konez et a., 2008; Reuter, 1995). The elongated pygidium can enhance the
ability of keeping balance and self-thumbing. Praemordellinae dated as early as Upper
Jurassic, further developed till Early Cretaceous, clearly beforetheinitia rise of
angiosperms. The specimens of Praemordellinae are normally over 10 mm,
characterized by body flatten, hind leg not well-developed, pygidium absence,
indicated a surface vegetation uptake (e.g. fungi, lichen, moss, plant debris). In mid-
Cretaceous (Cenomanian) Burmese amber, Mordellidae diversity was high, mainly
including species in Apotomourinae and Mordellinae. The body sizeis usualy small,
Multispinus parvus, 1.2 mm, Multispinus multispinosus, 2.2—2.5 mm, Apotomoura
fortiscrura, 1.5-1.7 mm, Primaevomordellida burmitina, 2.9-3.0 mm, Angimordella
burmitina, 4.2mm, with curve body, very well-developed legs and complex appendix
structures (e.g. setae, spines), which indicated the smilar fly and jump mechanism as
extant mordellids, and implied the potentia angiosperms related ecology. The early
flower inclusionsin Burmese amber are also abundant, usually with well-devel oped
nectar and five petals, the diameter of corollanot exceed 5mm (Liu et al., 2018;
Poinar and Chambers, 2005), which matched with the mordellids body size.
Angimordella burmitina has the typical Mordella-type apical maxillary palpomere,
which is enlarged and securiform (Franciscolo, 1957). This specialized modification
of the maxillary palpomere has been known to aid collecting and most likely
trangporting pollen grains (Krenn et al., 2005; Wang et al., 2013b). A. burmitina has
fine hair; the spacing and height of these hair influence the ability of the hair to carry
pollen grains (Santos et al., 2019). Accordingly, the hair on the beetl€’ s thorax and

abdominal sternites are distinctly longer than 30 um, and the spacing between the hair
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is consistent with the width of the coexistent pollen grains (~20 pm) and is well-
adapted for holding and transporting pollen grains (Santos et al., 2019). It isimportant
to note that A. burmitina is covered by abundant tricol pate pollen grains that are
mainly distributed on the thorax and abdomen. The tricolpate pollen grainsfound in
Burmese amber exhibit remarkable zoophilous pollination features including their
reticulate surface (Fig. 16H) and presence of pollen clumping, thus providing more
evidence to support beetle-mediated pollination. The prior earliest direct evidence of
insect pollination of angiosperms was reported from several pollen-collection bees
from the middle Eocene of Eckfeld and Messel (48 and 45 Ma, respectively) in
Germany (Wappler et al., 2015). Thisfinding thereby extends the known geological
range of direct evidence of insect pollination of angiosperms by at least 50 million

years (Fig. 24).

Fig.24. Ecological recongruction of A. burmitina. These tumbling flower beetles are feeding on eudicot

flowers. The color and morphology of flowers are artistic only.

The small flower visiting beetles Anthicidae (common name “ ant-like flower

beetles’) also appeared in the Burmese amber, Pseudotomoderus burmitina.
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Anthicidae are classified by heads constrict just in front of the pronotum, forming a
neck, and the posterior end of the pronotum is usually narrow as well. Legs and
antennae are dender, heightening the ant-like appearance, and the body is sparsely
covered with setae (Chandler, 2002). Adult beetles are omnivorous, are known to
consume small arthropods, pollen, fungi, and whatever else they can find. Larvae are
either omnivorous, predators, or fungus-eaters (Telnov, 2010). The extant
Pseudotomoderus species are usually common ground dwellers, livein litter and
rotten wood (Telnov and Ghahari, 2018). However, the relationship between
subfamily Tomoderinae and L emodinae are ambiguous. Pseudotomoderus burmitina
preserved primitive characters which indicated its basal phylogeny statue. The setae
and maxillary palpi of P. burmitina are smilar to taxathat are closely related to the

pollen feeding group.

Curculionoidea

Beetles belonging to the superfamily Curculionoidea are commonly called weevils,
usually small (lessthan 6 mm in length), and herbivorous, some species are serious
pests of agricultural crops. They are easily recognizable by arostrum or snout
projecting forward and downward from the head, with mandibles or jaws positioned
at therostral tip (Thompson, 1992). The oldest weevils, belonging to the
Nemonychidae, occur in the Upper Jurassic of Karabastau formation, Central Asia
(Oberprieler et a., 2007). Abundant weevils were recorded from the Lower
Cretaceous of Russia, Spain, Chinaand Brazil (Daviset a., 2013; Soriano et al.,
2006).

Cucujoidea
Cucujoidea includes some fungus beetles and a diversity of lineages of "bark
beetles' unrelated to the "true" bark beetles (Scolytinae), which are weevils

(superfamily Curculionoidea). Early Cucujoidea emerged from the Middle Jurassic of
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China represented the enigmatic family Boganiidae, currently known from
Gondwanan localities in South Africa, Australiaand New Caledonia, suggested to be
apotential cycads pollinator (Liu et al., 2018). The Cretaceous Cucujoidea shows
high diversity, especially from the amber fossils. The Kateretidae are a small family
of beetles within the Cucujoidea with about 95 species described in 14 genera (Cline
and Audisio, 2010). Adult Kateretidae feed on angiosperm flowers and their
shortened elytra which expose some abdominal segments, so that Kateretidae are
commonly termed the short-winged flower beetles (Jelinek and Cline, 2011). The
Kateretidae records in Cretaceous are quite abundant. Lebanoretes andel mani
Kirgtshuk and Azar, 2008 is the oldest species from Early Cretaceous L ebanese
amber (Kirgjtshuk and Azar, 2008), Furcalabratum burmanicum Poinar and Brown,
2018, Eoceniretes antiquus Peris, 2019, Cretaretes minimus Peris 2019 are from the
mid-Cretaceous Kachin amber (Peris and Jelinek, 2020; Poinar and Brown, 2018).
Cretaretes minimus is described based on 41 fossil beetle specimens together in one
piece of fossil resin and Eoceniretes antiquus is also described based on 41 fossil
beetl e specimens together in another piece of amber sample, shows early eusociality,
which is also common for some extant Kateretidae (Cline and Audisio, 2010).
Magnipolliniretes burmites was newly described from Burmese amber, shows
significantly bigger body size than other Burmese amber species. Numerous pollen
grains associate with the M. burmites, accumulate on dorsal elytraand mouthpart. The
pollen grains are suspected to belong to early nymphaeal ean plants. monosul cate,
colpi long and wide, exine moderately thick, ornamentation very simple. The M.
burmites maxillawith galea and lacinialong, narrow, curved inward near distal end;
lacinia with pointed apex and group of setae on outer edge prior to apex, terminal

pa pomere securiform, wider than preceding ones, narrowly truncate apically with
gparse pubescence. Pollen grains particularly accumulated around the mouthpart,
indicated afood up taking scenario. However, the monosul cate pollen with very

simple ornamentation are not the typical zoophilous pollination pollen (Hu et a.,
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2008). The nymphaeal ean plants are normally water living angiosperms, the
taphonomical condition are particular and different from terrestrial taphonomy (Bao et
al., 2018a). Theresin embedding process of this specimens should fit in avery
particular situation: fast and big quantity resin falling; very calm transportation and
second embedding procedure (Bao et al., 2018a).

Scar abaeoidea and Chrysomeloidea

Scarabaeoidea (scarab beetles) is a cosmopolitan monophyletic superfamily
comprising around 35,000 described species (Grebennikov and Scholtz, 2004). A
recent molecular analysis suggests that most scarab families may have originated in
the Cretaceous (McKenna and Farrell, 2009), significantly before the mid-Cretaceous
angiosperm radiation, probably during the Middle-Late Jurassic. Almost all species of
extant Chrysomel oidea are phytophagous, and most phytophagous Chrysomel oidea
feed on angiosperms (Farrell et al., 1998). Their great diversity has been commonly
attributed to co-radiation with early angiosperms (Farrell and Sequeira, 2004; Farrell
et a., 1998; Reid, 2000; Wilf et al., 2000). The Chrysomeloidea diversified around
thistime, feeding on awide array of plant hosts from cycads and conifersto
angiosperms. Based on the observations of pollination systems of the most basal
angiosperms, (ANITA group), two families, Scarabaeidae and Chrysomelidae, are
pollinators of extant Nymphaeaceae (Bernhardt, 2000; Bernhardt et al., 2003).
However, thereis still lack of direct evidence to prove their Mesozoic origin of

angiosperm mutualism.

6.3 Beetle-gymnosperm association

Only two fossil species of beetles have been recorded as hypothetical gymnosperm
pollinatorsin the fossil record; both are from the Cretaceous ambers (Cai et al., 2018;

Periset al., 2017). Cretoparacucujus cycadophilus Cai, 2018 from family Boganiidae,
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recently described from Myanmar amber alongside cycad pollen. Cycads, unlike
modern wind-pollinated gymnosperm conifers and Ginkgo, are unusually pollinated
by insects. The extant species of family Boganiidae includes pollinator species for
both angiosperms and gymnosperms (Cai et al., 2018; Escalonaet al., 2015). C.
cycadophilus is supposed to prove the early cycad pollination behavior found in
Boganiidae at least since the Cretaceous. Darwinylus marcos Peris, 2017 of
Oedemeridae described in association with gymnosperm-like pollen grains from
Albian Spanish amber. Oedemeridae larvae are currently found in decaying wood, but
adults interact almost exclusively with flowering plants (Abtahi et a., 2012; Carrel et
al., 1986). The D. marcos hypothetically indicates a gymnosperm-to-angiosperm host
trangition for this beetle family, which is anew evolutionary pattern for ancient
pollination (Peris et al., 2017). However, hypotheses based on these two specimens
seem not to be enough robust. Firstly, the pollen grain association are not directly
attached to the beetle body which indicates that the pollen grains are higly likely
imbedded in the resin in accident, especially for C. cycadophilus. Secondly, the
logical reasoning about both C. cycadophilus and D. marcos ecology are flawed. A
modem descendant Boganiidae does not fully support the paleoecology of C.
cycadophilus. The pollen grains associated with D. marcos not necessarily belong to
gymnosperms, which may mislead the conclusion about their pollination mode.

Until now, direct evidence of other Cretaceous insect pollination supports insect-
gymnosperm pollination, such as that involving thrips (Pefialver et a., 2012), true
flies (Pefialver et al., 2015), and scorpionflies (Lin et a., 2019). These insect-
gymnosperm mutualisms achieved through liquid sucking feeding strategy with
specialized long-proboscid mouthparts. Recently, the early evolution of long-
proboscid mouthparts insect has been outlined by the detail study of family
Aneuretopsychidae whose mouthparts are vital to deciphering the early evolution of
Mesopsychoidea and putatively the origin of fleas (Siphonaptera) (Zhao et a., 2020).
The phylogenetic analysis provides robust evidence for the debated monophyly of
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Mesopsychoidea that suggested the long-proboscid condition has most likely evolved
once in Mesopsychoidea, independently from fleas, and further revealed the variety

and complexity of mid-Cretaceous pollinating insects (Zhao et al., 2020).

6.4 Other beetle ecology in Cretaceous amber (fern association, scavenger,

fungivorous, wood-borer, algae eater)

Ferns (Polypodiopsida) are an important member of Earth’s vascular plants
(Christenhusz and Byng, 2016). Spores of polypod ferns often form sporangia with
enclosures. When met with the perfect situation, spores escape from the sporangia and
disperse by wind or water (Rost et a., 2006). The sporesin the amber specimen
NIGP001 compactly preserved near the tenebrionid beetle without enclosure, support
in-situ preservation rather than random embedding (Dilcher, 1979; Hu et a., 2008).
The extant Tenebrionidae are very diverse with various habitats, including under
stone environments, leaf litter, dry rotted wood, tree trunks and in soil, feeding on
living plant tissue, dead plant tissue, ferns, lichens, fungi and flowers (Watt, 1992).
The body of Praezolodinus pilosusis elongated and completely covered with different
lengths of pubescence or setae dorsally and ventrally. The mouthparts are specialized,
with mandibular mola with fine and long pubescence and a dightly enlarged
securiform apical maxillary palpomere, which probably increased the chance to detect
and collect spores or plant fragments (Labandeira, 2013b, 1997). Extant leiodid
beetles included Cholevinae are mostly scavengers, commonly seen in forest litter,
soil and other environments with availability of humus, carrion, dung and similar
decaying organic matter (Newton, 2016). This scenario could be interpreted as an
indirect support for the taphonomic environment. The combination of morphol ogical
analyses of beetles and fern spores provide evidence to support the scenario of bottom
forest environment. The feeding or pollination relationship between P. pilosus and

Polypodicaeae are not conclusive, because detailed gut contents analysis or direct
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feeding evidence are missing (Bao et a., 2019b; Labandeira, 2013c). However, this
specimen provides a rare opportunity to understand the lower layer fern habitat in
Cretaceous Burmese amber forest based on the association of herbivorous beetles,
scavengers and fern remains.

In genera, ferns are more widespread than angiosperms (Smith, 1972) and most of
the extant Polypodiales evolved concurrently with angiospermsin the Cretaceous
(Schneider et a., 2004). Therefore, both non-phytophagous and phytophagous insects
would have had as much evolutionary time available to switch from other food
sources to ferns or to angiosperms (Hendrix, 1980). However, the evidence of insect-
fern interaction in the Mesozoic is truly scarce. One influential factor could be the
morphological complexity of the host plant, as ferns lack complex reproductive
structures, which has a huge impact on their plant architecture and causes reduction of
biomass (Lawton, 1983). The second factor could be the bio-chemica composition.
Compared to angiosperms, ferns lack alkaloids and biflavonyl (Burger, 1971;
Markham, 2013), but contain tannins, ecdysones, thiaminase factors and cyanogenic
glycosides (Lawton, 1976; Srivastava et al., 1997), which increase self-defensive

effects and forced potential insect groups to change host plants passively.

Based on the Mesozoic beetle fossil, mainly from amber inclusions, saproxylicity
was the most common feeding strategy for these fossil beetles. More specificaly,
fungivorous species appear to dominate (Peris and Rust, 2019). The body size of
saproxylic beetle from Cretaceous amber is normally small, probably is specific for
fungivorous diet. Based on the Cretaceous Staphylinidae species, Cai et al., (2017)
pointed out the mouthparts of early oxyporines, including enlarged mandibles and
greatly enlarged apical labial palpomeres with dense specialized sensory organs,
match those of modern taxa and suggest that they had a mushroom feeding biology.
Ambrosia beetles, wood-boring beetles which livein nutritional mutualism with
ambrosia fungi, commonly include species of the weevil subfamilies Platypodinae

and Scolytinae (Hulcr and Stelinski, 2017). However, mutualistic symbiosis with
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fungi or yeast-bacteria complex have been also observed in Lymexylidae (Batra,
1967; Francke-Grosmann, 1967; Lawrence, 2010; Wheeler, 1986). Adult
Lymexylidae live free only for some days, they are found in decaying wood, under
bark, or on tree trunks, while larvae are wood-borers (Y oung, 2002). Egg laying takes
place on the outside of suitable host trees, in bark crevices, or under bark scales by
means of along ovipositor (Francke-Grosmann, 1967). Once the eggs are deposited,
females deposit with them a sticky matrix with the fungal spores carrying in mycangia
near the end of the ovipositor (Y oung, 2002). First instar larvae bore usually straight
into the wood, but can also form false surface galleries in special cases. Larvae carry
the fungal spores into the wood on their bodies and ambrosiafungi grew in the
galleries; larvae apparently feed primarily on the fungi. Urtea orientem is described
from Burmese amber with adult holotype NIGP004 and paratype NIGP005. The
morphology of U. orientem are similar to the extant relative in eastern Europe, which
indicated awood-boring habitat. The suspected fungi spores are preserved on the
wings and abdomen of paratype NIGPOO05. This could indicate Lymexylidae

developed the similar mutualistic symbiosis with fungi at least from mid-Cretaceous.

6.5 Thetropical amber forest ecosystem in Cretaceous

Due to the recent research, the Burmese amber forest has been thought of as the
most species rich tropical-subtropical near-shore rainforest in the Cretaceous,
dominated by Araucariatrees (Ross et al., 2010; Yu et al., 2019). The modern forest
normally has four levels horizonal combination, from down to up: surface nutrition,
herbs, short shrubs, high wooden trees (Eduard Linsenmair et al., 2013). The Burmese
amber forest supposed to have the prototype of this mode. The surface nutrition
included moss, lichens, plant debris, associate with scavengers and humus uptakes.
Ferns and short herbaceous angiosperms compose the second level. However, the

biomass of herbaceous angiospermsis yet not competitive with ferns (Augusto et al.,
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2014; Schmidt et a., 2016; Smith, 1972). The third level vegetation may be
ambiguous, as the development of angiosperm height is hard to estimate. The high
wooden trees are dominated by Araucariaceae, which is also the main resin producer.
Wheress, it is hard to deny the high wooden angiosperm tree also had devel oped
during this period (Augusto et al., 2014). The inclusions from Burmese amber are not
only terrestrial, but marine ammonite (Yu et al., 2019), water ostracod (Xing et al.,
2018), which indicated forests are extended close to the sea shore and have
considerable salt and akali resistance.

Based on the research of New Jersey amber using **C- enriched carbon isotope
signatures, Mckellar et a., (2011) pointed the wood-boring insect attack may
enhanced production of resin. However, this hypothesisis not strongly supported by
Burmese amber wood-boring beetles. The wood-borer beetles in Burmese amber
should not be the selective force driving the evolution of resin production during the
Cretaceous, as many speciesin the family may feed also on decaying wood and fungi

without affecting living trees (Peris et a., 2019).

The complexity of insect behaviour is another aspect to show the advancement of
Cretaceous amber forest. A species of extinct beetle family Passal opal pidae Boucher,
2016, Colorpassal opal pus coloratum, is preserved with numerous mites on ventral
and dorsal body, as an early evidence of phoresis. Mites or ticks use phoresisas a
strategy for dispersal, which means mite (the phoretic) attaches itself to another
animal (the host) solely for the purpose of traveling. Phoresisisregarded as an
important adaption for avoiding inbreeding and escaping from habitat deterioration.
The phoretic mites are thought to be a transition mode between free living and
complete parasite, with high diversity in morphology, behaviour, phoresis season and
host selection, which indicated the diversity of their final host choice. Indeed, the
possible host, dinosaur and early bird, discovered from Burmese amber supported the
miniaturization which benefit for increasing mobility and expantion of territory

(Pefalver et a., 2017; Xing et al., 2017, 2020). Passal opal pidae and their extant
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relative Passalidae are sister group, indicating a high degree of sociaity (Boucher et
al., 2016). The earliest eusociality of cockroaches and Staphylinidae beetleis
conserved in termites. The complex adaptive mechanisms permit these animals to
integrate into societies and to exploit their controlled physical conditions and plentiful
resources, as well asto garner protection inside termite nests (Cai et a., 2017a;

Vrsansky et al., 2019a, 2019b).

Based on the flora characteristics, Poinar and Buckley (2008) pointed out the
ecological smilarity between the Burmese amber forest and the Waipoua kauri forest
in Northern New Zealand. The Waipoua forest isthe only virgin Agathis
(Araucariaceae) forest in the world today and comprises a mixed dense ecosystem of
flowering plants, ferns, lycopods and mosses (McGregor, 1948). Praezol odinus
pilosusis assigned to subfamily Zolodininae, which is currently only distributed in
New Zealand (Watt, 1992, 1974), Passalidae are currently distributed in Australia
(Ulyshen, 2018). This could be an additional support for such similarity from an
entomologica perspective. However, to accurately reconstruct the Cenomanian amber
forest palaeoecol ogy, there needs to be an integration of terrestrial and oceanic
influence, paleoclimatol ogic and atmospheric factors, and deep research of floraand

faunainclusion. Thus, further work is awaiting.

7. Conclusions

New studies presented in this thesis showed a remarkabl e feeding strategy and
ecology diversity of Mesozoic beetles. Fourteen species from 7 families were
described from Karabastau Formation, Daohugou biota, Burmese amber and Baltic
amber, range from Early Jurassic to Eocene. The mechanism of interaction between
beetles and vegetation environment is discussed. Based on the continuous fossil

records of family Mordellidae, four subfamilies were emended, which indicated the
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early evolution trend of atypical flower beetle ecology. Insect pollination of
flowering plants (angiosperms) is responsible for the majority of the world's
flowering plant diversity and is key to the Cretaceous radiation of angiosperms.
Angimordella burmitina Bao, 2019 and the associated tricol pate pollens provided
direct evidence of insect pollination of Cretaceous angiosperms, extending the range
of insect-angiosperm pollination association by at least 50 million years indicating
that specialized insect pollination modes were present in eudicots at least 99 million
years ago. The great angiosperm radiation in mid-Cretaceous acts as dynamic for
earth surface vegetation replacement. By this time, nutrition groups as gymnosperms,
ferns, are a'so changed relatively, which also imply the associated beetle taxa. With
more and more flora and faunainclusions discovered from Burmese amber, it is
possible to draw a big picture of the Burmese amber forest. We can generally
understand the forest vertical eco-components and discuss about the inner relations of
the ecosystem. The extant Waipoua forest could be the ecosystem reference in reality.
However, we must be aware that it is easy to underestimate the complexity of

ecosystem, when performing comparative study of paleoecology in the future.

8. Outlook

8.1 Taxonomy and phylogeny study

Taking in consideration only currently found Mesozoic fossil Lagerstétte, till
enormous amout of work remains about fauna and flora taxonomy and phylogeny. For
example, there only about 20% insect from Burmese amber were described so far
(personal communication with Bo Wang). The basic taxonomy and phylogeny work
are still urgently required. Especially for the mid-Cretaceous fossil deposits, the
entomology records showed great increasing during the angiosperm radiation. Surely,

the co-evolution between insect and plant needs to be further investigated.
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8.2 Detail study of geological background of amber deposit

The geological setting of amber deposit has been questioned for decades. The
correct knowledge of geological background of amber deposit can help understand the
pal eotopography and taphonomic process, further indicate more information about
pal eoclimate and environment change. The embedding environment of amber is
different from anormal sedimented process. In order to accurately analyse the
chronology age of amber, it would be best if isotope method was applied. However,
this require particular surrounding rock matrix, consisting igneous rock (e.g. tuff),

which is not common for all amber Lagerstétte.

8.3 Cretaceous macroecology study

During mid-Cretaceous, angiosperm fast radiation led to their domination and
replacement of gymnosperm in earth vegetation. However, based on theresin
chemical analysis of Tilin amber (uppermost Campanian ~72.1 Ma, western
Myanmar), gymnosperms still dominated the Late Cretaceous forest wood flora.
Besides, the fern diversity did not decrease by the time angiosperm replace their
niche. The change of other nutrition (moss, fungi, lichen) is still under investigation.
The component difference between Cretaceous amber forest and non-amber forest are
also obvious. In the future, a comprehensive study about the macroecology of
Cretaceous forest as awhole may answer the reason of each partially eco-change.

Necessarily, the extant ecosystem should act as a reference.

8.4 The comparative study Cretaceous island-continental environments

Taking Burmese amber as an expample, we believe it is a Cretaceous sea-shore
tropical forest, indicated anear equatoria island environments. In contrast, the Jehol

biota, (e.g. Yixian Formation) presented an inland lagoon sediment environment.
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Based on this, a further comparative study of Cretaceous island-continental
environments could be proceeded, which should be helpful to comprehensively

understand the Middle Mesozoic (Jurassic-Cretaceous) pal eoclimate.
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Abstract A new small-bodied beetle, Multispinus parvus sp. nov., is described from the mid-Cretaceous Burmese
amber and assigned to Mordellidae (Coleoptera: Tenebrionoidea). Based on a careful re-examination of the Mordelli-
dae and mordellid-like beetles from the Burmese amber and analysis of their morphological characters, the family

Apotomouridae is reduced herein to a subfamily of Mordellidae as Apotomourinae. The absence of a pygidium in

Apotomourinae cannot be regarded as a synapomorphy. All known mordellids found in the mid-Cretaceous ambers are

all small in size, which may be related to the mid-Cretaceous ecological environment and the early angiosperm flower

morphology in their habitat.

SYSTEMATIC PALAEONTOLOGY

Class Insecta Linnaeus, 1758
Order Coleoptera Linnaeus, 1758
Superfamily Tenebrionoidea Latreille, 1802
Family Mordellidae Latreille, 1802
Subfamily Apotomourinae subfam. nov.
[ Apotomouridae ] Bao, 2018, Cretaceous Research, 91:
14-19

Multispinus Bao, 2018

Type species Multispinus multispinosus Bao, 2018
Emended diagnosis Body small, length 1.2-2.5 mm,
wedge-shaped; color from dark brown to black. Head
strongly declined. Pygidium completely reduced. Fore-
and middle legs obviously shorter than hind legs. Meta-
femora well developed, strongly enlarged. Comb-like
setae widely preserved on the posterior metatibiae.
Sclerotic spines preserved in the ventral metatibiaec and
metatarsi. Claws small, b-cleft.

Multispinus parvus sp. nov.
urn:1sid:zoobank.org:act:3DCC3478-F601-47A7-A88A-8B920129
A330

(Fig. 2)

Etymology parvus, Latin, small.

Differential diagnosis Multispinus parvus sp. nov. dif-
ferent from Multispinus multispinosus by: (1) body much
smaller, (2) pronotum shape special, anterior rounded,
posterior wide, with two bends; (3) 6 pairs of short spines
preserved in ventral metatibiae.

Description Holotype NIGP171284, body very small,
length 1.21 mm, wedge-shape, widest in posterior

pronotum, body slightly narrower anterior and posterior;
laterally curved, C-shape. Body colour from dark brown
to black, without patterns.

Head small, rounded triangular in frontal view; nar-
rowest posterior, as wide as anterior pronotum; hypogna-
thous. Eyes lateral, large, well-developed, shape oval,
finely faceted, interfacial setac well developed. Antennae
short, less than half body length; serrate-filiform. Clypeus
distinct; maxillary palpi moderated with four palpomeres,
apical palpomere expanded, securiform.

Pronotum length 0.14 mm, widest at the base 0.44 mm,
anterior rounded, posterior wide with two bends.
Scutellum shield length 0.07 mm, width 0.09 mm, tri-
angular. Elytra not exceed abdomen, length 1.12 mm,
widest at anterior 0.42, surface almost smooth, with very
fine setae; hind wing transparent, hided under elytra.

Metaepistena long, irregular rectangular, preserved
with fine setae. Metacoxae enlarged formed metacoxal
plate; trochanter oblique. Metafemora enlarged, numer-
ous tiny spines preserved posterior. Metatibiae slim,
long; comb-like setae preserved posterior. Tarsi form
5-5-4, slim. Metatibiae and metatarsi without any ridge.
Ventral metatibiae preserved 6 pairs sclerotic tiny spines.
Ventral metatarsus I preserved long and short fine spines;
II-IV  preserved short setae;
comb-like setae preserved in each posterior metatarsus.
Length metatarsi: 0.19 mm, 0.10 mm, 0.07 mm, 0.10 mm.
Claw simple, b-cleft.

ventral metatarsus

Abdomen with 1-5 five sterna, narrowed posteri-
orly, surface micro-rugose, length 0.11 mm, 0.08 mm,
0.07 mm, 0.05 mm, 0.15 mm, very fine setae preserved
between sternites. Pygidium distinct, aedeagus partially
exposed.

Key words Beetle, Mordellidae, Burmese amber, Cretaceous, taxonomy, palacoecology

=

1t &% F} (Mordellidae) A1 . & f& & #l
(Apotomouridae) ¥4 4§l 2 F 2 Bl (Tenebrionoidea)
& 52 B (Hunt et al., 2007; McKenna and Farrell,
2009; Bao et al., 2018¢). {tak, {HFRERRE M, 4
KZHINAEEKE WG HE, Mt 4 (Jackman

and Lu, 2002); ft &% H I & =4~ #} Mordellinae,
Ctenidiinae I Praemordellinae, 516 2% W R}
(Praemordellinae) {¥ i 1k 41 Ff (Bao et al., 2019b),
T H P A LRI M A |02 AL B R B A A
0 SR R 2 20 v G T3 DR 9 AR ) A e R B AL
' Wuhua jurassica Wang, 2011, AT+ 5646 %0 F}
(Wang and Zhang, 2011). i%BHE H 222040 f) 55 31
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¥

22

¥k 59 &

(Bao et al., 2019a). PHHLF JEF(Peris and Ruzzier,
2013)FH % V5 3% 3 (Grimaldi and Engel, 2005)74113
AR, B A AP E 1 DR A P AT KA A R
K IL(Odnosum and Perkovsky, 2010; Perkovsky and
Odnosum, 2013; Bao et al., 2018b).

FRAER SR KeERES ERA S
JERLZ AL, 5o Y EATT 2 8] 4745 % U] 5K 3 (Bao
et al., 2018c). HAHAFE R, HiRAL I HE
TRAKE, WREAEAEEES LA RNZHA
RN AN [ o T Bt A 4 e 3% 3E R0 LAt > S
BRI, RRAE RIS KRR
2B g, WA A S A 2R B RS
OB 73 2R BT R A L 2L

TEAR WG RE T, B8R IA 2 4 5 2Rk
BT T B A SON S 07, Helt i A T A
AR X 3R, S CLAT R 7 3% 0 5 SHEAT T 16
VT, JFRHE T HAMER A RE AR
2 HUSCE SRR
ARG RN 4 ) i BEFHT( “burmite” , X
FRECERIEIT), 7 B 4 b5 v GO B B Tl 43 1k 5%
BT [Zheng 55(2018)H T T 4 fa) v 5557 A I %
Y HECARARIE I ), HAEACRE A2 72 Ma,
IR 3% B 1 5 5 A ST R A BEAN ], R
A7 T RF B B s AR ST . 0% Tl
) 3% B ) g5 BTl sk AT L AL ) (80T 205 4F
—265 FE)(5K—BE5E, 2017), 5 A BEALLAN 1 35
SEWIARAH T VLV R B B 55 (A A JTHT 59
fE)(Yang et al., 2017). T F 4K, 4ifaHE 7Y
MR BRI MRS T M T A,
B T AL B YU T, S K sk
RS ORI ATRLIIRUE, HA g1/ 8 KL i e
(Shi et al., 2012). AR5 U-Pb &5 47 M 4E 57, 4 fa)
BE 3 R AR AC O e B B2 U 2
(Cenomanian), #14>%] 99 Ma (Shi et al., 2012). &
T, % 31 3 THL F10 R (6 Rt P52 R N 25 0 v R I A 4,
R WIIE AN BlE B BURTAT — R VA LA,
MBS 73 1 40 fe) B B ) S5 B 44X AT 2 B 22 (Bao et
al., 2018a).

3 W5k

AIE G0 BT I 3% 3 A5 AR A v L RE 27 B w5 oy
A RIE S T B B L B A AT A BT I D) FIRTHT
&A% A 78 [F 7~ Buehler ISOMET &5 4, iR
R N IC 45 T i AL ) % ) 4k X i fUBR (Zeiss
Stereo Discovery AXIO Zoom V16), &} & i H
WAt Helicon Focus, SCH AT MK K ; R stu-
dio-2017 ¢ s BB AR B, Ja 31 G Ak BEis
%A Adobe Photoshop CS4.

S RT R TR R 44 BRI AR G STk (L
Bouchard et al., 2005, 2011; X4, 2007), AHF 54
R AR B LA ZooBank HyEME, B A ME-—
ZooBank & i i (LSID urn:lsid:zoobank.org:pub:
ADSE35A2-7F2D-4ACB-BD86-D27D9BD1918D),
B Ay LSID % 5 45 76 R G0 AW 25 o3 AR IR

4 R Y

FEH4ZY Insecta Linnaeus, 1758

$83H Coleoptera Linnaeus, 1758

UL B EE  Tenebrionoidea Latreille, 1802

=% Mordellidae Latreille, 1802

EREZLRGILE
nov.

2018 Apotomouridae, Bao, Cretaceous Research, 91: 14— 19,

TRAFIEAEIT) R/, BB, ST
fge, Siki R C A, Bk, B SR, B
i85, 1A 4 TR IR A S AT SN
BRFY 5-5-4 AL il e, ASERERR R 11, £
Wo FHIR 4, KWK GakEEE, F
R A b R, BT R, T R Y B A A
KA o SKER AUMTEAR . L MR ONIBR K R T 2y
AMBENIE. TN, fig, .

Apotomourinae subfam.

ZRHEER
T

Bao, 2018
BAEEIT) Wk, K 1.2—2.5 mm; ¥

L, RERO AR RO I 5 N B HEE 4

Multispinus Bao, 2018
Z Rt & Multispinus multispinosus
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AKRE - BN LY RIS 2R, . ek
TR R R, TR AR S A IR S YR
POIAT BEAL SR (M), T2

NG RITEZ(Fi)  Multispinus parvus sp. nov.
urn:lsid:zoobank.org:act:8DCC3478-F601- 47A7- A88A-8B920129A330
(K1)

WiR  parvus, BT iE, BN N7

IEHR  NIGP171284, MYk, fRAF 5%, Ll
RS T I E Y R S R T

FRAE  HARAR N kA J, AN AR 172, %
RS T AT S B R T, 2%
e AR AR, AT WL T AN S
AR, VL

B 1 2R ECHTR)
Fig. 1 Multispinus parvus sp. nov.
a. REONHNL; b, 5L, I—IV ACRHS 1 255 4 57, Z0RUbRom T B NRTR; e S AT ERCLAN I B4 T, d. f5 AT ERan 15, 1—5 AR5 1
FH S WA, TR 4 FNHE S BT Z IR HEAI NI e A ST AENETE: at. il ol JTG hw. S5 me. JEFETHG mp. NEIA se. PN

J& A sp. BRI st. WIE. BB = 0.1 mm.

a. lateral view; b. details of hind legs, I-IV represent 1st to 4th metatarsomeres, metatibiae spines pointed by red dots; c. details of head and thorax; d. details of

metathorax and abdomen, 1-5 represent 1st to 5th sternites, a row of fine setae between 4th and 5th sternites pointed by yellow dots; e. dorsal view. Abbrevia-
tions: at. antennae; cl. claw; hw. hind wings; mc. metacoxal plate; mp. maxillary palp; sc. scutellum; sp. spines on metatibiae; st. setae. Scale bars = 0.1 mm.
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iR IERFRA NIGP171284, AR/, 1k
K 1.21 mm, BE, 5 o b Ar 110 10 75 AR L
S AT v 5 R B YA AN [ RE B2 e 4, el il
MO, SRR, 5 C A, ARSI T8 2R
PR B, JoAest.

Sk, IR R B =M, R, ST
TSR gE, FHR. BIXAE, Jakw, Rkt
HREWE. SIR—X, WE, K, g2k, B
HE, T2 A IR, ME, ASANIE, Ta
SKACAAHEL . filiffd, ARG 172, k. LJ§
Rty TRAURTIZR, 7R,

AU AR 0.14 mm, 55 (5350 55 56 4b)0.44 mm,
M2 AT 20 & SR EDR, Ja 5058 2R Al
J& Fr# 0.07 mm, %5 0.09 mm, {8 = ff17% . B X,
AKTHEEE, K 1.12 mm, 56 (H 585 % 40)0.42 mm,
MW, A2 AR NIE; J5EEY], B,
TR

=00, A AT AT R RS B, B
5-5-4 B JE TN R A, ANSEIUILE, KA /R
KRNI R o I G AR 58 i, 2 T A R S AR
Wi, Jo @R e, IR, ekl
JBE 5 o ZU I R, R v by IV R A A
e a e, WS ALt R g ok, H o i,
w2, BROR MK, wilBIR, ok, =
o JE RN HE AR T A 7Sl
SN, 5V R AR AN R RNl
ACHLHEAT; A A A DY A A ) (R M
B); AT EN I OR g AT R A g R DY Y AR
MK K 0.19 mm, 0.10 mm, 0.07 mm, 0.10 mm.

JER 1—5 5 Mg, KK 0.11 mm,
0.08 mm, 0.07 mm, 0.05 mm, 0.15 mm, &R 655 #;
i RIS St 71 N =R T TR SRS S & & AL S 5%
BHETE AR T . FHEZEE M .

MEZESR /D ZRAEE Multispinus par-
vus sp. nov.5 ZRI{E & Multispinus multispinosus
AHEE: 1) HAR BT/ 2) Fi B O IR ok, 2k A
WG 2 ENR, Eg 8K, 3)RT A
AN, BV,

PSR 4 ) I LR [ b ARk A8

{5 O TR GTR R S TR = 2 37 = e
(~99 Ma).

5 1 i
5.1 HERFEIT

Ji1 e At % 1 Bl (Apotomouridae) & 11 4 £ 5
TR Mordellidae: Apotomourinae), L 2
J& 3, BRIT A Ayt E . )RS
FHI) 5 08 R AR R 2 W) & fe aoRHIRRAE, W 5
g4 . LG filf R, WA Y S Ak
ik JE AR R O IR . X WR R T4
REZHACEKWRAE D BHETE2AKE,; 42
BB Shte, Wil R, 5 B HE S A KB IR I
Tk B 20 5 46 &% W #} (Mordellidae: Praemordelli-
nae)(Bao et al., 2019b), T VP A BEHI K&
WL Mediumiuga sinespinis Peris, 2013 LI 4B HE
WASEA K E (Peris and Ruzzier, 2013), T-4ifuHg
A K ILK Primaevomordellida burmitina Bao, 2019
M5 4K 2 5O A fe & — FEEHEIE R KT (Bao er
al., 2019a) . XK WAL H RN A MR HE R 5 1
JE AR ZAEE, OR AR SRR e TR . AR
fe s JE AN, 5 2T AN ERE At R
FEE, W W e I 15 # (Jackman and Lu,
2002). fi R fe SRS m F A B AE, (HARA
BORAR PRI NI BB B 4544, 1 M. sinespinis HEF
WIEFIFT, W M. sinespinis 7] G845 b KRS
At A6 2 o Ta) Ik A, I B S k) Ok R AR R
MERHTAE . — R, FH H s A FERE S S5 /R Ak
HA BN 432552 L (Beutel and Friedrich, 2005),
UUNEE SVERTCAySE Sl TP ok A vap | R W (Y R
Iy (RAGERE, o RHE) 1) 2L (Hsiao et al.,
2017). MBHRFAEAEH R A6 2R I I, WA
a5 R A AT BT R

T RG KA R, fEBHRAE A AR
LHGRTE O 2 (Mordellidae + Ripiphoridae)(Kergoat et
al., 2014), 1H Falin (2003)f5 H KA X R ARG
A 134 RRAE S WARHE e SR I R s A
K, Hode R WAR—FE, B2 RGeS
FRAE. XA 308 T 20 B B} (Tenebrionoidea) [ 24
BT AR, 17— I
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5.2 MREEFMHESSE
MATE B BNERNTER] 1.5—15 mm (Jack-
man and Lu, 2002). /NZHI{E & Multispinus parvus
K 1.2 mm, J& TSR TR e NREIEZ —
FH B At 4 4 3% 301 v (4 46 2 2R B (Mudtispinus mul-

tispinosus, 2.2—2.5 mm; Apotomoura fortiscrura,
1.5—1.7 mm; Primaevomordellida burmitina, 2.9—

3.0 mm), PERFEFEAEPWHE N HELE, 245
H LR R I AR AR T8 /N, R WA
5 mm M. S, Jete RS B R R AL
BX, AKZ 10 mm. HSAEEE L, le X TFR}
HIHARAEEW BAR, RIN: G, MEZK,
SRR, ANsmFEl . XAl RER R T T R
5 3L At A 25 B SRS AN AR S PR IR AN [A)(Wang et al.,
2013; Bao et al., 2018¢c). LK S AEL KL HL
e —FE, HATRIK MG LR 10 R, i st
AL AT B FLAT AL ©AT S BRERSHE G, 1R,
1999) FAe et B £ 17 4 (Franciscolo, 1957). [ E4
R PR AR, AT S A R
S AT AR P (R4 S R ST, ot i 2 A kA rp A
Yy2¢ b b 5 L) B Y 2 — (Dilcher, 2000; Benton,
2010). g 3E HH AR TR ARA K
WA, NERALTT, ZHCE/NR & R
(Poinar, 2017; Liu et al., 2018), X5 Ui{E e HIH
B NMETI) A . IR AR, R TR S
b B R T Re AR AE b IRl b Ak, AHHL R

6 4 W

P 22 20 v 30 4 e 3% B b Ok BAE S RE— B A,
4 N /N2 e &% Multispinus parvus sp. nov.. Ji
RACER FEF BT A4 R PR — R
fEE R I R R A AL T R R Y,
e S AN EL A, BVE AT I B[R] Ak ff) B2 il R
X N AR A 2R L) At e /N A TR

Buft R UK I Rust HER 4R350k, M.
Howell #HIMEUH AR, Wil LHREHETHE
BRI, AR IR R .
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Pollination of Cretaceous flowers
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Insect pollination of flowering plants (angiosperms) is responsible
for the majority of the world’s flowering plant diversity and is key
to the Cretaceous radiation of angiosperms. Although both insects
and angiosperms were common by the mid-Cretaceous, direct fossil
evidence of insect pollination is lacking. Direct evidence of Cretaceous
insect pollination is associated with insect-gymnosperm pollination.
Here, we report a specialized beetle-angiosperm pollination mode
from mid-Cretaceous Burmese amber (99 mega-annum [Ma]) in
which a tumbling flower beetle (Mordellidae), Angimordella burmitina
gen. et sp. nov., has many tricolpate pollen grains attached. A. burmitina
exhibits several specialized body structures for flower-visiting be-
havior including its body shape and pollen-feeding mouthparts
revealed by X-ray microcomputed tomography (micro-CT). The
tricolpate pollen in the amber belongs to the eudicots that comprise
the majority of extant angiosperm species. These pollen grains ex-
hibit zoophilous pollination attributes including their ornamentation,
size, and clumping characteristics. Tricolpate pollen grains attached
to the beetle’s hairs are revealed by confocal laser scanning micros-
copy, which is a powerful tool for investigating pollen in amber. Our
findings provide direct evidence of insect pollination of Cretaceous
angiosperms, extending the range insect-angiosperm pollination
association by at least 50 million years. Our results support the
hypothesis that specialized insect pollination modes were present
in eudicots 99 million years ago.

amber | insect | angiosperm | pollen | paleoecology

ngiosperms, flowering plants, are the most diverse group of
land plants (1). The earliest unequivocal pollen and mac-
rofossils of angiosperms are generally thought to date from the
early Hauterivian (~130 Ma) and early Aptian (~125 Ma), re-
spectively, (2, 3) despite claims based on other fossils and mo-
lecular analyses (1, 4, 5). The apparently rapid and tremendous
evolutionary diversification of angiosperms during the Creta-
ceous was the great “abominable mystery” mentioned by Darwin
and continues to be an active and sometimes a controversial area
of research (6-8). Insect pollination (entomophily) is generally
considered to be a key contributor to the Cretaceous radiation of
angiosperms (9-12). It is generally thought to be the dominant
pollination mode of angiosperms during the early mid-Cretaceous
with specialization increasing during the angiosperm radiation,
supported by basal flower morphology, palynological data, and
phylogenetic inferences (8, 13-15). Some Cretaceous insects are
palynivores of angiosperms based on their pollen- or nectar-feeding
mouthparts (16, 17), gut contents (18), or coprolites (19). However,
a palynivore is not equivalent to a pollinator. Only direct evidence
(pollen-carrying behavior and pollen-feeding mouthparts) can
provide unambiguous demonstration of ancient insect pollination.
Until now, direct evidence of Cretaceous insect pollination sup-
ports insect-gymnosperm pollination, such as that involving thrips
(20), true flies (21), beetles (22, 23), and scorpionflies (17). Although
both insects and angiosperms were common during the mid-
Cretaceous, direct evidence for Cretaceous insect-angiosperm
pollination mode has been absent.
The Coleoptera (beetles) constitute almost 1-4th of all animal
species on Earth (24) and are among the most prominent pollinators of
angiosperms (25, 26). More than 77,000 beetle species are estimated to

www.pnas.org/cgi/doi/10.1073/pnas.1916186116

visit flowers (27). Among these flower-visiting beetles, Mordellidae
(tumbling flower beetles) is one of the most species-rich families,
and adults are easily recognized by their humpbacked body, de-
flexed head, pointed abdomen, and stout hind legs (28, 29). The
majority of extant adult mordellids feed on angiosperm pollen (28,
29). Cretaceous mordellids have been hypothesized to be angio-
sperm pollinators, but direct evidence was lacking (30).

We report a species of Mordellidae from mid-Cretaceous Burmese
amber (see Systematic Descriptions and Notes). We used optical
microscopy, confocal laser scanning microscopy (CLSM), and
X-ray microcomputed tomography (micro-CT) to reveal the mor-
phology of the pollen and beetle mouthparts. Multiple lines of
evidence, including pollen-feeding mouthparts, pollen-carrying
hairs on the body, and zoophilous pollination attributes of these
tricolpate pollen, strongly support a specialized beetle-angiosperm
pollination mode. This is the earliest direct evidence of insect
pollination of angiosperms.

Discussion

Angimordella burmitina exhibit a series of specialized body struc-
tures related to its flower-visiting behavior, similar to its modern
counterparts, which feed on various angiosperm pollen (28, 29). It
has the Mordella-type apical maxillary palpomere, which is enlarged
and securiform (31). This maxillary palpomere is blocked by a thrip,
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but the palpomere shape is revealed by micro-CT (Fig. 1; see Movie
S1 for detailed account). This specialized modification of the
maxillary palpomere has been known to aid collecting and most
likely transporting pollen grains (30, 32). A. burmitina has a
curved and laterally compressed body with a strongly declined
head, allowing for flexibility when feeding inside the flower
(31). Its hind legs are well developed, with enlarged metacoxa
and metafemora and spiny metatibiae and metatarsi, which
make it easier to move on the corolla and from one flower to
another (33). Moreover, A. burmitina has fine hairs; the
spacing and height of these hairs influence the ability of the
hairs to carry pollen grains (34) (Fig. 2 D and E). Accordingly,
the hairs on the beetle’s thorax and abdominal sternites are
distinctly longer than 30 pm, and the spacing between the hairs
is consistent with the width of the coexistent pollen grains
(~20 pm) and is well-adapted for holding and transporting
pollen grains (34).

It is important to note that A. burmitina is covered by abun-
dant tricolpate pollen grains that are mainly distributed on the
thorax and abdomen (Fig. 24). Tricolpate pollen is both
the defining and most important character of the eudicots. The
eudicots comprise ~75% of extant angiosperm species (35). The
earliest fossil record of tricolpate pollen is ~125 million years
old, slightly older than the earliest eudicot macrofossil (36). By

99 million years ago (Burmese amber age), tricolpate pollen had
become widespread worldwide (5, 37-39) and eudicot macro-
fossils are reported from Burmese amber (e.g., refs. 40 and 41).
Many Cretaceous plants with tricolpate pollen are animal-pollinated
and characterized by their ornamentation, size (10-300 pm), and
clumping characteristics (15). Small angiosperm pollen grains in
amber, especially those buried under insect body hairs, are often
not visible under optical microscopy and, thus, could be easily
overlooked. In this study, the pollen grains between body hairs
were detected by confocal laser scanning microscopy (CLSM),
which takes advantage of pollen fluorescence, which contrasts
with the surrounding dark insect cuticle (41) (Fig. 2 D and E).
The tricolpate pollen grains found in Burmese amber exhibit
remarkable zoophilous pollination features including their re-
ticulate surface (Fig. 2H) and presence of pollen clumping (Fig.
2F), thus providing more evidence to support beetle-mediated
pollination. Interestingly, only one type of pollen was found on
this beetle. This could reflect that there were not very many
different types of flowers during the mid-Cretaceous or that the
insect visited only one type of flower before it was trapped in
the amber.

Mordellidae, comprising ~1,500 extant species worldwide, are
among the most basal group of Tenebrionoidea based on mor-
phological analysis and molecular data (24, 42, 43). Although

Fig. 1. Cretaceous tumbling flower beetle A. burmitina. (A) Habitus. (B) Drawing. (C) Prothorax and pronotum highlighted by red dashed lines. (D) Micro-
tomographic reconstruction of the head. Maxillary palpi highlighted in yellow. (E) Abdomen, I-IV represent first to fifth abdominal ventrites. (F) Hind leg, 1-1IV
represent first to fourth metatarsomeres. an, antennae; cl, claw; mp, maxillary palp; py, pygidium; sp, spines on metatibiae and metatarsi; tr, trochanter.
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Fig. 2. A. burmitina and tricolpate pollen grains. (A) Habitus. Pollen grains attached to the body are indicated by red dots, unattached are indicated by
yellow dots, clumped pollen are indicated by blue squares. (B—H) Locations are highlighted in A. (B and C) Pollen grains near the body. Yellow arrows point to
colpi. (D and E) Pollen grains on the body. (F—H) Clumped pollen grains. (G and H) Locations are highlighted in F and G, respectively. Blue arrows point

to colpi.

mordellid-like beetles are reported from the Middle-Late Jurassic
of China and Kazakhstan, the earliest true mordellids (extant
subfamily) are known from the mid-Cretaceous Spanish and Burmese
amber (44). A. burmitina is among the earliest true mordellids and
indicates that mordellid-angiosperm pollination mutualisms have
been present since at least 99 million years ago (Fig. 3). These
mutualisms may be an important driver for the radiation of true
mordellids.

This study provides direct evidence of Cretaceous insect pol-
lination of angiosperms, which is strongly supported by the
flower-visiting body shape, specialized pollen-feeding mouth-
parts, and zoophilous pollen grains attached to the body. The
prior earliest direct evidence of insect pollination of angiosperms
was reported from several pollen-collection bees from the middle
Eocene of Eckfeld and Messel (48 and 45 Ma, respectively) in
Germany (45). Our finding thereby extends the known geological
range of direct evidence of insect pollination of angiosperm by at
least 50 million years.

Systematic Descriptions and Notes

Family Mordellidae Latreille, 1802.
Subfamily Mordellinae Latreille, 1802.
Angimordella burmitina gen. et sp. nov.

Bao et al.

Etymology. The generic name is derived from the Latin prefix
“angi” (referring to angiosperm) and the genus Mordella Linnaeus.
The specific name is derived from Latin “Burmitina,” referring to
the mineralogical name of Burmese amber.

Holotype. NIGP171315 (Fig. 1), a complete beetle with left side
visible but its right side covered by abundant microbubbles. A
thrip is near the maxillary palpi of the beetle on the left side.

Horizon and Locality. Mid-Cretaceous (~99 Ma); Burmese amber,
from the Hukawng Valley, Kachin State, Myanmar.

Diagnosis. Body small, with pronotum and elytra with wrinkles or
ridges dorsally; antennae serrate; mesotibiae and metatibiae
without any kind of ridge including subapical one; pygidium not
well developed, shorter than 1/2 of last abdominal sternite.

Description. Body strongly convex, wedge-shaped, widest near
base of prothorax, slightly narrowed anteriorly and posteriorly
(Fig. 1 A and B). Body length 4.25 mm; ratio of body length to
greatest body width 3:2. Head length 0.51 mm, large, transverse,
strongly declined, with mouthparts directly posteriorly; compound
eyes finely faceted and glabrous. Occipital region wide, surface
with wrinkles and hairs, matching perfectly with anterior edge of

PNAS Latest Articles | 3 of 5

EVOLUTION



o
2
3
|
o
b
3
32
£
]
g
3
z
=
§
2z
[
3
2
z
=l
<
§
3
8
¢}
s
£
=
S
®
°
<
g
S
H
H
3
a

Fig. 3. Ecological reconstruction of A. burmitina. These tumbling flower beetles are feeding on eudicot flowers. The color and morphology of flowers are

artistic only.

pronotum. Antennae comparatively short, with 7 visible anten-
nomeres, obviously serrate (Fig. 1D), covered with hairs. Maxillary
palp length 0.38 mm,; apical maxillary palpomere length 0.18 mm,
securiform, strongly enlarged.

Pronotum length 1.11 mm, slightly narrowed anteriorly, widest
posteriorly, as wide as elytra at base, lateral margin slightly curved,
pronotum disk with ridges and covered by short and dense re-
cumbent hairs (Fig. 1C). Elytra length 2.46 mm, ~2.5 times as long
as pronotum, covering all abdominal segments, with slight surface
relief, gradually curving up to apex proximity; integuments covered
with fine hairs. Forelegs simple, tibiae slender. Mesotibiae and
mesotarsi simple, long and slender. Metaepistena long, rectangular.
Metacoxae greatly enlarged with rounded posterior margin,
extending laterally to meet elytra, widely rounded at posterior
margin; trochanter oblique. Metafemora length 0.80 mm, laterally
compressed and greatly expanded, more than 4 times wider than
mesofemora. Metatibiae length 0.74 mm, blade shaped, about
same length as metafemora with obliquely truncated apexes;
metatibiae without any kind of ridge including subapical one;
apical margin of hind tibiae bearing comb-like setae; ventral side
of metatibiae and metatarsomeres with fine spine-like setae; apical
spurs on metatibiae absent. Metatarsi laterally compressed, com-
paratively sturdy, with comb-like setae on apical margin and apical
spurs on posterior margin, spiny on inner margins (Fig. 1F); length
of four metatarsomeres 0.50 mm, 0.30 mm, 0.18 mm, 0.16 mm,
ratio 5:3:2:2. Claws small and bicleft. Abdomen distinctly narrowed
posteriorly, with 5 free ventrites. Ventrites 1-5 length 0.16 mm,
0.16 mm, 0.15 mm, 0.12 mm, 0.26 mm, ratio 1:1:1:1:2 (Fig. 1E).
Hairs present on abdomen, slightly elongated between sternites.
Pygidium very short, 0.18 mm long.

Remarks. A. burmitina can be attributed to the subfamily Mordel-
linae by the following characters: wedge-shaped body, enlarged last
segment of maxillary palpi; metacoxae greatly enlarged forming a
rounded plate; metafemora expanded and well developed; and
pygidium very short. It resembles Primaevomordellida burmitina
Bao et al. 2019 from Burmese amber (46) in the absence of ridge
on metatibiae and metatarsi but differs from the latter in having a
short pointed pygidium. It is also similar to Mediumiuga sinespinis
Peris & Ruzzier, 2013 from late Albian Spanish amber (47) in
having a very short pygidium and ventrally spiny metatibiaec and
metatarsi but differs from the latter in the absence of ridge on
metatibiae and metatarsi.

40of 5 | www.pnas.org/cgi/doi/10.1073/pnas.1916186116

Pollen Descriptions. There are at least 62 pollen grains (from only
the visible left side of the beetle) in the amber in total, of which
24 pollen grains aggregate into two small clusters near the ab-
dominal end of the mordellid (Fig. 24). Pollen grains in the amber
are retitricolpate and highly uniform in morphology (Fig. 2 B, C,
and H). The shape of the grain is approximately oblate spheroidal,
25.56 pm (30.95-22.08 pm) X 16.49 pm (20.68—13.93 pm) in
equatorial view (based on measurement of the 27 best preserved
pollen grains; SI Appendix, Table S1). The colpi are long, wide,
and deep and extend to the pole. The exine is moderately thick,
~1 pm. The lumina are small, evenly spaced, and ~0.5 pm in diameter.
The pollen clump shape is irregular, and the pollen grains are well
preserved (Fig. 2 F and G), indicating that they are natural floral
remains rather than coprolites (48). These pollen grains can be
confidently attributed to the eudicot monophyletic group (true
dicotyledons), members of which are distinguished from all other
angiosperms by their tricolpate pollen structure (49, 50). We did
not assign the pollen to a taxon given the nature of this micro-
scopic method conducted within amber.

Materials and Methods

Materials. The amber piece came from an amber mine near Noije Bum Village,
Danai Town in northern Myanmar. The U-Pb dating of zircons from the
volcanoclastic matrix of the amber gave a maximum age of 98.8 + 0.6 million
years (51), which is also supported by the ammonite trapped in the amber
(52). The specimen (NIGP171315) is deposited in the Nanjing Institute of
Geology and Paleontology (NIGPAS), Chinese Academy of Sciences.

Optical Photomicrography. Photographs were taken using a Zeiss AXIO Zoom
V16 microscope system at the State Key Laboratory of Paleobiology and
Stratigraphy, NIGPAS. Incident and transmitted light were used simultaneously
in most instances. Each image was digitally stacked with 40-50 individual focal
planes, produced with the software Helicon Focus 6 (https://www.heliconsoft.
com/) for better illustration of the 3-dimensional (3D) structures.

Confocal Laser Scanning Microscopy. Photomicrographs with green back-
ground were taken using a CLSM Zeiss LSM710 system with laser wavelength
488 nm (Laser module LGK 7812 ML5) at the State Key Laboratory of Pa-
leobiology and Stratigraphy, NIGPAS. Based on the diameter and thickness of
amber specimen, 2 objectives (“Plan-Neofluar” 20x/0.50 M27 and “Plan-
Apochromat” 63x/1.40 Oil DIC M27) were applied. AxioVision 4.0 modules with
the software AxioVision Rel. 4.8.2 were used to produce high-resolution images.

X-ray Microcomputed Tomography. To 3-dimensionally reconstruct the beetle,
we scanned the fossil at the micro-CT laboratory of NIGPAS, using a 3D X-ray

Bao et al.
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microscope (3D-XRM), Zeiss Xradia 520 versa. Unlike conventional micro-CT,
which relies on maximum geometric magnification and a flat panel detector
to achieve high resolution, 3D-XRM uses charge-coupled device (CCD)-based
objectives to achieve higher spatial resolution. Based on the size of the fossil
specimen, a CCD and 4x objective was used, providing isotropic voxel sizes of
3.43 pm with the help of geometric magnification. During the scan, the
acceleration voltage for the X-ray source was 50 kV (power 4W), and a thin
filter (LE3) was used to avoid beam hardening artifacts. To improve signal-to-
noise ratio, 3,000 projections over 360° were collected, and the exposure time
for each projection was 5 s. Volume data processing was performed using
software VGStudio Max (version 3.0, Volume Graphics, Heidelberg, Germany).

Nomenclatural Acts. This published work and the nomenclatural acts it con-
tains have been registered in ZooBank, the proposed online registration
system for the International Code of Zoological Nomenclature. 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 LSIDs for this publication are as follows: urn:lsid:zoobank.org:pub:
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ABSTRACT

Within this study the subfamily Praemordellinae is reviewed and the holotype of Praemordella martynovi
Scegoleva-Barovskaja, 1929 is re-described. The genera Cretanaspis Huang and Yang, 1999, Mirimordella
Liu et al., 2007, Bellimordella Liu et al., 2008 and Wuhua Wang and Zhang, 2011 is attributed to
Praemordellinae. One new species, Wuhua peregrina sp. nov., is erected based on two well-preserved
specimens from the Middle Jurassic Daohugou Biota (Inner Mongolia, China). The morphological
characters of Praemordellinae are given and a key to genera of Praemordellinae is presented.
Praemordellinae is closely related to extant Mordellidae in having humpbacked body, strongly deflexed
head, filiform antennae and pectinate tarsal claws, but it is differing in that the pygidium absent and hind
femora not well developed. It is also similar to Ripiphoridae in having a convex body and simple tarsi, but
differs Ripiphoridae in having filiform antennae. Praemordellinae is probably a stem group including the
ancestor of Mordellidae and Ripiphoridae. Also, within this paper, the fossil record of Mordellidae is

summarized.

© 2019 The Geologists' Association. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The Mordellidae Latreille et al., 1802 (Tenebrionoidea Latreille
et al,, 1802), commonly known as tumbling flower beetles, is a
relatively homogeneous group comprising about 1500 extant
species worldwide (Jackman and Lu, 2002; Lawrence and Slipifiski,
2010). They are easily recognizable beetles with a wedge-shaped
humpbacked body, a long pygidium (an elongated last tergum),
highly developed hind coxal plates, enlarged hind femora and
spiny ridges on the tibiae and tarsi of hind legs (Jackman and Lu,
2002). Adults of the species are mainly phytophagous, apparently
feeding on the pollen of many different plant species, especially of
umbelliferous (Apiaceae) and composite (Asteraceae) flowers
(Jackman and Lu, 2002), although some species may graze on a

* Corresponding author at: Institut fiir Geowissenschaften und Meteorologie,
Rheinische Friedrich-Wilhelms-Universitdt Bonn, Nussalle 8, 53115 Bonn, Germany.
** Corresponding author at: Beijing Museum of Natural History, 126 Tian Qiao Nan
Street, Dongcheng District, Beijing, 100050, China.
E-mail addresses: baotongking@gmail.com (T. Bao), zxs227@163.com (X. Zhang)

https://doi.org/10.1016/j.pgeola.2019.02.002

fungi’s surface (Lawrence and Slipifiski, 2010). The larvae are
primarily herbivorous feeding on a herbaceous stems, decaying
wood, and fungi (Ford and Jackman, 1996; Lawrence and Slipiriski,
2010). The family includes two living subfamilies: Ctenidiinae
Franciscolo, 1951 with only one species from South Africa, and
Mordellinae Latreille et al., 1802 consisting of over 100 genera
(Bouchard et al., 2011; Lawrence and Slipinski, 2010). Additionally,
an extinct subfamily Praemordellinae Scegoleva-Barovskaja, 1929,
was erected by Scegoleva-Barovskaja (1929). Liu et al. (2007,2008)
justified the adhesion of Praemordellinae as a new subfamily of
Mordellidae and included some new extinct species based on their
primitive characters. Praemordellinae traditionally are considered
as the ancestor of the living family members.

Compared to other families of Tenebrionoidea, Mordellidae
has a richer fossil record. The earliest Mordellidae was from
Albian Spanish amber (tribe: Mediumiugini) (Peris and Ruzzier,
2013) with absence of pygidium and preservation of primitive
legs characters. The first true Mordellidae with iconic pygidium
was described from lower Cenomanian Burmese amber (Bao
et al,, 2019). In addition, a further 28 species are known as
amber inclusions or impressions from the Paleogene of Europe

0016-7878/© 2019 The Geologists' Association. Published by Elsevier Ltd. All rights reserved.
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and North America (Table 1). Some undescribed specimens
come from the Late Cretaceous Burmese, New Jersey and
Canadian amber (Crowson, 1981; Grimaldi et al., 2002; Grimaldi
and Engel, 2005; McKellar et al., 2008). Moreover, eight
mordellid-like beetles have been described (Table 2): one from
the Middle Jurassic of Daohugou, China (Wang and Zhang, 2011);
one from the Late Jurassic of Karatau, Kazakhstan (Scegoleva-
Barovskaja, 1929), five records from the Early Cretaceous of

Table 1
Fossil records of Mordellidae.

China (Huang and Yang, 1999; Liu et al., 2008, 2007) and one
record from lower Cenomanian amber of Myanmar (Bao et al.,
2018b). Fossil Mordellidae are highly important for understand-
ing the early evolution of Tenebrionoidea, even Coleoptera,
because they are usually regarded as a calibration point used for
dating the molecular phylogeny of Tenebrionoidea or Coleoptera
(Gunter et al., 2014; Hunt et al., 2007; Levkanitova and Bocak,
2009; McKenna and Farrell, 2009). The fossils with incorrect

Fossil taxa Age

Deposit

late Pleistocene
late Pleistocene

undescribed

Mordella atrata

Mordellistena sp.

Mordella indata Statz, 1952

Mordella nigripilosa Statz,1952

Stenalia oligocenica Nel, 1985
undescribed

undescribed

Glipostena ponomarenkoi

Odnosum and Perkovsky, 2009

Mordella priscula Cockerell,1924
Isotrilophus rasnitsyni Odnosum and Perkovsky, 2016
Mordella lapidicola Wickham, 1909
Mordella stygia Wickham, 1914
Mordellistena florissantensis Wickham, 1912
Mordellistena nearctica Wickham, 1914
Mordellistena protogaea Wickham, 1914
Mordellistena scudderiana Wickham, 1914
Mordellistena smithiana Wickham, 1913
Tomoxia inundata Wickham, 1914
undescribed

Glipostena sergeli Ermisch, 1943
Falsomordellistena eocenica Kubisz, 2003
Mordella inclusa Germar, 1813

Mordella scheelei Ermisch, 1941
Mordellaria friedrichi Perkovsky and Odnosum, 2013
Mordellistena amplicollis Ermisch, 1941
Mordellistena antiqua Ermisch, 1941
Mordellistena goeckei Ermisch, 1941
Mordellistena korschefskyi Ermisch, 1941
Mordellistena soror Ermisch, 1941
Succimorda rubromaculata Kubisz, 2001
Tomoxia succinea Bao, 2018

Asiamordella furvis (Hong, 2002)
undescribed

undescribed

Primaevomordellida burmitina Bao, 2019
Mediumiugini Peris and Ruzzier, 2015
Mediumiuga sinespinis Peris, 2013

Oligocene (Chattian)
Oligocene (Rupelian)
Miocene
Miocene

upper Eocene

middle Eocene

middle Eocene
Eocene

lower Eocene (Ypresian)

upper Eocene (Priabonian)

Upper Cretaceous (Campanian)
Upper Cretaceous (Turonian)
Upper Cretaceous (Cenomanian)
Lower Cretaceous (Albian)

Olympia beds Formation, USA (Ashworth and Nelson, 2014)
Ziegler Reservoir, USA (Elias, 2014)

Rott-am-Siebengebirge, Germany (Statz, 1952)

Cereste, France (Nel, 1985)

Mexican Amber (Poinar, 1993)

Dominican amber (Grimaldi and Engel, 2005)

Rovno amber, Ukraine (Odnosum and Perkovsky, 2010)

Green River Formation, USA (Cockerell, 1925; Odnosum and Perkovsky,
2016)

Florissant Formation, USA (Cockerell, 1907; James, 1939; Scudder, 1890;
Wickham, 1913)

Kishenehn Formation, USA (Greenwalt et al., 2016)
Baltic amber (Bao et al., 2018a; Engel, 2001; Ermisch, 1943; Germar, 1813;
Kubisz, 2003; Perkovsky and Odnosum, 2013)

Fushun amber, China (Zhang and Hong, 1999)
Canadian amber

New Jersey amber

Burmese amber (Bao et al., 2019)

Spanish amber

Table 2
Fossil records of mordellid - like species.

Fossil taxa (traditional systematics) Age

Deposit

Unknown family

Wuhua sp. Wang and Zhang, 2011

Mordellidae Latreille et al., 1802

Praemordellinae Scegoleva-Barovskaja, 1929

Praemordella martynovi Scegoleva-Barovskaja, 1929

Mordellidae Latreille et al., 1802

Cretamordella lushangfenensis Huang and Yang, 1999

Mordellidae Latreille et al., 1802

Praemordellinae Scegoleva-Barovskaja, 1929
Mirimordella gracilicruralis Liu, 2007

Bellimordella capitulifera Liu, 2008

Bellimordella longispina Liu, 2008

Bellimordella robusta Liu, 2008

Apotomouridae Bao, 2018

Multispinus multispinosus Bao, 2018

Apotomoura fortiscrura Bao, 2018

Middle Jurassic

Late Jurassic

Early Cretaceous

Early Cretaceous

lower Cenomanian

Daohugou biota, Inner Mongolia, China

Karatau, Kazakhstan

Western Beijing, China

Yixian formation, Liaoning, China

Burmese amber, Myanmar
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taxonomic data may have an inaccurate influence on dating
results (McKenna, 2011). Recently, new specimens were
collected from the Middle Jurassic Daohugou deposit, which
had such detailed preservation and diagnostic characters that
they have paved the way for the re-examination of the holotype
of P. martynovi. Praemordella martynovi Scegoleva-Barovskaja,
1929, from the Late Jurassic of Kazakhstan, was previously
considered to be the earliest Mordellidae (Hunt et al., 2007; Liu
et al,, 2007). However, the original description and illustration of
the type are incorrect, and some important characters of this taxon
need further revision (Liu et al., 2007; Wang and Zhang, 2011).
Here we re-describe the holotype of P. martynovi, erect a new
species of Wuhua based on one well-preserved specimen from
Daohugou, and discuss the phylogenetic position of Mesozoic
mordellid-like beetles.

2. Geological setting

The holotype of Praemordella martynovi was collected from the
Upper Jurassic Karabastau Formation of the Karatau Range near the
village of Aulie (formerly called Mikhailovka), Chayan District,
Chimkent Region, southern Kazakhstan (Fig. 1A). The Karabastau
Formation, yielding about 18,000 insect fossils to date, is among
the world’s most prolific sources of fossil insects (Rasnitsyn and
Zherikhin, 2002). The deposits consist of grey, laminate siltstones,
marls, limestones and dolomites, and almost all organic remains
are from the uppermost layers (Szwedo and Zyla, 2009). The
Karatau paleo-lake originated in the inner-mountain basin, and
relatively rapidly was filled with proluvial sediments. Its age is
probably Callovian-Kimmeridgian based on the analysis of plant
and spore-pollen assemblages (Kirichkova and Doludenko, 1996),
but the precise age remains unclear because of the lack of a definite
radiometric age. The water in the lake was characterized by high
hardness and relatively high salinity, and the paleoclimate was dry
(Ponomarenko et al., 2005). Preserved in this deposit there are
abundant fishes, insects, and diverse plants including bennettita-
leans, cycads, conifers, and ferns (Doludenko and Orlovskaya,
1976). The insects from Karatau are preserved as organic remains
in dark grey siltstone. These insects have been intensively studied
during the past eighty years and include 19 orders and several
thousand species. Among them, the Coleoptera is the most diverse
group and comprises approximately half of all the fossil insects
from Karatau (Yan, 2009).

The two other specimens come from the Middle Jurassic
Daohugou beds of Wuhua Township, Ningcheng County, Chifeng
City, Inner Mongolia of China (Fig. 1B). The Daohugou deposit,
consisting of grey tuff, tuffaceous siltstone, and mudstone is now
considered to be one of the most important insects deposit. Most
fossil insects from Daohugou are preserved as organic remains on
the surface of grey tuffaceous siltstones, usually in such impecca-
ble detail that even fine setae can be discerned on tiny specimens
(Wang et al., 2009). The radiometric dating of the underlying and
overlying ignimbrite suggested that the Daohugou biota occurred
at an interval from 168 Ma to 152 Ma (Liu et al., 2006), a Middle
Jurassic or early Late Jurassic age. In this paper, we adopted the
rough Middle Jurassic age, which was supported by most palae-
ontologists based on the analysis of fossil plants, conchostracans,
bivalves, and insects (Jiang, 2006; Rasnitsyn et al., 2006; Ren et al.,
2002; Shen et al., 2003; Zhou et al., 2007). The paleoclimate in
Daohugou during the mid-Jurassic times was warm temperate, and
the flora was dominated by Bennettitales, Filicales, Pinales,
Ginkgoales, and Coniferales (Pott et al., 2012; Zhang, 2006). The
coleopteran assemblage is the most diverse group in this fauna and
more than 10 families have been described and a plethora of fossils
(especially Polyphaga) await further description (see a summary in
Kirejtshuk et al., 2010).

3. Materials and methods

The specimens were examined dry and under alcohol, using a
Nikon SMZ1000 stereomicroscope. Photographs were prepared
using a digital camera (DXM1200) connected to the stereomicro-
scope, and line drawings were readjusted on photographs using
image-editing software (CoreDRAW X4 and Adobe Photoshop CS).
In drawings, dashed lines indicate faintly seen and hypothesized
missing parts. All measurements in the description are given in
millimetres.

The specimen PIN is deposited at the Borissiak Paleontological
Institute, Russian Academy of Sciences, Moscow, Russia; speci-
men CNU-C-NN2007203 at the Key Lab of Insect Evolution and
Environmental Changes, Capital Normal University, Beijing,
China; and specimen NIGP154954 at the Nanjing Institute of
Geology and Palaeontology, Chinese Academy of Sciences,
Nanjing, China.

4. Systematic paleontology

Order Coleoptera Linnaeus, 1758

Superfamily Tenebrionoidea Latreille et al., 1802

Family Mordellidae Latreille et al., 1802

Subfamily Praemordellinae Scegoleva-Barovskaja, 1929

[Praemordellinae] S¢egoleva-Barovskaya, 1929, Comptes Rendus
del’Academie des. Sci. 'URSS 27-29. - Liu et al., 2007, Zootaxa 1415,
49-56. - Liu et al.,, 2008, Cretaceous Research 29, 445-450. -
Bouchard et al., 2011, Zookeys 88, 389. - Liu et al., 2015, Journal of
Environmental Entomology 37, 866: [stem: Praemordell-].

Praemordellidae Wang, 1993, Acta Geologica Sinica, 67, 86-94.

Type genus. Praemordella Scegoleva-Barovskaja, 1929, by origi-
nal designation.

Emended diagnosis. Body wedge-shaped, arched, with fine
pubescence. Antennae filiform, inserted in front of eyes; maxillary
palpi linear, last segment with slight enlargement. Eyes ovate, not
reaching occiput, head deflexed strongly, constricted behind eyes
to form a neck; hind coxae enlarged to a small but transversely
elliptical plate; hind femora slender, not as enlarged as those of
modern mordellids; hind tibiae longer than hind femur; penulti-
mate tarsal segments simple; tarsal claws pectinate; last tergite
without prolongation.

Composition. Five genera: the type genus Praemordella Scego-
leva-Barovskaja, 1929; Wuhua Wang and Zhang, 2011 (Middle
Jurassic; Daohugou deposits of China); Cretanaspis Huang and
Yang, 1999 (Early Cretaceous; Lushangfen Formation of China);
Mirimordella Liu et al., 2007 and Bellimordella Liu et al., 2008 (Early
Cretaceous; Yixian Formation of China).

Remarks. Two “Mordellidae” fossils from the Lower Cretaceous
of Australia and Spain respectively probably belong to this family
(Jell and Duncan, 1986; Soriano et al., 2007).

Key to genera of Praemordellinae

1 Hind coxae with width/length ratio about 3

- Hind coxae strongly enlarged, width/length ratio < 2.5

2 Hind tibiae longer than hind tarsi, with oblique truncate apex.

............................ Wuhua Wang & Zhang

- Hind tibiae shorter than hind tarsi, with straight truncate apex

. eee e+ euu wee o...Praemordella Scegoleva-Barovskaja
3. Hind tibiae much longer than hind tarsi; hind apical spur
longer than 1sttarsomere ... ... ... ... ... cov cun ..
. ....Cretanaspis Huang & Yang
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Fig.1. (A) map of the locality of Karabastau Formation in southern Kazakhstan. Highlighted area enlarged and shown in detail. 1, main fossil locality near village of Aulie. Scale
bars=50km. (B) map of the Daohugou biota in Inner Mongolia and north-eastern China. Highlighted area enlarged and shown in detail. 1, Daohugou locality. Scale
bars =20 km. Research materials collected from the localities with red triangle mark. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article).
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- Hind tibiae shorter than hind tarsi; hind apical spur shorter

than 1sttarsomere... ... ... ... ... ... ... ...4

4 Elytra curved; hind tibiae with oblique truncate apex

ce+ eee +ee wvs +u. ... ... Mirimordella Liu, Lu & Ren

- Elytra flat; hind tibiae with straight truncate apex

st eee ii eie wie wvo .....Bellimordella Liu, Zhao & Ren

Genus Praemordella Scegoleva-Barovskaja, 1929

Type species. Praemordella martynovi Scegoleva-Barovskaja,
1929. Monotypy.

Revised diagnosis. Elytra flat, tapering on apical 1/3; hind coxae
transversely enlarged to form an elliptical plate, width/length ratio
about 3; hind tibiae expanded apically, shorter than hind tarsi,
with straight truncate apex. It is most closely related to Wuhua in
having the flat elytra, wide hind coxae, but differs from Wuhua in
having the hind tibiae shorter than hind tarsi, with straight
truncate apex. It is different from Mirimordella in having the flat
elytra, wide hind coxae, middle coxae distant from fore coxae, and
hind tibiae with straight truncate apex; from Bellimordella in
possessing the wide hind coxae; from Cretanaspis in having the
hind tibiae much longer than hind tarsi, and hind apical spur longer
than 1 st tarsomere.

Type horizon and locality. Karabastau Formation, Upper Jurassic;
village of Aulie, Chayan District, Chimkent Region, southern
Kazakhstan.

Praemordella martynovi Scegoleva-Barovskaja, 1929

(Figs. 2-3A)

Diagnosis. Body moderate sized (length about 9 mm). Pronotum
strongly convex, about one-fourth of elytra length. Middle tarsal
ratio 10:4:4:3:3. Hind tarsi slightly longer than hind tibiae, tarsal
ratio 10:5:4:4.

Description. Body medium-sized, elongate. Head strongly
deflexed and deformed, eyes large, ovate, about 0.5 times as long
as head. Pronotum strongly convex, 0.25 times as long as elytra;
lateral sides rounded. Scutellum not visible. Metepisternum long,
narrow, broad anteriorly.

All tibiae and tarsi with distinct apical ridges. Fore femora
slightly longer than tibiae, fore tibiae slightly increasing in width
apically; apical spur not visible; fore tarsi with basal 2 segments
preserved. Middle femora as long as tibiae, longer than fore ones;
two subequal apical spurs simple, 1/3 as long as tarsomere I;
middle tarsi 1.2 times as long as middle tibiae, tarsal ratio
10:4:4:3:3. Hind coxae transversely enlarged to form an elliptical
plate, which is slightly shorter and wider than the hind femora;
width/length ratio 3:1; hind femora wider and longer than fore or
middle ones; hind tibiae 1.1 times longer than femora, slightly
increasing in width apically; two apical spurs visible, about 1/4 as
long as tarsomere I; hind tarsi 1.1 times as long as hind tibiae, tarsal
ratio 10:5:4:4.

Abdomen with 5 visible segments, sharply tapering towards
apex from segment IIl. Segment I slightly longer than the other
segments; segment 3 shortest; segment V extended beyond elytra;
last tergite without prolongation, as sclerotized as its ventrites.

Measurements (mm). Body length 6.5 (from front edge of head
to tip of elytra). Head length 1.0. Fore leg length: femur 1.3; tibia
1.2; tarsomeres 1-2 0.65, 0.31. Middle leg length: femur 1.6; tibia
1.6, tibial spur 0.27; tarsomeres 1-5 0.80, 0.33, 0.32, 0.24, 0.24.
Hind leg length: coxae 0.57; femur 1.9; tibia 2.2, tibial spur 0.22;
tarsomeres 1-4 1.04, 0.52, 0.40, 0.40; tarsal claws 0.30. Pronotum
length 1.2. Length of abdominal segments 1-5 0.56, 0.52, 0.32, 0.60,
0.52. Elytral length 5.5.

Type material. Holotype PIN, a beetle with head deformed in a
lateral position (with the right side fully exposed).

Locality and horizon. Late Jurassic Karabastau Formation; village
of Aulie, Chayan District, Chimkent Region, southern Kazakhstan.

Remarks. The type specimen does not have a true pygidium
because the elongated and pointed abdomen illustrated by
Scegoleva-Barovskaja (1929) is not a prolongation of the last
terminal tergite, but the last few abdominal segments extended
together. A similar taphonomic condition also occurs in some other
beetles. For example, the last few abdominal segments of a
tenebrionoid beetle (CNU-C-NN2007203) were extended from the
abdomen, making this part appear to be a pointed “pygidium”
(Fig. 4).

Genus Wuhua Wang and Zhang, 2011

Type species. Wuhua jurassica Wang and Zhang, 2011.

Revised diagnosis. Antennae filiform, as long as pronotum. Elytra
tapering on apical 1/3, apex individually rounded; middle coxae
separated from each other, distant from fore coxae; hind coxae
transversely enlarged to form an elliptical plate, width/length ratio
3:1; hind tibiae expanded apically, longer than hind tarsi, with
oblique truncate apex. Wuhua differs from Praemordella Scegoleva-
Barovskaja, 1929 in having hind tibiae longer than hind tarsi, with
oblique truncate apex; differs from Mirimordella in possessing flat
elytra with rounded apex, middle coxae distant from fore coxae,
wide hind coxae, and longer hind tibiae with straight truncate
apex; differs from Bellimordella in having middle coxae distant
from fore coxae and hind coxae wide; and distinctly different from
Cretanaspis in having the longer hind tarsi, and the hind apical spur
shorter than 1 st tarsomere.

Type horizon and locality. Middle Jurassic Daohugou deposits;
Wuhua Town, Ningcheng County, Chifeng City, Inner Mongolia,
China.

Composition. Two species: Wuhua jurassica Wang and Zhang,
2011 and W. peregrina sp. nov., both from the Middle Jurassic of
Daohugou, China.

Wuhua peregrina sp. nov.

(Figs. 3B, 5)

Diagnosis. Body large (length about 12 mm). Pronotum short,
about one-fourth of elytra length. Hind tarsi slightly shorter than
hind tibiae, tarsal ratio 5:2:2:2. It differs from W. jurassica in having
a larger body, shorter pronotum, and tarsomere I shorter than
tarsomeres II-IV of hind tarsi.

Description. Body elongate, with short pubescence. Head
strongly deflexed, constricted behind eyes, with a clear occipital
protrusion. Maxillary palpi linear, with 3 complete segments
visible; length ratio from base to apex 3:2:3, with terminal one
distinctlyenlarged. Eyeslarge, ovate,about 0.5 times as long as head.
Mouth-parts not clearly visible. Antennae inserted in front of eyes:
one antenna with only distal 5 antennomeres visible. Pronotum
strongly convex, widened posteriorly, slightly longer than head;
basal angles acute; base straight. Scutellum small, sharply pointed
posteriorly. Epipleuron narrow, extending apically on 1/3 of basal
elytra. Metepisternum long, narrow, broad anteriorly.

All tibiae and tarsi with distinct apical ridges; tarsi simple;
claws pectinate. Fore coxae conical, fore tibiae slightly increasing
in width apically; fore tarsi 0.8 times as long as fore tibiae, tarsal
ratio 10:7:6:6:8. Middle coxae almost triangular; middle tro-
chanters small; middle femora slightly shorter than tibiae; apical
spurs simple, 1/4 as long as tarsomere I; middle tarsi slightly longer
than middle tibiae, tarsal ratio 9:4:4:4:5. Hind coxae transversely
enlarged to form an elliptical plate; width/length ratio 3:1; hind
trochanters small; hind femora wider and longer than middle one;
hind tibiae slightly longer than femora, 1.2 times as long as hind
tarsi, slightly increasing in width apically; one apical spur visible,
curved, 1/4 as long as tarsomere I; hind tarsi with tarsal ratio
5:2:2:2.

Abdomen with 5 visible segments, sharply tapering towards
apex from segment Ill. Segment I slightly longer than the other
segments; segments 2-5 subequal in length; last tergite without
prolongation, as sclerotized as its ventrites.
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Fig. 2. Praemordella martynovi Scegoleva-Barovskaja, 1929, PIN, holotype. (A) Body. (B) Tarsus of hind leg. (C) Tarsus of middle leg. Scale bars=2 mm in (A); 1 mm in (B-C).

Measurements (mm). Body length 11.5 (from front edge of head
to tip of elytra). Head length 2.1. Eye length 1.0. Fore leg length:
tibia 1.6; tarsomeres 1-5 0.67, 0.47, 0.40, 0.40, 0.54. Middle leg
length: femur 2.7; tibia 3.1, tibial spur 0.28; tarsomeres 1-5 1.16,
0.54 0.50, 0.54, 0.67; tarsal claws 0.47. Hind leg length: coxae 0.81;
femur 3.0; tibia 3.8, tibial spur 0.75; tarsomeres 1-4 1.39, 0.54,
0.54, 0.60; tarsal claws 0.40. Pronotum length 2.2. Scutellum

length: 0.7. Length of abdominal segments 1-51.08, 0.81, 0.81, 0.81,
0.94. Elytral length 9.3.

Type material. Holotype NIGP154954, a complete beetle in
lateral position (with the right side fully exposed).

Locality and horizon. Middle Jurassic; Daohugou deposits (41°18’
N, 119°13’ E), Wuhua Town, Ningcheng County, Chifeng City, Inner
Mongolia, China.
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Fig. 3. (A) Praemordella martynovi Scegoleva-Barovskaja, 1929, PIN, holotype. (B) Wuhua peregrine sp. nov., NIGP154954, holotype.

Fig. 4. A tenebrionoid beetle, CNU-C-NN2007203. Scale bar=5 mm.

Etymology. Specific epithet is from the Latin word “peregrine”,
meaning strange.

5. Discussion
5.1. Praemordellinae (Polyphaga: Tenebrionoidea)

Praemordellinae remains a subfamily in Mordellidae but differs
from most families within Tenebrionoidea in the following
characters: body convex; head strongly deflexed, not retracted
into prothorax; antennae filiform and tarsi simple. It is similar to
extant Mordellidae in having the humpbacked body, strongly
deflexed head, filiform antennae and pectinate tarsal claws, but
distinctly different in the absence of the pygidium, hind femora not
well developed, and absence of the preapical ridges on the hind
tibiae. Praemordellinae is similar to Ripiphoridae in having the
convex body and simple tarsi, but differs from the latter in having
filiform antennae. It also resembles Scraptiidae in having the
filiform antennae, and humpbacked body, but differs in having
pectinate tarsal claws (simple in Scraptiidae), and penultimate
tarsal segments simple (distinctly lobed in Scraptiidae). Further-
more, Praemordellinae is different from Meloidae in having the
humpbacked body with middle coxae separated from each other;
and different from Tetratomidae because the latter has the short,
triangular, slightly deflexed head.

The monotypic family Liaoximordellidae (type species Liaox-
imordella hongi) was established by Wang, 1993 based on a nearly
complete, dorsoventrally compressed specimen from the Lower
Cretaceous Yixian Formation of western Liaoning, China (Wang,
1993). Currently L. hongi is regarded as a basal member of the
Mordellidae based on the following four characters (Wang, 1993):
basal and apical segments of the antennae are shorter than middle
ones; head and pronotum are large, broader than long; legs are
slender with distinct tibial spurs; pygidium is present. The first
three characters are not autapomorphies of Mordellidae, and can
be found in some Tenebrionoidea groups, such as Melandryidae
and Scraptiidae (Wang, 1993). Judging from the photograph, L.
hongi does not have an elongate and pointed terminal tergite. Its
last abdominal segment is just extruded, and this taphonomical
deformation is common in dorsoventrally compressed beetles
(e.g., figs. 5-8 in Kirejtshuk et al., 2010; figs. 8-10 in Nikolajev et al.,
2011). Huang and Yang (1999) suggested that it was a primitive
representative of Ripiphoridae. However, L. hongi is distinguished
from typical Ripiphoridae in having filiform antennae, and no
distinct characters show its close relationship with Ripiphoridae.
Additionally, some Tenebrionidae beetles were known from the
same horizon (Kirejtshuk et al, 2012). L. hongi may be a
representative of Tenebrionidae, and more clear evidence is
needed to resolve this taxonomic issue.

The family Apotomouridae has recently erected and it includes
two species Multispinus multispinosus and Apotomoura fortiscrura
from Burmese amber (lower Cenomanian, ca. 99 Ma) (Bao et al.,
2018b). The retractile wedge-shaped body and tarsal formula 5-5-4
placed Apotomouridae in Tenebrionoidea. Apotomouridae shares
similarities with Mordellidae in body shape, antennae shape,
ventrite numbers, etc., but the absence of pygidium, the coxae form
and complex appendix structures on hind legs make it difficult to
assign with Mordellidae. The absence of pygidium also applies for
Praemordellinae, whereas Apotomouridae shows more detail
structures e.g. ventrite setae, hind femora spines and tibiae spines,
indicating an adaption for the late Cretaceous environment.

Liu et al. (2007) indicated that “Praemordellinae” could be
placed in Mordellidae on the following characters: tarsal formula is
5-5-4; body is wedge-shaped, elongate and arched, with fine
pubescence; head is deflexed, constricted behind the eyes to form a
neck; abdomen extends beyond elytra. These characters are not
autapomorphies of Mordellidae, and all can be found in the
Ripiphoridae and Scraptiidae. Primitive characters of Praemordel-
linae indicate that this group could arise earlier than the relative
extant taxa, and furthermore could consist ancestors of
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Fig. 5. Wuhua peregrine sp. nov., NIGP154954, holotype. (A-B) Body. The specimen was photographed dry (A) and under alcohol (B). (C) Head. (D) Tarsus of middle leg. (E)

Tarsus of hind leg. Scale bars=5mm in (A-B); 1 mm in (C-E).

Mordellidae, Ripiphoridae and Apotomouridae. Extant Mordelli-
dae is a well-supported monophyletic group, defined by the
pointed pygidium, strongly enlarged metacoxae, and spiny
subapical ridges on the metatibia and metatarsus (Franciscolo,
1957; Jackman and Lu, 2002; Lawrence and Slipiniski, 2010). To
complete a well-supported cladistic analysis, more robust mor-
phological data are needed for fossils and some important
morphological characters must be re-examined. With current
data, the phylogenetic analysis may premature.

5.2. Mesozoic Tenebrionoidea

The Mesozoic records of Tenebrionoidea are quite abundant,
dominated by Burmese amber species that are increasing each year
(Batelka et al., 2018). The relationship between basal taxa in
Tenebrionoidea like Mordellidae, Ripiphoridae has been argued for
a long time. Crowson (1955) indicated close relationships between
the scraptiids and mordellids, but later he suggests a tenebrionoid
lineage consisting of Melandryidae, Mordellidae +Ripiphoridae
and Scraptiidae (Crowson, 1966). Lawrence (1982) suggested a
slightly different group, placing Tetratomidae, Melandryidae,
Mordellidae and Ripiphoridae into a single assemblage. The
ripiphorid-mordellid relationship is also supported by Franciscolo
(1957, 2000) based on the similarities of Ctenidiinae and some
Ripiphoridae. However, it was questioned by Svicha (1994) with
the preliminary comparative observations on the larvae of
Pelecotoma fennica (Ripiphoridae: Pelecotominae) and various
mordellids. In recent studies, molecular analyses also supported
the sister-group relationship between the Ripiphoridae and
Mordellidae, and further indicated this lineage is probably a

primitive group (Batelka et al., 2016; Hunt et al., 2007; Levkani¢ova
and Bocak, 2009; Zhang et al., 2018). Despite the widespread
opinion considering Mordellidae closely related to the Ripiphor-
idae, their phylogenetic relationships with other families of
Tenebrionoidea remain unclear (Falin, 2002). However, the up-
to-date knowledge supported a clade of Mordellidae +Ripiphor-
idae sister to all remaining Tenebrionoidea and Lymexylidae
(Batelka et al., 2016). The adult characters show that Praemordel-
linae is closely related to Mordellidae, Ripiphoridae and the fossil
family Apotomouridae, and thus probably is a stem group
including the ancestor of these families. However, further
elucidation of phylogenetic position of Praemordellinae will
require additional study of tenebrionoid phylogeny.

5.3. Paleoecology

Modern Mordellidae have the most common jumping adaption
of adult beetles, in which case the hind coxae are much enlarged
(Crowson, 1981). When disturbed or captured the adults kick with
their hind legs which make them bounce quickly (Jackman and Lu,
2002). The elongated last tergite (pygidium) in extant mordellids is
useful for keeping balance, and its appearance is associated with
the jumping ability (Franciscolo, 1954, 1957; Liu et al.,, 2007).
Jurassic Praemordellinae had wide hind coxae and slender femora,
and the absence of pygidium. They probably had a weak ability to
jump and tumble. Some Early Cretaceous Praemordellinae species
(e. g. Cretamordella lushangfenensis Huang and Yang, 1999) had
developed enlarged hind coxae and longer femora, which suggests
an improvement of jumping ability. It was not until the mid-
Cretaceous, when true mordellids appeared, indicated by the
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strongly enlarged hind coxae and well-developed pygidium, which
display no major morphological differences from modern mor-
dellids (Bao et al., 2019; Grimaldi, 2000; Grimaldi et al., 2002).
Although the great improvement of jumping ability of Mordellidae
seems to co-occur with the rise of angiosperms in the mid-Creta-
ceous, the specialization is not directly related to the evolution of
angiosperms (Wang et al., 2013). The ability to jump is a
particularly interesting predator avoidance behaviour that has
been shown to be very effective (Ge et al., 2011). Therefore, the
formation of jumping legs of Mordellidae probably results from the
intense predation pressure from newly-evolved insectivorous
animals which diversified during the Early Cretaceous, such as
small feathered theropods, primitive mammals, and early birds
(e.g. Luo, 2007; Zhou, 2006). In addition, the presence of the
jumping mechanism of Mordellidae may reinforce the greater
diversification rate, as with the flea beetles (Ge et al, 2011). A
better understanding of the phenomenon awaits further study of
more Cretaceous mordellid-like beetles.
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1. Introduction

The family Mordellidae, is thought to be among the most basal
group of Tenebrionoidea based on molecular data (Hunt et al.,
2007; McKenna and Farrell, 2009). All fossils attributable to Mor-
dellidae refer only to Mordellinae, and Praemordellinae sub-
families, while so far there is no trace of Cteniidinae.

The Cenozoic Mordellidae discovered in Fushun amber of the
Eocene of China (Zhang and Hong, 1999), Kishenehn Fm., Eocene
of Montana, USA (Huber and Greenwalt, 2011), Green River Fm.,
Eocene of Colorado, USA (Cockerell, 1925), Baltic amber of the
Eocene Baltic gulf (Kubisz, 2003; Odnosum and Perkovsky, 2010;
Perkovsky and Odnosum, 2013), Florissant Fm., Oligocene of
Colorado, USA (Scudder, 1890; Cockerell, 1907), Rott Fm., Oligo-
cene, Germany (Statz, 1952), Carbonate Fm., Oligocene, France
(Nel, 1985), Mexican amber, Miocene, Mexico (Poinar, 1993),
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Bonn, Germany.
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Olympia beds Fm., Pleistocene, Washington, USA (Ashworth and
Nelson, 2014) display close similarity to the extant species and
they have been traditionally assigned in the major part of the
cases to Mordella and Mordellistena. In comparison, the fossil
records of Mesozoic mordellids are generally scarce, mainly
found in the Late Jurassic Karabastau Fm, Russia (Scegoleva-
Barovskaja, 1929) and the Early Cretaceous Yixian Formation of
China (Liu et al., 2007, 2008). These Mesozoic mordellids have
been placed into the subfamily Praemordellinae, because of the
significant absence of pygidium and not-mordelloid hind legs.
Mordellidae also recorded from Early Cretaceous Lebanese
amber (Kirejtshuk and Azar, 2013). However, the specimen “RIH-
5" is partly destroyed that made further research almost
impossible.

Up to know if we exclude the suspected Mordellidae cited by
Grimaldi et al. (2002), no published record and described taxa exist
about Mordellidae in Burmese amber deposits. In the present paper
we present and describe the first true Mordellidae; discuss
comparative morphology of the new genus, additionally we reveal
new knowledge concerning plant-insect interactions of the exam-
ined taxon.
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2. Materials and methods

Two specimens of Burmese amber from Hukawng Valley, Kachin
Province (northern Myanmar) are stored in the Nanjing Institute of
Geology and Palaeontology (NIGP), Chinese Academy of Sciences,
Nanjing. The deposit in village Noije Bum was re-exploited in 1990s
and since 2001 it has become the main source for excavation (Bao
et al., 2018) (Fig. 1). The Burmese amber Lagerstatte has been dated
as earliest Cenomanian, Cretaceous, ca. 99 Ma based on isotope
analysis to the ash layers (Shi et al., 2012). Photomicrographs were
taken using a Leica M205 A microscope system and Leica Appli-
cation Suite (LAS Version 4.7) software; colour filters and agave
syrup were applied to enhance the image quality. Hand drawings
were created based on high-resolution images and illustrations
from literature. CorelDRAW X7 (64-Bit) and Adobe Photoshop CS4
were applied for late image editing and text editing.

The familial/subfamilial classification in this paper follows that
of Bouchard et al. (2005, 2011). The terminology and nomenclature
follow “Handbook of Zoology” (Beutel and Leschen, 2016) and the
recent research of current biology of Mordellidae (Ruzzier and
Kovalev, 2016; Hsiao et al., 2018; Ruzzier, 2018). All measure-
ments in the description are given in millimetres. This paper has
been registered in ZooBank, the ICZN Official register of Zoological
Nomenclature, with the unique digital ZooBank registration iden-
tifier (LSID urn: lIsid: zoobank.org:pub:35AEC882-6ADC-4FBD-
8A15-F83691E46379). The LSID number for the new taxa is given in
the systematic paleontology section below.

3. Systematic paleontology

Order: Coleoptera Linnaeus, 1758

Suborder: Polyphaga Emery, 1886

Superfamily: Tenebrionoidea Latreille et al., 1802
Family: Mordellidae Latreille et al., 1802
Subfamily: Mordellinae Latreille et al., 1802
Tribe: Raynoldsiellini Franciscolo, 1957

Diagnosis. Tribe Raynoldsiellini Franciscolo, 1957 represented by
only one extant monotypic genus, Reynoldsiella parallela Ray, 1930,
recorded hitherto only from Venezuela. The most important dif-
ferential character for Raynoldsiellini Franciscolo, 1957 is meta-
tibiae without any kind of ridges, including the subapical one
(Franciscolo, 1957; Peris and Ruzzier, 2013).

Primaevomordellida gen. nov.
LSID wurn: Isid: zoobank.org:
9COF68453EF7

act:5CC9AB4D-97B1-4F73-8412-

Type species: Primaevomordellida burmitina gen. et sp. nov.

Diagnosis. Primaevomordellida gen. nov. differs from Reynoldsiella
mainly based on the following characters: (1) eyes small, glabrous;
(2) metafemora not greatly enlarged; (3) subapical spurs on met-
atibiae long, about half length of metatibiae; (4) pygidium sharply
elongated, length ratio between pygidium and hypopygidium 4:1;
(5) branches of right genital parameron with equal length.

Fig. 1. Location of recent amber mining area in the Hukawng Valley, Myitkina Province, Myanmar. The border line of Republic of the Union of Myanmar is marked by yellow line.
The current main source of Burmite is marked by red icon. Satellite map source from Google, scale bar 50 km. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article).
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Etymology. Primaevo (Latin) — primaevus, means original; pri-
maevomordellida refers to the first true pintail beetle.

Primaevomordellida burmitina sp. nov.
(Figs. 2 and 3)

LSID urn: Isid:
7066CF4AC45A

zoobank.org: act:5BBB6443-3582-4E0B-94F8-

Diagnosis. As for the genus.

Type material. Holotype NIGP168789 (Male) and paratype
NIGP168790 (sex undetermined) (reference numbers for collection
of Nanjing Institute of Geology and Palaeontology, Chinese Acad-
emy of Sciences, Nanjing).

Etymology. Burmitina (Latin), related to mineralogical name
burmite.

Description. Dimensions: holotype NIGP168789 is 3.0 mm in length,
of the paratype NIGP168790 is 2.9 mm (pygidium excluded); body
profile typically mordelloid, slightly arched in lateral view. General
colour of the body integuments black, except for the orange ante-
rior legs.

Head: head large, almost as the prothoracic width, strongly
declined; eyes lateral, moderately small, finely faceted and
glabrous, not reaching occiput. Occipital region wide and flat,
matching perfectly with the anterior edge of pronotum. Antennae
comparatively short, filiform and feebly serrate; antennomeres
covered of setae. Apical palpomere securiform.

Prothorax: pronotum trapezoid in dorsal view, slightly narrowed
in front and as wide as elytra at base; disc of the pronotum smooth
and covered of short and dense recumbent hairs. Anterior legs
simple; tibiae slender and linear, tarsus with all the five segments
feebly dilated; tarsomere one to four bearing short spines at the
detail margin; apical spurs on pro tibia present.

Meso and metathorax: scutellum triangular. Elytra, in dorsal
view, subparallel at the humeri, gradually curving up to apex
proximity; integuments covered with by fine setae. Metaepistena
typically mordelloid, of the Mordellistena-type.

Coxal plate expanded, widely rounded at the posterior margin,
typically mordelloid; trochanter reduced.

Metafemora laterally compressed and feebly expanded. Meta-
tibiae elongated, subconical, with obliquely truncated apexes;
metatibiae missing of any kind of ridge including the sub apical
one; apical margin of hind tibiae bearing comb-like setae; ventral
side of metatibiae and metatarsomeres presenting fine spine-like
setae; Apical spurs on posterior tibiae present, equal in size and

approximately half of length of metatibiae. Tarsal formula 5-5-4;
Pro- and mesotarsomeres cylindical, slightly torso-ventrally com-
presses, onlychium instead apically on the fourth tarsomere; met-
atarsi laterally compressed, slender, presenting comb-like setae at
the apical margin; length ratio of the four hind tarsomeres 3:2:1:1.
Claws small and bi-cleft.

Abdomen: visible abdominal sternites with length ratio
3:3:3:4:8. Pygidium subconical, elongated and pointed at apex;
pygidium length about four times the hypopygidium. Genital or-
gans of holotype partially exposed. Apical part of penis visible,
pointed.

Remarks. The holotype and paratype shows natural black or deep
brown colour on elytra. Fine setae are well developed on the beetle
body (including legs, antennae), dorsally and ventrally, regularly in
a posterior direction. The amber matrix is not clear, contains a large
amount of organic impurities.

4. Discussion
4.1. Morphology

Six tribes, Raynoldsiellini, Conaliini, Mordellini, Mordellistenini,
Mediumiugini and Stenaliini are included in subfamily Mordellinae,
with a distinctive evolutionary trend of the hind leg structures
(Jackman and Lu, 2002; Peris and Ruzzier, 2013).

The filiform antennae, the Mordellistena-type episterna and the
elongated pygidium place Primaevomordellida burmitina gen. et sp.
nov. into Mordellinae undoubtedly and the simple hind leg struc-
ture without appendix structures assignes it to the basal tribe
Raynoldsiellini. Compared to Reynoldsiella parallela, Primaevo-
mordellida burmitina gen. et sp. nov. shows similarities to species of
tribe Mordellini and Mordellistenini. These similarities include the
dilatation of antennae starts from the 5th antennomere, which
occurs in almost all Mordellini species; the 4th segment of the
maxillary palpus is expanded, securiform, which is typical in genus
Mordella; the scutellum shape is triangular which is common for
most of Mordellini and Mordellistenini species, while for Reynold-
siella parallela this is exactly semicircular; the pygidium is obviously
elongated, narrow and sharp-pointed, similar with the genus
Mordellapygium (Franciscolo, 1957; Jackman and Lu, 2002).

The anterior tibiae have a generally linear shape in the majority
of Mordellidae. The most common shape of anterior tarsus is

Fig. 2. Primaevomordellida burmitina gen. et sp. nov. general view, holotype NIGP168789. A. microscope photo, lateral view. B. Hand drawing. Scale bars 0.4 mm.
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Fig. 3. Body structures of Primaevomordellida burmitina gen. et sp. nov. A. Lateral view, length of pygidium and last abdominal segment are indicated. B. Dorsal view, scu.- scutellum,
py.- pygidium. C. hind leg structures, hand drawing is highlighted. D. Genital organ highlighted. E. Detail structures of head and mouthpart. eye.- eyes, ant.- antennae, mp.- maxillary
palpus. F. Fore legs structures. A—D from holotype NIGP168789, E—F from paratype NIGP168790. Scale bar A—E 0.4 mm, F. 0.2 mm.

simple and linear with all the five segments, featured in genera
Mordella and Mordellistena. These characters also applied for Pri-
maevomordellida burmitina gen. et sp. nov., which differs from the
Mesozoic fossil Mordellidae species Mediumiuga sinespinis (Spain,
Cretaceous) with appendix structures on mesotibiae and mesotarsi
(Peris and Ruzzier, 2013). The metafemora and metacoxae are not
well developed in Primaevomordellida burmitina gen. et sp. nov.
This character together with the absence of pygidium are the
common characters for other Mesozoic mordellid or mordellid-like
fossils, e.g. Praemordella sp. from the Jurassic of Kazakhstan
(Scegoleva-Barovskaja, 1929), Wuhua sp. from the Jurassic of China
(Wang and Zhang, 2011), as well as for Mediumiuga sinespinis,
which made their taxonomic status doubtful.

4.2. Paleoecology

The feeding strategies of extant Mordellinae species are still
under investigation. From the current knowledge, majority of
Mordellinae members are featured by flower and pollen diet (Yang
and Ren, 1999). They are widely distributed in all climate zones, and
they have the highest species diversity in tropical regions. Larvae of
mordellids usually develop in dead or decaying wood, except for
few records of myrmecophilous species, life miners, stem forming
species and frugivorous species; while adults are often found in
warm forests or grasslands, preferring a diet of small flowers with
umbel, corymb or head inflorescence (Borowiec and Kubisz, 1999).
Even though the cooling trend of the last epoch of the Jurassic
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continued into the first age of the Cretaceous, the average tem-
perature increased again and constantly until the end of the
Cretaceous (Barron and Washington, 1982; Huber et al., 2002),
which stimulated the flourish of angiosperms (Scott et al., 1960;
Krassilov, 1977). Chaboureau et al. (2014) used a fully coupled
climate model driven by Mesozoic paleogeographic maps to
explain that climate change from arid to temperate dominance may
have set the stage for the ecological expansion of flowering plants.
The Cenomanian Burmese amber forests were dominated by
Araucariaceae trees (Poinar et al., 2007b). Several angiosperm
species have been described from Burmese amber based on
flowers, represented by (1) Lauraceae species, flowers small, radial
symmetry, raceme or umbel inflorescence (Poinar, 2017); (2)
Cunoniaceae species, flowers small with four or five sepals and
petals (Poinar and Chambers, 2017); (3) Cornaceae species, flowers
small, actinomorphic (Poinar et al., 2007a); (4) Monimiaceae spe-
cies, flowers small, composed of a cup-shaped perianth of 8 fused
tepals arranged in one series with 8 equal subsessile (Poinar and
Chambers, 2005). The flower corollas are normally small and un-
derdeveloped, indicating the primary stage of angiosperm plant
evolution. However, some flowers (undescribed) and other insect
group (e.g. Diptera, Blattodea, Permopsocida) already showed clear
evidence of insect - plant interactions, although it is difficult to
determine which insects were actual pollinators (Santiago-Blay,
2005; Huang et al., 2016; Vrsansky and Wang, 2017). According to
the flower shape and living environment, it is assumed that the
potential flower plant nutrition available in Burmese amber forests
for Primaevomordellida burmitina gen. et sp. nov. was considerable.
The mouthpart structures, e.g. the expanded 4th maxillary palpus
segment, might have been a benefit for pollen detecting and the
elongated pygidium would assist the movement along stamen.
However, the underdeveloped hind legs and coxal may have
impeded their jumping and flying movement and may have related
to their defensive strategy, which could be a trait to other Jurassic —
Cretaceous Mordellidae or mordellid-like species. For future
research, with potentially better-preserved specimens, the pollen
or nectar collecting structure, e.g. maniples or lacinia, should be
examined in detail. The potential pollen remains, preserved on
beetle body surface or in amber matrix, will also provide good
evidence for Cretaceous insect-plant interactions.

5. Conclusions

The first true pintail beetle Primaevomordellida burmitina gen. et
sp. nov. (Coleoptera: Mordellidae: Mordellinae) is described based
on two specimens from Burmese amber (lower Cenomanian, ca. 99
Ma). The morphological characters of the new species suggest their
taxonomic assignment to the most basal tribe of Mordellinae:
Raynoldsiellini, some detailed body structures also showed simi-
larity with advanced Mordellinae taxa, e.g. genera Mordella and
Mordellistena. The common Mordellidae featured by a typical
flower and pollen diet; the angiosperm fossil records prove the
potential nutrition for the new species in Burmese amber forests.
However, since the angiosperm plants did not dominate the Bur-
mese amber forests and the new species retains morphological
traits of other Jurassic — Cretaceous Mordellidae or mordellid-like
species, the insect-plant interactions were probably at a primary
stage.
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as to Mordellidae and Ripiphoridae, which represent the flower diet and pollinating strategy in the
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1. Introduction

The Tenebrionoidea is one of the largest superfamilies in the
animal kingdom with more than 34,000 described species and 29
recognized families (Lawrence and Newton, 1995; Yang and Ren,
1999; Slipinski et al., 2011; Gunter et al., 2014), with a newly
described fossil family from Burmese amber, Late Cretaceous. Based
on morphology, the new fossil family shows similarities to Mor-
dellidae (“tumbling flower beetles”); however, the absence of py-
gidium and the combination of microstructures indicates a closer
relationship to the Middle Jurassic genus Wuhua Wang & Zhang
(Wang and Zhang, 2011).

The Mordellidae or mordellid-like fossil records from the
Jurassic were represented by Praemordellidae and Liaox-
imordellidae (Scegoleva-Barovskaja, 1929; Wang, 1993; Liu et al,,
2008, 2007). The Early Cretaceous Mediumiuga (Burgos, Spain)
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Bonn, Germany.
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0195-6671/© 2018 Elsevier Ltd. All rights reserved.

shares the primitive characters with modern Mordellidae, and is
featured by appendix microstructures on mesotibiae and mesotarsi
(Peris and Ruzzier, 2013). Mordellids from Baltic amber, i.e. Gli-
postena ponomarenkoi and Mordellaria friedrichi, are assigned to
extant taxa (Alekseev, 2013; Perkovsky and Odnosum, 2013, 2009).
The new fossil family is distinct within the main evolutionary trend
of Mordellidae morphologically.

Tenebrionoids have a wide range of feeding strategies (Hunt
et al, 2007), including herbivorous, frugivorous, saprophagous,
predacious, fungivorous, root-eating, flower-eating and stem
borers, in which extant Mordellidae and Ripiphoridae (“wedge-
shaped beetles”) represent with their flower diet and pollination
(Yang and Ren, 1999; Beutel and Leschen, 2005). The morphological
characters of the new family may suggest a similar feeding strategy.

2. Materials and methods

The research materials were five specimens of Burmese amber
recovered from Hukawng Valley, Kachin Province in northern
Myanmar (Fig. 1). The radiometric age of the Burmese amber de-
posit has been dated as earliest Cenomanian, Late Cretaceous, ca.
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Fig. 1. A—C. Location of recent amber mining area in the Hukawng Valley, Myitkina Province, Myanmar (modified from Kania et al., 2015).
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99 Ma (Ross, 2010; Shi et al., 2012). The studied material is stored in
the Nanjing Institute of Geology and Palaeontology (NIGP), Chinese
Academy of Sciences, Nanjing. Photomicrographs were taken using
a Leica M205A microscope system and Leica Application Suite (LAS
Version 4.7) software; color filters and agave syrup liquid were
applied to enhance the image quality. Hand drawings were based
on high-resolution images; CorelDRAW X7 (64-Bit) and Adobe
Photoshop CS4 were applied for late image editing and text editing.

The terminology and nomenclature in this paper follows that
from Bouchard et al. (2011, 2005). This research has been registered
in ZooBank, the ICZN Official register of Zoological Nomenclature,
with the unique digital ZooBank registration identifier (LSID
urn:lsid:zoobank.org:pub:EFBB5958-5D52-4FD4-A5A2-
CFD9EOD47C21). The LSID numbers for the new taxa are listed
under each new taxon name in the Systematic Palaeontology
section.

All measurements in the description are in millimetres.

3. Systematic paleontology

Order: Coleoptera Linnaeus, 1758

Suborder: Polyphaga Emery, 1886

Superfamily: Tenebrionoidea Latreille, 1802

Family: Apotomouridae fam. nov.

LSID urn:lsid:zoobank.org:act:086C7EOB-E0C2-490B-B836-D6140
F6AD82E

Type species: Multispinus multispinosus gen. et sp. nov. and Apoto-
moura fortiscrura gen. et sp. nov.

Diagnosis. Beetles small, wedge-shaped; fore bodies retractile,
which caused the body to curl into a C-shape; elytra entire; py-
gidium reduced; five visible abdominal sterna, with well-
developed spines preserved on the posterior margin of I-IV
sterna. Antennae short, 11 antennomeres, filiform or serrate; length
from moderately short to half of the body length. Maxillary palpi
with four palpomeres, apical palpomere slightly expanded. Meta-
sternum very large. Hind legs long and strong; sclerotized spines
preserved on metatibiae and at least on first meta-tarsomere. Short
setae widely preserved on the surface of head, pronotum, elytra,
sterna and legs. Claws small and simple.

Etymology. Apotomos (Greek) — short; oura (Greek) — tail. Apoto-
mouridae is referring to the short body shape, without last sterna
elongation.

Multispinus gen. nov.
LSID urn:lsid:zoobank.org:act:4BD5B958-B109-4E39-A683-570B
6BBDB5EF

Diagnosis. Body small, wedge-shaped, size 2.20 mm—2.50 mm;
shape smooth, streamlined, color dark brown to black. Head large,
declined. Pygidium reduced. Fore and mid legs slender and shorter
than the hind legs. Metafemora strong and enlarged, sclerotic
spines or comb-like setae widely preserved on the metatibiae and
metatarsi. Claws small with 2 spines.

Etymology. Multispinus (Latin) — many spines, referring to the
character of hind legs.

Multispinus multispinosus sp. nov. (Fig. 2—3.)
LSID urn:lsid:zoobank.org:act:CEB1A8SFE-92EB-47DD-9BA8-848
99D95D3B0

Diagnosis. As for the genus.

Type material. Holotype NIGP168210 and paratype NIGP168211,
NIGP168212 are adult specimens; holotype male, paratype sex
unknown.

Etymology. As for the genus, different suffix for species name.

Description. The body of holotype NIGP168210 is 2.27 mm long, of
paratype NIGP168211 is 2.50 mm long and paratype NIGP168212 is
2.35 mm long; wedge-shaped, widest at base of prothorax, slightly
narrowed anteriorly and strongly narrowed posteriorly. Lateral
view, body curled up with slightly convex abdomen.

Head large, triangular in frontal view, strongly declined, as
wide as apex of thorax, abruptly constricted behind eyes to form a
narrow neck which is concealed by pronotum; hypognathous.
Occipital region with transverse carina that adjoin anterior edge of
pronotum. Eyes lateral, large, well developed, shape oval, entirely
emarginated, finely faceted, interfacetal setae reduced. Antennae
are about half-length of the body; filiform; consist of 11 anten-
nomeres, covered with short setae. Clypeus distinct; labrum
prominent; maxillary palpi long with four visible palpomeres,
apical palpomere slightly expanded, scalene.

Pronotum is 0.52 mm long in holotype, narrowed in front, as
wide as elytra at base, widest posteriorly; shape irregular, sides
moderately curved; surface rugose-punctate. Lateral pronotal
carinae complete, simple, without raised margin or bead. Pros-
ternum short, concave. Mesosternum about twice the length of
prosternum, carinate; mesocoxae small. Metasternum large, about
three times length of prosternum; metacoxae very large, flat,
contiguous. Scutellar shield small, posteriorly narrowly rounded.
Elytra is 1.58 mm long in holotype, narrowed behind, exceeding the
body, surface rugose-punctate; margin fold up slightly. Legs well
developed; hind legs longer and stouter than fore and mid legs.
Trochanter joint strongly oblique with base of femur in contact
with coxa. Metafemora enlarged for jumping. Metatibiae slender,
with large spurs preserved by side; slightly expanded posteriorly
with terminal comb-like setae. Tarsal formula 5-5-4, tarsomeres
compressed, slender. Spurs preserved in the inner surface of the
first tarsomere; comb-like setae preserved in the same position of
2nd to 4th tarsomeres. Claws very small, cleft; terminal sharp, with
2 short spines.

Abdomen with five sterna, with slightly sclerotized spines on
the posterior margin of I-IV sterna, V sternum distinctly narrowed
posteriorly, sutures distinct; pygidium reduced; surface micro-
rugose. Male genitalia are visible in holotype specimen, short.

Remarks. Due to the surrounding amber matrix, the specimen ap-
pears dark-brown to black in color, without patterns and spots on
scutellum and elytra. Setae are well developed, from head until the
terminal abdomen; neatly toward posterior direction. Wings folded
and rolled under elytra.

Apotomoura gen. nov.
LSID urn:lsid:zoobank.org:act:BF540A74-B2B7-47A7-B78B-D04
83C8AO000E

Diagnosis. Body usually very small, wedge-shaped, size
1.50 mm—1.70 mm; shape smooth, streamlined, normally curved;
thorax big; color black. Head large, lying flush to thorax. Abdomen
sterna contracted; pygidium reduced. Fore and mid legs slender
and shorter than the hind legs. Metafemora strong and enlarged;
metatibiae and metatarsi short and strong; 3—4 sclerotic spines
preserved on the metatibiae and the first tarsomere. Claw small.
Etymology. Apotomos (Greek) — short, oura (Greek) — tail, referring
to the short body.

Apotomoura fortiscrura sp. nov. (Fig. 4.)
LSID urn:lsid:zoobank.org:act:47D094F1-939A-4481-8F87-5EE
CO11FBAEC

Diagnosis. As for the genus.
Type material. Holotype NIGP168213 and paratype NIGP168214 are
adult specimens, sex unknown.
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Fig. 2. Multispinus multispinosus gen. et sp. nov. general view, holotype NIGP168210. A. microscope photo, lateral view. B. Hand drawing. Scale bars 0.5 mm.

Fig. 3. Multispinus multispinosus gen. et sp. nov. details. A—C. Details of leg structure, paratype NIGP168211. A. Tarsal formula 5-5-4. I-V, tarsal segment number. B. Spines and setae
structure. tsp.- tarsal spine, ptsp.-posterior margin tarsal spine, cs.-comb-like setae on posterior margin of metatibiae. C. Claws. cl.- claws, with 2 spines. D, E. Head and mouthpart
structures, holotype NIGP168210. mp.- maxillary palpi. at.- antennae. lab.- labrum. F. Spines preserved in posteriors margin of abdominal sterna, specimen NIGP168212. asp.-

abdominal spines. Scale bars 0.1 mm.

Etymology. Fortis (Latin) — strong, scrura (Latin)-legs, referring to
the morphological character.

Description. The body of holotype NIGP168213 is 1.69 mm long; of
paratype NIGP168214 is 1.64 mm long; wedge-shaped, widest at
posterior base of prothorax, slightly narrowed anteriorly and pos-
teriorly. Lateral view, body strongly curled upwards; thorax inflated
conspicuously; hind legs very large and stretched.

Head large, oval in frontal view, strongly declined, as wide as
apex of thorax, sharply constricted behind eyes, hypognathous;
surface rugose-punctate, with short setae covered widely. Eyes
lateral, large, well developed, shape oval, entirely emarginated,

finely faceted, interfacetal setae well developed. Antennae short,
not extending beyond thorax; serrate-filiform; antennomeres
triangular to oval. Clypeus distinct; maxillary palpi moderated with
four palpomeres, apical palpomere expanded, securiform.
Pronotum is 0.51 mm long in holotype, narrowed in front, as
wide as elytra at base, widest posteriorly; surface smooth; shape
irregular, margin without fold or setae. Prosternum abbreviated,
metasternum large. Metacoxae very large, flat, contiguous. Scutel-
lar shield small, triangular, posteriorly narrowed. Elytra highly
curled, narrowed behind, surface rugose-punctate; margin smooth.
Hind legs longer and stouter than fore and mid legs. Trochanter
reduced. Metafemora strongly enlarged; metatibiae short but
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Fig. 4. A, B. Apotomoura fortiscrura gen. et sp. nov. general view, holotype NIGP168213. A. microscope photo, lateral view. B. Hand drawing. C. Spines and setae structure, holotype
NIGP168213. tsp.- tibiae spine, cs.-comb-like setae on posterior margin of tibiae. D. Tarsal formula, hind tarsi 4 segments, paratype NIGP168214. -1V, tarsal segment number. Scale

bars 0.2 mm.

strong, with 3—4 tiny spurs preserved by side; comb-like setae
preserved by the posterior terminal. Tarsal formula 5-5-4, tarso-
meres compressed, shorter and stronger compared with Multi-
spinus multispinosus sp. nov.; all tibiae and tarsi with distinct apical
ridges; 3—4 tiny spurs preserved by side of the first tarsomere; a
pair of short setae preserved at the posterior margin of each tar-
somere, no comb-like setae. Claws very small.

Abdomen with five sterna, narrowed posteriorly, surface micro-
rugose, sutures distinct; pygidium distinct.

Remarks. Specimen color black or dark brown. The preserving
posture of all the specimens are similar, highly curled and hind legs
extended. Body setae short and less dense. Wings folded and rolled
under elytra.

4. Discussion

The retractile wedge-shaped body and tarsal formula 5-5-4 in
Apotomouridae fam. nov. place it in the superfamily Tenebrionoidea
(Lawrence and Newton, 1995; McHugh and Cornell, 2009; Lawrence
and Slipiriski, 2013). Though the strongly convex body and enlarged
hind leg indicate their similarity to the family Mordellidae (1) the
absence of pygidium, (2) well-developed setae on body, (3)

sclerotized spines on lateral metatibiae and between abdomen
sterna, these characters in combination have never been recorded
(Liljeblad, 1945; Franciscolo, 1957). These characteristics distinctly
set Apotomouridae fam. nov. apart from Mordellidae and other
closely related families within the Tenebrionoidea. Compared with
Rhipiphoridae, the Apotomouridae fam. nov. does not show the
typical bipectinate (in male) and unipectinate (in female) antennae.
With the Meloidae, it does not have an elongated body and deflexed
head; with the Scraptiidae, it shows more complicated tibiae and
tarsal structures like spines and setae; and with the Melandryidae,
its tibial spurs preserved, claws cleft, simple with spines.

A long and pointed pygidium is common for extant Mordellidae
(Arthur, 1930; Lu, 1997; Jackman and Lu, 2002; Odnosum, 2010).
However, for Mesozoic mordellid or mordellid-like fossil species,
this character varies. Pygidiums were completely absent in the
oldest Middle Jurassic Tenebrionoidea genus Wuhua (Wang and
Zhang, 2011). The Late Jurassic species Liaoximordella hongi has six
abdominal sterna (Wang, 1993). Another of the Late Jurassic mor-
dellids (Mordellidae: Praemordellinae) from Yixian Fm. (China)
show pointed last sternum but without obvious prolongation (Liu
et al., 2008, 2007). Mediumiuga sp. from Early Cretaceous amber of
Spain shows a very short pointed pygidium (Peris and Ruzzier,
2013). Two Eocene mordellids species from Baltic amber show
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typical long and pointed pygidium, both are assigned to extant
genera (Ubisz, 2003; Odnosum and Perkovsky, 2010; Perkovsky and
Odnosum, 2013). Though the formation process of amber may cause
the inclusive biological tissue and organs (e.g. genitalia) to shrink or
become lost (Pike, 1993; Ross et al., 2010), the abundance of Apo-
tomouridae fam. nov. specimens and amount of Mordellidae or
mordellid-like specimens that were discovered at the same amber
locality supported the idea that the pygidium absence is apomorphy,
not coincidence. Based on the body shape, tarsal formula 5-5-4, the
absence of pygidium, and the claws formula we suggest Wuhua as a
basal taxon of Apotomouridae fam. nov., distinct from extant and
fossil Mordellidae species. The Late Cretaceous Apotomouridae fam.
nov. species share some primitive characters with Mordellidae such
as the slight expansion of maxillary palpi and the enlargement of the
metafemur. These shared characters indicate the similar feeding
strategy within Mordellidae and the its sister taxon Ripiphoridae
(Zhang et al., 2018). The evolution from Jurassic mordellids and
Wuhua to Cretaceous taxa, further on to Cenozoic taxa, highlights
the possible changing of locomotion strategy from simply crawling
to jump-flying (Huang and Yang Jun, 1999) and the changing of diet
from surface nutrition (fungi, moss, lichen, wood, plant fragments)
(Wang et al., 2013; Peris et al., 2017) to herbaceous flowers
(Franciscolo, 1957).

5. Conclusions

A new family of tenebrionid beetle Apotomouridae fam. nov.
(Coleoptera: Tenebrionoidea) is described based on two new
genera from Burmese amber (lower Cenomanian, ca. 99 Ma). The
morphological characters of the new family suggest a similar pollen
feeding style like extant Mordellidae and Ripiphoridae, which re-
flects the angiosperm plant and insect coevolution during the
Cretaceous. A comprehensive discussion about the ecological im-
plications will be provided based on further studies.
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Abstract
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A new species of tumbling flower beetle (Coleoptera: Mordellidae) Tomoxia succinea sp. nov. is described based on two Baltic
amber specimens. The new species differs from the only extant European species of this genus, Tomoxia bucephala Costa,
1854, mainly in the shape of the scutellum and the length ratio of particular body parts. The fossil records of Mordellidae
found in Baltic amber are summarized; their paleoecology in the Paleocene—Eocene of the Baltic region and the composition

and distribution of the family Mordellidae are discussed.

Keywords Coleoptera - Mordellidae - New species - Baltic amber - Eocene - Paleoecology

Introduction

The Mordellidae Latreille, 1802 (Coleoptera: Tenebrionoidea),
commonly known as tumbling flower beetles due to their irreg-
ular jumping movement, or pintail beetles on account of the
special elongated posterior pygidium, include approximately
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2400 extant species worldwide and only a few fossil records
(Jackman and Lu 2002; Peris and Ruzzier 2013). The genus
Tomoxia Costa, 1854 (tribe Mordellini) is represented by 52
extant species found in all zoogeographic regions except for
Madagascar (Hallan 2012). Tomoxia bucephala Costa, 1854
is the only extant species distributed in Europe (De Jong et al.
2014).

A new Tomoxia species is described and identified herein,
based on two Baltic amber specimens. The morphological
differences and similarities between the new species and 7.
bucephala are discussed. Compared with other Mordellidae
found in Baltic amber, the habitat of Tomoxia reflects the
vegetation composition and therefore the paleoecology of
the Eocene Baltic amber forest.

Material and method

The research material comprised two adult specimens in Bal-
tic amber stored in the Laboratory-Museum of Amber Inclu-
sions, Gdansk University, Poland. Baltic amber is amongst
the largest and most significant of the world’s amber depos-
its. It occurs primarily along the shores of the Baltic Sea in
Paleogene sands dated to as early as 40 Ma ago (Ritzkowski
1997; Kosmowska-Ceranowicz 2005). The diagenetic history
of Baltic amber from its origin until the present has been out-
lined by Gaigalas and Halas (2009) based on isotope analysis.

Photomicrographs were taken using a Leica M205 A
microscope system and the Leica Application Suite (LAS
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Version 4.7) software; color filters and agave syrup were
used to improve the image quality. Hand drawings and
reconstruction were based on high-resolution images. Corel-
DRAW X7 (64 bit) and Adobe Photoshop CS4 were used for
final image and text editing.

The familial/subfamilial classification employed in this
paper follows that of Bouchard et al. (2005, 2011). The ter-
minology and nomenclature follows the Handbook of Zool-
ogy (Beutel and Leschen 2016).

This paper has been registered in ZooBank, the ICZN offi-
cial register of zoological nomenclature, with a unique digi-
tal ZooBank registration identifier (LSIDurn:1sid:zoobank.
org:pub:97F1B25F-0067-456D-A024-B4A9C4B6ESED).

All measurements given in the description below are in
millimeters.

Systematic paleontology

Order Coleoptera Linnaeus, 1758

Suborder Polyphaga Emery, 1886
Superfamily Tenebrionoidea Latreille, 1802
Family Mordellidae Latreille, 1802

Tribe Mordellini Seidlitz, 1875

Genus Tomoxia Costa, 1854
Type species. Tomoxia bucephala Costa, 1854.

Diagnosis (emended). The diagnostic characters for the
genus Tomoxia when compared to the other members of the
tribe Mordellini are: (1) eyes finely granulated; (2) scutellum
quadrilateral or irregular shaped; (3) hind tibia with a fine
dorsal ridge and a lateral ridge; basal tarsomere of hindleg
also with a fine dorsal ridge (Smith 1882; Liljeblad 1945;
Franciscolo 1965; Jackman and Lu 2001).

Tomoxia succinea sp. nov.
Figures 1, 2

Fig. 1 Holotype of Tomoxia succinea sp. nov. a Lateral view. b Dorsal view. ¢ I-IV: 1st to 4th hind tarsomeres; length ratio 2:1:1:1. d 5th abs.
the 5th abdominal sternum, pyg. pygidium, length ratio 1:4. Scale bar: 1 mm
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Fig.2 Detailed morphological structures. a Highlighted scutellum
shape (holotype). scu. scutellum. b Detailed hind leg structures (para-
type). dr. fine dorsal ridge, Ir. lateral ridge, sp. subapical spines on
tibia and tarsomere. ¢ Schematic drawing of hind tibia and tarsi. Scale
bar: 0.5 mm

Etymology. From succinum, Latin for amber.

Type material. Holotype 5715 and paratype 5743 (refer-
ence ID for the collection of the Laboratory-Museum of
Amber Inclusions, Gdansk University), adult specimens;
sex unknown.

LSID number. LSIDurn:lsid:zoobank.
org:act:0E01 A684-3CIE-4C43-82CF-82180FFDCICC.

Diagnosis (emended). The differential specific diagnosis for
Tomoxia succinea sp. nov. is: (1) the length to width ratio of
the pronotum is 1:2, slightly narrower than the elytra at base;
(2) the length ratio between the last abdominal sternum and
pygidium is 1:4; (3) the length ratio of the hind tarsomeres is
2:1:1:1; (4) the form of the scutellum is transitional, ranging
from triangular to quadrilateral.

Description. The body of the holotype is 2.6 mm long, that
of the paratype is 2.9 mm long; edge-shaped, widest at base
of prothorax, much narrower posteriorly, lying in lateral
view, curled up with a slightly convex abdomen.

Head rather large, almost of prothoracic width, finely
punctured; eyes large, ellipsoidal, finely faceted and granu-
lated, apparently not reaching occiput, hairy. Antennae
long, filiform. Mouthpart is invisible due to preservation.
Pronotum trapezoidal or quadrilateral from dorsal view,
length to width ratio 1:2, slightly narrower than elytra at
base. Anterior lobe moderate, not distinctly narrow, slightly
protruding inwards, anterior angles not visible from above;
lateral margins gradually curved from anterior to posterior
angles; posterior margin sinuate, posterior lobe slightly pro-
truding backwards. Scutellum irregular quadrilateral. Elytra
elongated, cuneate; sculpture reticulate with rather obvious
and fine punctures; leather luster, lateral margin rounded
and smooth; posterior margin narrow and rounded, not
sharp. Mesothorax and metathorax enlarged, flat, covered
by fine setae. Middle tibiae as long as first three segments
of same pair of legs; hind tibiae with a fine but obvious dor-
sal ridge and a lateral ridge close to subapical side. Basal
tarsomere of hindleg also with fine dorsal ridge; last two
tarsomeres of hindleg slightly longer, length ratio of four
hind tarsomeres 2:1:1:1; pair of subapical spines preserved
on each tarsomere. Five abdominal sterna with length ratio
3:2:2:2:4, compact and neatly connected, no appendix struc-
ture between each. Pygidium elongated and pointed; length
ratio between last abdominal sternum and pygidium is 1:4.

Remarks. The holotype has an unusual leathery shiny gloss;
the paratype has a natural black color pattern on the elytra.
The beetle cuticle is punctured, setae are well developed
on the body, dorsally and ventrally, regularly in a posterior
direction. Genital structure is not clear due to the preser-
vation. Paratype body surface covered by fine white layer,
which is typical for Baltic amber inclusions due to the effect
of the air during preservation.

Discussion
Worldwide, over 50 species of Tomoxia have been recorded.

The general body plan of species in the genus Tomoxia
does not vary significantly, which increases the difficulty
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associated with taxonomic studies of members of this genus
and leads to unclear descriptions and classifications. For
example, after a detailed review of North American Mordel-
lidae, only four species were retained in the genus Tomoxia
(Jackman and Lu 2001). South African (Franciscolo 1957,
1965, 1967) and North American (Liljeblad 1945) Tomoxia
species are mainly identified based on tiny structures such as
segments of the maxillary palps. Due to preservation issues,
it is often difficult to study such small structures in Baltic
amber specimens, so we focused on the gross morphology.
Compared with the representative North American spe-
cies Tomoxia inclusa LeConte, 1862 and Tomoxia lineella
LeConte, 1862, Tomoxia succinea sp. nov. has no surface
color stripe, a scutellum with a sharper outline, and slightly
longer antennae. The new species differs from the closely
related genera Tomoxioda Ermisch, 1950 and Paratomoxioda
Ermisch, 1954 in having a fine dorsolateral ridge on the hind
tibiae, posterior angles of the pronotum that are not sharp,
and an anterior pronotum that is inseparably connected with
the head (Hordk 2007). Compared with the only European
extant species Tomoxia bucephala, Tomoxia succinea sp.
nov. has a longer pygidium and hind tarsi, the body shape
is more cuneate than streamlined, and the scutellum has a
transitional form, ranging from triangular to quadrilateral.
However, the obviously wide head, finely granulated eyes,
and the similarity in the type and position of the appen-
dix structures on the hindlegs suggest a close relationship
between 7. bucephala and T. succinea sp. nov.

Fossils of Mordellidae found in Baltic amber are assigned
to two tribes: Mordellistenini Ermisch, 1941a, b and Mordel-
lini Seidlitz, 1875 (Germar 1813; Ermisch 1941b; Kubisz
2003; Odnosum and Perkovsky 2010; Perkovsky and

Table 1 List of fossil records of Mordellidae found in Baltic amber

Odnosum 2013) (Table 1), with comparatively high diversity
observed in fossil Mordellidae species. During this study, a
total of 39 mordellid specimens in the Laboratory-Museum
of Amber Inclusions, Gdansk University were examined,
amongst which members of the genus Mordellistena Costa,
1854 are the most common. The highest species richness of
extant Mordellidae occurs in the tropical zone. In the sub-
tropical and warm temperate zones, the species richness is
slightly, but not considerably, lower than that in the tropical
zone (Table 2). Therefore, the warm climate of Paleocene-
Eocene times in the Baltic Sea region (Askin and Spicer
1995) would not have affected the total biodiversity of Mor-
dellidae, but it could have impacted the vegetation compo-
sition and ecology (Sadowski 2017; Euro+Med PlantBase
2011). Extant members of Mordellistena are widely distrib-
uted across all climatic zones (Table 2). Their larvae are
generally pith borers and they have a wide range of host
plants, including species of Asteraceae von Berchtold and
Presl, 1820, Fabaceae Lindley, 1836, Fagaceae Dumortier,
1829, Menispermaceae Jussieu, 1789, Poaceae Barnhart,
1895, Sapindaceae Jussieu, 1789, Juglandaceae de Can-
dolle, 1818, and Tiliaceae Jussieu, 1789 (Ford and Jack-
man 1996; Jackman and Lu 2002). Inclusions of Fabaceae,
Fagaceae, and Poaceae are not uncommon in Baltic amber
(Sadowski 2017). By comparison, the larvae of Tomoxia
bucephala normally grow in the stems of plants belonging
to the genera Populus Linnaeus, 1753 and Salix Linnaeus,
1753 (family Salicaceae) (Burakowski et al. 1987; Borowiec
1996). Related Salicaceae species are very rare in Baltic
amber, with only one described: Saliciphyllum succineum
(Sadowski 2017). The presence of only three fossil records
of the chrysomelid genus Crepidodera in Baltic amber also

Species

Depository

Falsomordellistena eocenica’ (Kubisz 2003)
Glipostena ponomarenkoit (Odnosum and Perkovsky 2010)
Glipostena sergeli’ (Ermisch 1941a)

Mordellistena amplicollisT (Ermisch 1941a, b)
Mordellistena anliquaT (Ermisch 1941a, b)
Mordellistena goeckei+ (Ermisch 1941a, b)
Mordellistena korschefskyi™ (Ermisch 1941a, b)
Mordellistena soror' (Ermisch 1941a, b)

Mordellistena sp.

Mordella inclusa (Germar 1813)

Mordella scheelei’ (Ermisch 1941a, b)

Mordella sp.

Mordella sp.

Mordellaria friedrichi’ (Perkovsky and Odnosum 2013)

Tomoxia succinea sp. nov."

ISEA Krakow collection

Klesov locality SIZC K collection, (Rovno amber)
Hoffeins/Deutsches Entomologische Institut collection
Hoffeins/Deutsches Entomologische Institut collection
Scheele collection, University of Hamburg

Scheele collection, University of Hamburg
Hoffeins/Deutsches Entomologische Institut collection
Hoffeins/Deutsches Entomologische Institut collection
Laboratory-Museum of Amber Inclusions, Gdansk University
Halle collection

Scheele collection, University of Hamburg
Hoffeins/Deutsches Entomologische Institut collection
Laboratory-Museum of Amber Inclusions, Gdansk University
Schmalhausen Institute of Zoology SIZC collection
Laboratory-Museum of Amber Inclusions, Gdansk University

"The extinct fossil taxa
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Table 2 Species richness of

Mordellidae in different climatic Regions Genera | Species | Dominant genera

o Southeast Asia 30 183 Gilpa, Morddla, Mordellistena
West Africa 25 62 Mordellina, Mordellistena
Amazon region 19 129 Mordella, Mordellistena
East China 14 27 Mordella, Mordellina
Apennines 14 120 Mordella, Mordellistena
Balkans 10 77 Mordellistena

Siberia 3 3 Mordella, Mordellistena, Stenalia
Quebec, Canada 2 3 Mordellistena
British Columbia, Canada 1 1 Mordella

Purple tropical zone, Yellow subtropical zone, Green warm temperate zone, Grey cold temperate zone

support the scarcity of Salicaceae in the Baltic amber forest,
because these beetles are oligophagous—they feed on Salix
and Populus species (Bukejs et al. 2016). In the Early Ceno-
zoic, they may have subsisted on Saliciphyllum, like Tomoxia
but unlike Mordellistina, reflecting their relative abundance.
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Appendix 7.

Simplified nomenclature of Coleoptera morphology (take Mordellidae as schematic

example, based on Franciscolo, 1957 and Liu, 2007).

1. Anterior margin of mesosternum, the narrow marginal area of the mesosternum
adjacent with the prosternum.

2. Mesoepisternum, the anterior part of the mesopleuron above the middle coxa.

3. Mesoepimere, the dorsal process of the thorax.

4. Elytron, the heavily, chitinized, frequently leathery fore wing of some insect groups

protecting the soft abdomen and the membranous hind wing.
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5. Mesocoxa plate, plate structure on the middle coxa.

6. Mesocoxal cavity, articular hole of the middle coxa.

7. Epipleuron, the downturning portion of the elytron.

8. Metepisternite, the anterior part of the metapleuron above the hind coxa.

9. Metasternal lobe, the lobate outgrowth on the ventral side of the metathorax
together with the pleural sclerites and the pair of hind legs.

10. Metasterna plate, the plate structure of the ventral side of the metathorax together
with the pleural sclerites and the pair of hind legs

11. Metacoxal plate, the plate structure of hind coxa.

12. Metacoxal cavity, the articular hole of the hind coxa.

13. Metacoxal apophyse or process, the elongate outgrowth mostly on the distal part
of the hind coxa on its ventral side.

14. Apical of metacoxal apophyse or process.

15. Epicoxa, the basal leg podite, considered to form the junction between the pleuron
and the thoracic dorsum.

16. Pleuron, acollective namefor all the lateral plates of the thorax between the
tergum and the sternum.

17. Hypopygium, the ninth abdominal sternite (sometimes the 7th to 9th) protecting
the female's genital organ from below (see aso genital lobe and genital plate). (3)-(7),
abdominal sterna

18. Pygidium, the tergal plate of the last abdomina segment usually between the
paired anal appendages.

19. Lateral pygidia groove, afurrow inside the plates comprising the apex of the

abdomen and surrounding the anus.
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1. Maxillary palp, small antenna-like sensory appendage emerging from the maxilla
2. Mandibular lobe, any lobate outgrowth on the surface of the mandible.

3. Paraglossa, the paired, rarely unpaired lobes on the anterior margin of the labium.
4. Lacinia, the paired inner lobate structures sitting on the apical margin of the
maxillary stipes.

5. Labial palp, the paired sensory appendages of the labium borne on the pal piger

generaly consisting of three joints.
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6. Mandible, the heavily chitinized, robust upper jaw in the anterior lower part of the
head capsule, frequently dentate on itsinner margin, used for seizing a prey or cutting
up food.

7. Labium, the posterior median appendage of the mouthparts below the maxilla; it is
an originally paired structure that has been secondarily fused, and sometimes has a
highly modified apical margin.

8. Anteclypeus, the apical part of the clypeus separated from the postclypeus by a
transverse line.

9. Postclypeus, the upper part of the clypeus, adjacent to the frons, separated from the
anteclypeus by the transverse line of the clypeus.

10. Antennal groove, the broad furrow-like impression commonly found in fleas and
biting lice, separating the frons from the vertex, in which the antenna may be
concesaled.

11. Paraclypeus, the narrow plate having separated from the two sides of the clypeus,
occasionally a membranous surface.

12. Frontal area (frons), part of the head capsule that lies ventrad or anteriad of the
vertex.

13. Eye, “compound eyes’ made up of many units called “ommatidia’.

14. Occiput, the posterior aspect of the head.
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