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ABSTRACT

A new genus and species of Ephemeroptera, Astraeoptera cretacica gen. et sp. nov., is described from the
Lower Cretaceous limestone of the Crato Formation (Brazil). The new taxon has the following diagnostic
characters: veins MP; e CuA straight at their bases, MA branching in the apical half of wing length, CuA not
forked, cubital field with longitudinal veins sub-parallel to CuA. It was compared with other adult mayflies
worldwide, both fossil and extant, and could not be assigned to any known ephemeropteran family. In
addition, holotypes of other two mayfly species were reanalyzed, resulting in taxonomical changes. A new
description of the Costalimella zucchii Zamboni, 2001 holotype is provided, indicating its placement within
Hexagenitidae, rather than Siphlonuridae, as previously proposed. We also reanalysed the holotype of
Cratogenites corradiniae Martins-Neto, 1996, providing new and more accurate information about the
species and confirming its junior synonymy to Protoligoneuria limai Demoulin, 1955. Our results indicate
that the diversity of Crato Formation mayflies, both at species and family level, is greater than previously
thought, confirming the predominance of hexagenitids among Cretaceous ephemeropterans.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

approximately 3500 extant species described so far (Sartori and
Brittain, 2015). The phylogenetic position of the group is contro-

Ephemeroptera is a widespread order of amphibiotic insects
(Dominguez et al., 2006; Da-Silva and Salles, 2012), popularly
known as mayflies. Their temporal record spans minimally from
Permian (Grimaldi and Engel 2005; Staniczek, 2007) to recent, with
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versial and has been discussed on the basis of three hypothesis: (i)
as closely related to Odonata (Palaeoptera hypothesis; Martynov,
1925; Crampton, 1924; Haas and Kukalova-Peck, 2001; Kukalova-
Peck, 2008; Regier et al., 2010; Blanke et al., 2013; Thomas et al.,
2013; Song et al., 2019), (ii) as closely related to Neoptera (Chias-
tomyaria hypothesis; Carle, 1982a, 1982b; Kjer, 2004; Yoshizawa
and Johnson, 2005; Misof et al., 2007; Simon et al., 2009), and
(iii) sister group of clade Odonata + Neoptera (Metapterygota hy-
pothesis; Staniczek, 2000; Wheeler et al., 2001; Ogden and
Whiting, 2003; Grimaldi and Engel, 2005; Willkommen and
Hornschemeyer, 2007; Zhang et al, 2008). Despite this long
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history of disagreement, there is a general consensus that mayflies
constitute an early branch of winged insects (Grimaldi and Engel,
2005; Dominguez et al, 2006; Staniczek, 2007; Sartori and
Brittain, 2015).

The paleodiversity of mayflies is particularly noticeable during
the Cretaceous, with 50 genera and 69 species described from all
continents, except Antarctica, a distribution that is coincident with
that of extant Ephemeroptera (Sartori and Brittain, 2015). Fossil
mayflies are especially diverse in the Early Cretaceous, partly due to
their abundance and exquisite preservation in the Aptian strata of
the Crato Formation (Araripe Basin), northeast Brazil. Fifteen
mayfly species have been described from this lithostratigraphic
unit, including representatives of the families Australiphemeridae
(Australiphemera revelata McCafferty, 1990 and Microphemera neo-
tropica McCafferty, 1990), Baetiscidae (Protobaetisca bechlyi
Staniczek, 2007), Ephemeridae (Cratonympha microcelata Martins-
Neto and Caldas, 1990), Euthyplociidae (Pristiplocia rupestris
McCafferty, 1990), Hexagenitidae (Protoligoneuria limai Demoulin,
1955, Cratohexagenites longicercus Staniczek, 2007 and Cratohex-
agenites minor Staniczek, 2007), Oligoneuriidae (the recently
described Incogemina nubila Storari et al., 2020, Colocrus magnum
Staniczek, 2007 and Colocrus indivicum McCafferty, 1990, recently
reclassified as an hexagenitid by Storari et al., 2020), Poly-
mitarcyidae (Caririnympha mandibulata Martins-Neto and Caldas,
1990), Potamanthidae (Olindinella gracilis Martins-Neto and
Caldas, 1990), and possibly Siphlonuridae (Costalimella nordestina
Martins-Neto, 1996 and Costalimella zucchii Zamboni, 2001). In fact,
several previously proposed species not listed above have been
synonymized in the last years (see review of Staniczek, 2007). This
is the case of the putative hexagenitid Cratogenites corradiniae
Martins-Neto, 1996, synonymized with Protoligoneuria limai by
Staniczek (2007).

The above-mentioned record represents ca. 7.5% of the 121 insect
families of the Crato Formation (Moura-Janior et al., 2018). Also
according to those authors, more than 100 species have been
described in the last decade, which demonstrates the enduring
potential of the Cretaceous strata of the Araripe Basin for taxonomic
studies of insects. Despite the significant, already known diversity,
some of which requires new investigations, there are hundreds of
mayfly specimens from the Crato Formation deposited in research
institutions in Brazil and abroad still awaiting study. Those have the
potential to reveal an even greater taxonomic and morphological
diversity. In order to expand the available data about the ephemer-
opteran diversity in the Early Cretaceous, we describe a new species
and genus that could not be assigned to any of the known mayfly
families and redescribe the holotypes of Cratogenites corradiniae and
Costalimella zucchii, which have been subject of disagreement over
their morphology due to insufficient description and/or illustration.
We also discuss the implications of the new data for the taxonomy
and paleodiversity of the Crato Formation mayflies.

2. Geological setting

The specimens dealt with here are preserved in laminated
limestone slabs of the Crato Formation (Araripe Basin), northeast
Brazil (Martill and Wilby, 1993; Viana and Neumann, 2002; Warren
et al,, 2017). Martill and Wilby (1993) and Martill and Heimhofer
(2007) divided the Crato Formation into four members — Nova
Olinda, Caldas (formerly Barbalha), Jamacaru, and Casa de Pedra —
whereas other authors support the division of this stratigraphic
unit into different carbonate sequences (Viana and Neumann,
2002). The exact locality of the holotype of the new species
described here is unknown, yet its provenance from the Crato
Formation is attested by historical records of the specimen, as well
as its lithological and taphonomic features.
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The Crato Formation paleoenvironment has been variously
considered as a lake or lagoon, but recent data based on multiproxy
analyses suggest that this Lagerstatte is better interpreted as a
seasonal, semi-arid, shallow lacustrine wetland (Ribeiro et al,,
2021). The age of the Crato Formation has been considered as late
Aptian in most papers dealing with the biostratigraphy of the
Araripe Basin (Ponte & Appi, 1990; Arai et al., 2001; Coimbra et al.,
2002; Heimhofer & Hochuli, 2010; Coimbra & Freire, 2021). A
recent work suggested a latest Barremian—earliest Aptian deposi-
tion for the black shales of the Ipubi Formation (overlying the Crato
Formation), based on Re—Os absolute ages (Ltcio et al., 2020).
Based on those isotopic data, the authors proposed a
Barremian—early Aptian age for the Crato Formation. Yet, this
proposition has been criticized due to its inconsistency with the
bioestratigraphic data (Coimbra, 2021) and is open to scrutiny.

3. Material and methods

The specimens studied in this paper are housed in the fossil
collections of the Laboratdrio de Paleontologia de Ribeirao Preto
(LPRP/USP), Universidade de Sao Paulo, in Ribeirao Preto, Brazil,
and Laboratério de Paleontologia, Centro de Ciéncias, Universidade
Federal do Ceara (LP/UFC), in Fortaleza, Brazil.

Photographs were taken with a Leica DFC 295 camera, coupled
to Leica M205C stereomicroscope. Image processing was made
with Leica Application suite LAS v.3.8 and line drawings using a
lightbox and later digitized and edited using Adobe Illustrator CC
2017. The descriptive terminology, including wing venation, follows
Kluge (2004).

This work has been registered in the Official Register of
Zoological Nomenclature (ZooBank) with LSID urn:lsid:zoo-
bank.org:pub:77D723D8-55B1-4F55-94EB-DF746F59ECIF.

4. Taxonomy

Class Insecta Linnaeus, 1758

Order Ephemeroptera Hyatt and Arms, 1891
Suborder Euplectoptera Tillyard, 1932
Family Incertae sedis

Genus Astraeoptera gen. nov.

(LSID: urn:lsid:zoobank.org:act:24C6C337-C976-4D63-9336-
BA14F125D0BA).

Type species: Astraeoptera cretacica sp. nov., by monotypy.

Etymology. The generic name derives from Latin Astraeus (Greek:
AoTpoiw), god of dusk; and ptera, wings (New Latin). In reference to
Aristotle's description of “ephemerum” in History of Animals,
mentioning that these insects live and fly until evening and die at
the sunset.

Diagnosis. As for the species.

Astraeoptera cretacica sp. nov.

(LSID: urn:lsid:zoobank.org:act:006809ED-8231-432A-86E6-
AC1DA2671F01).

(Figs. 1-2).

Holotype. A female imago, LPRP/USP 0504 (incomplete individual,
exposed in right lateral view).

Etymology. The epithet refers to the Cretaceous strata of the Crato
Formation.

Type locality and horizon. Unknown locality, Crato Formation (Ara-
ripe Basin), Northeast Brazil, upper Aptian.

Diagnosis. Pterothorax robust, wider than prothorax. MP, e CuA
straight at their bases; MA branching in the apical half of wing at
about two-thirds of MA length; CuA not forked; cubital field with
longitudinal veins sub-parallel to CuA.
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Fig. 1. Astraeoptera cretacica sp. nov., female imago, holotype, LPRP/USP 0504. (A) Photograph of lateral view. (B) Line drawing of lateral view. Captions: Ce, Cerci; Fl, fore leg; Fw,
fore wing; He, Head; HI, hind leg; Pt, Pterothorax; Ta, Tarsus of middle leg; VII-X, Abdominal tergum VII-X. Scale bar: 5 mm.

Description. Female imago. Small size (7.5 mm, excluding cercus).
Forewing length 5.0 mm, its width 3.5 mm. Head wider than long
(length 0.5 mm). Eyes too incomplete to be described. Prothorax
small (length 0.5 mm); pterothorax well-developed (length
2.0 mm), mesothorax large. Foreleg long, middle and hind legs
fragmented; length of foreleg fragment 5.0 mm (femur preserved
1.5 mm, tibia + tarsus 3.5 mm). Forewing with tornoapical (outer)
margin about two times longer than basitornal (anal) margin; costal
area wide, narrowing toward tip; the field between Rs and RA is
narrow in its basal portion, becoming wider in its apical half; entire
forewing with numerous crossveins, except the cubital area; C, Sc

and RA not branched and sub parallels; no conspicuous gemination
of longitudinal veins; RS basally branched at about one-quarter of
wing length (RS fork at 1.8 mm from wing base); RS formed triad
RSa-iRS-RSp, iRS approximated RSp; RSa formed triad RSaj-iRSa-
RSay; RSa; formed triad RSay’-iRSa,-RSa,”; RSp non-branched; MA
branched in apical half of wing at about two-thirds of MA length;
MA; and MA; uniformly diverging; iMA equidistant to MA; and
MA,; the distance between the forks RS and MA is approximately
2.3 mm; MP basally branched, with very short common stem; iMP
slightly approximated with MPy; distinct intercalary veins existing
between MP, and CuA; MP, and CuA veins are straight at their
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Fig. 2. Astraeoptera cretacica sp. nov., holotype, LPRP/USP 0504. (A) Photograph of
forewing. (B) Forewing drawing. Scale bar: 2 mm.

bases; cubital field with long longitudinal veins sub-parallel to CuA,
which originate at the base of the wing and culminate in the outer
margin. Abdomen with first segment covered by metathorax;
segment VII widest (abdomen length 4.5 mm, maximum width
segment VII 1.5); segment X apparently preserving one cercus.
Paracercus not preserved. Cercus fragmented, almost the same
length of body (length 6.5 mm).

Family Hexagenitidae Lameere, 1917

Costalimella zucchii Zamboni, 2001
(Fig. 3)

2006b Costalimella zucchii Martins-Neto, p. 196
2007 Costalimella zuechii Zamboni, 2001, Staniczek, p. 184
2018 Costalimella zucchii Zamboni, 2001, Moura-Jtnior et al., p. 150

Holotype. LPJUFC CRT 1276 (incomplete imago, exposed in lateral
view).

Revised diagnosis. Forewing length 9 mm. RS basally branched at
about one-quarter of wing length; RSal non-branched; RSa,
formed triad RSay’-iRSaz-RSa;. MA branched in apical half of wing,
close to the origin of RSa;, at about three-quarters of MA length.
CuA basally bifurcated to CuA1 and CuA2; CuA field with three
successive ‘hexagenitid’ triads. Hindwing without costal process,
with three bifurcated longitudinal veins described in the sequence:
MA and CuA branch near its midlength, MP bifurcated in the apical
third.

Type locality and horizon. Outcrop at Km 4 of the road Santana do
Cariri — Nova Olinda, Ceara State, Northeast Brazil, Crato Formation
(Zamboni, 2001, p. 130—131), upper Aptian.

L

Fig. 3. Costalimella zucchii (holotype), LP/JUFC CRT1276. (A) Photograph of lateral view.
(B) Detail of the cubital field of the forewing; Scale bar, 1.0 mm. (C) Fore and hind wing
drawing. Scale bars: 2 mm.

Redescription. Imago; sex unknown. Head (length 1.0 mm) and
thorax (length 3.0) poorly preserved. Fore and hind wings are
superimposed. Forewing length 9.5 mm, 5.0 mm maximal width.

Forewing. Tornoapical (outer) margin about twice longer than basi-
tornal (anal) margin. Relation of wing length to width of about 2:1.
Costal area relatively wide, narrowing toward tip. C, Sc and RA not
branched and subparallels; Sc and RA with semi-equal space
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between them; Sc not shortened. No conspicuous gemination of
longitudinal veins. Costal field and entire wing with numerous
crossveins. RS basally branched at about one-quarter of wing length
(RS fork at 2.5 mm from wing base); RS formed triad RSa-iRS-RSp, iRS
approximated RSp; RSa formed triad RSaj-iRSa-RSay; RSa, formed
triad RSay’-iRSay-RSay”; RSp non-branched. MA length 7.0 mm; MA
branched in apical half of wing, close to the origin of RSa;, at about
three-quarters of MA length (MA fork at 5.0 mm from MA base); MA;
and MA; uniformly diverging; iMA equidistant to MA; and MA;. The
distance between the forks RS and MA is approximately 3.0 mm. MP
basally branched, with very short common stem; MP; and MP,
slightly curved in their apical half; iMP equidistant to MP; and MPy;
intercalary vein in the area between MP;-iMP and iMP-MP,. MP; and
CuA veins are straight at their bases. CuA vein basally bifurcated to
CuA; and CuA,, from the bifurcation a vein iCu formed three suc-
cessive ‘hexagenitid’ triads, whose branches extend to the basitornal
margin of wing; anterior branch of each triad is arched and forms
next triad; CuP not branched, subparalleling CuA basally and CuA;
distally. AA not discernible.

Hind wing. Significantly reduced (length 3.5 mm, its width 2.5 mm),
without evidence of costal process. Veins C and Sc unbranched and
subparallels. RA field large, more than 3 times as wide as costal
area; RA and RS apparently straight and unbranched; three bifur-
cated longitudinal veins described in the sequence: MA and CuA
branch near its midlength, MP bifurcated in the apical third. Anal
area unpreserved.

Family Hexagenitidae Lameere, 1917
Protoligoneuria limai Demoulin, 1955
1996 Cratogenites corradiniae Martins-Neto, p. 180—181

Type material, diagnosis, and synonym list for the type species: see
Staniczek (2007, p. 172—174).

Referred material. LPRP/USP 0583 - holotype of Cratogenites corra-
diniae (male? nymph, exposed in dorsal view) (Fig. 4).

Locality and horizon. According to Martins-Neto (1996), the spec-
imen LPRP/USP 0583 was collected in Fazenda Tatajuba, Santana do
Cariri, Ceara State, Northeast Brazil, at 4 m from the base of a 15-m-
thick outcrop of the Crato Formation (upper Aptian).
Redescription. Fusiform body (length 10 mm, excluding caudal fil-
aments), siflonuroid minnow-like appearance. Head 1.4 times
wider than long (length ca. 1.4 mm, its width 2.0 mm). Large
compound eyes (length 1.0 mm, its width 0.7 mm) occupy most of
the head; preserved omatids. Filiform antenna, relatively short
(length 1.6 mm); scape (length 0.3 mm) larger and wider than
subsequent segments. Thorax length 2.6 mm, its maximal width
3.1 mm; mesothorax and metathorax wider than prothorax (pro-
thorax width 2.4 mm, meso and metathorax width 3.1 mm); rect-
angular pronotum, 7 times wider than long (length 0.3 mm, its
width 2.4 mm); pterothorax carrying two pairs of wing pads (be-
side each other), semi-triangular and medially partially fused.
Prothoracic, mesothoracic and metathoracic legs are preserved;
thin legs with femurs slightly more robust than the tibiae, almost
semi-equal in thickness; fore femur with spine-shaped projection
at its apex. Prothoracic legs length: femur 0.6 mm, tibia 1.1 mm,
tarsus 0.9 mm,; its width: femur 0.3 mm, tibia 0.2 mm, tarsus
0.15 mm. Femur of the metathoracic legs (length 1.0 mm) 1.6 times
longer than the femur of the prolegs. Segmented abdomen (length
6.0 mm, maximal width 2.4 mm); segments gradually decrease in
size as it approaches tergum X; two longitudinal lobes give the
appearance of a three-lobed abdomen. Six pairs of leaf-shaped gills
inserted posterolaterally on segments I-VI, subequal in size (length
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1.2 mm); seventh gill not preserved or nonexistent; each gill with a
sclerotized costal “rib” present on the anterior margin and an anal
“rib” at a distance from posterior margin, close to the median re-
gion. From the distal portion of tergum X, the caudal filaments
emerge, which becomes tapering towards the apex; cerci on its
internal sides and terminal filament (paracercus) with fringes of
dense swimming hairs, scarce at the distal ends; cerci (length
5.0 mm) slightly longer than the terminal filament (length 3.5 mm)
and multisegmented.

5. Discussion

5.1. Comparisons and affinities of Astraeoptera cretacica gen. et
Sp. nov.

Comparisons of the new species (based on adult traits) with
other Mesozoic ephemeropterans worldwide and some extant
mayfly taxa with fossil representatives have revealed a unique set
of wing characters (i.e., MP; e CuA straight at their bases; MA
branching in the apical half of wing length; CuA not forked; cubital
field with longitudinal veins sub-parallel to CuA). Those features
weaken potential affinities with any family previously recorded in
the Crato Formation. The MP, and CuA veins, for instance, are
straight at their bases, as opposed to those of Fimbriatotergaliae
(Kluge, 2004), the MP, and CuA veins of which are arched at their
bases, as shown by the Australiphemeridae, Euthyplociidae,
Ephemeridae, Polymitarcyidae, and Potamanthidae (Martins-Neto
and Caldas, 1990; McCafferty, 1990) of that stratigraphic unit.

A close affinity with Hexagenitidae, the most common ephem-
eropterans from the Crato Formation, is also not supported due to
the absence of successive ‘hexagenitid’ triads within the CuA field.
Unlike oligoneuriids, the entire forewing of Astraeoptera cretacica
sp. nov. has numerous cross veins and no conspicuous twinning of
longitudinal veins is seen.

The affinity of the new species with the baetiscid Protobaetisca
bechlyi also lacks support due to marked differences in wing
venation. In Baetiscidae and in others phylogenetically closed taxa,
as Cretomitarcyidae (Sinitshenkova, 2000a) and Prosopistomatidae
(Lin et al., 2017), with fossils respectively from the New Jersey and
Myanmar amber, the wing tornus is placed posterior to Aj. Also, in
Prosopistomatidae all longitudinal veins behind Rs veins are simple
and detached (Lin et al., 2017), a condition not present in
Astraeoptera cretacica sp. nov.

The holotype of Astraeoptera cretacica sp. nov. differs from
Siphlonuridae by lacking CuA attached to the hind margin of
forewing by a series of veinlets, often forking or sinuating
(Edmunds et al., 1976). In fact, we concur with Staniczek (2007),
who questioned the occurrence of siphlonurids in the Crato For-
mation. Unlike siphluriscid from the Jurassic of Russia (Tshernova,
1967), Astraeoptera cretacica sp. nov. lacks the ‘siphlonuroid’ fore-
wing, with an exceptionally long and narrow cubital field (Zhou and
Peters, 2003).

Finally, the lack of basally detached IMA, MAy, IMP, and MP,
veins in the forewing prevents the nesting of Astraeoptera cretacica
sp. nov. within Baetidae, some imagos of which are known from the
Cretaceous Tainmyr and Burmese amber (Kluge, 1997; Poinar,
2011).

Astraeoptera cretacica sp. nov. shares with Ametropodidae,
Heptageniidae, Leptophlebiidae, and Metretopodidae forewings
with 1-2 pairs of intercalaries between CuA and CuP (Edmunds
et al., 1976). However, its assignment to Ametropodidae or Hepta-
geniidae is hampered by differences in the MP sector. In ame-
tropodids, MP, detaches basally, whereas MP; and MP, have a
common branch in Astraeoptera cretacica sp. nov. In heptageniids,
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Fig. 4. Cratogenites corradiniae (holotype), LPRP/USP 0583 (junior synonym of Protoligoneuria limai). (A) Photograph in dorsal view. (B) Drawing. (C) Detail of the left antenna.
Captions: An, Antenna; Ce, Cerci; Co, Compound eyes; Cr, Costal rib; Fe, Femur; Fl, Fore leg; Gi, Gills; Ml, Middle leg; Pa, Paracercum; Ta, Tarsus; Ti, Tibia; Wp, Wing pad. Scale bar

(A): 5 mm, (C): 1 mm.

MP; and MP; veins form a nearly symmetrical fork, as in the new
species, but its MP forks closer to or at the same level of the RS split.

A possible assignment of the new species to Leptophlebiidae is
also problematic, because the typical leptophlebiid characters
cannot be assessed in Astraeoptera cretacica sp. nov. due to poor
preservation. These include forewings usually with two in-
tercalaries between CuA and CuP or one bifurcate vein arising from
CuA and/or CUP (Kluge, 2004) and the CuP vein usually rather
strongly recurved.

The wing morphology of Astraeoptera cretacica sp. nov. is similar
to that of some metretopodids, because the MP fork is located more
basally than the RS fork and the MP, vein of the forewing only
slightly diverges from MP; at base (Staniczek and Godunko, 2012).
Yet, winged stages of metretopodids can only be distinguished from
other ephemeropterans by a combination of characters (from
mesonotal, lateroparapsidal and tibiopatellar suture, furcasternal
protuberances, paracercus, tarsi and wings), which is not present in
the new species. Given the comparisons presented above, the
available evidence does not allow assigning Astraeoptera cretacica
sp. nov. to any of the afore-mentioned families. Yet, caution is
warranted as some diagnostic structures are not apparent in the
type-specimen possibly due to its poor preservation.

5.2. Comparisons and affinities of Costalimella zucchii and
Cratogenites corradiniae

Siphlonuridae was firstly recorded in the Crato Formation based
on Costalimella nordestina Martins-Neto, 1996, and the second
species of the genus was described as Costalimella zucchii Zamboni,
2001 (Fig. 3A) (Martins-Neto, 2006). Both species were assigned to
an undetermined family by Staniczek (2007), but possibly corre-
sponding to small hexagenitids. At least for Costalimella zucchii, this
hypothesis is confirmed, due to the bifurcation of CuA vein in CuA1l
and CuA2 and the presence of successive ‘hexagenitid’ triads orig-
inating from iCu (Fig. 3B—C). Unfortunately, inferences about Cos-
talimella nordestina are hampered by the unknown whereabouts of
the holotype. In its description, Martins-Neto (1996) only figured
the specimen with simple line drawing, in which the presence of
cubital triads is uncertain. The occurrence of siphlonurids in the
Crato Formation is unexpected, because most extant genera of this
family are found in cold climates of higher latitudes, including
Holartic areas, Australia, New Zealand, and southern South America
(Edmunds et al., 1976).

Martins-Neto (1996) described Cratogenites corradiniae (Fig. 4A)
with elongated and expanded gill VII, which is characteristic of
Hexagenitidae. However, gill VII does not occur or is not preserved
in the holotype (Fig. 4A—B). In addition, Martins-Neto (1996)
diagnosed Cratogenites corradiniae based on head shape, eyes and
antennae sizes. However, Staniczek (2007) pointed out that,
although the figure published in Martins-Neto (1996) shows
elongated antennas, the corresponding photograph does not sup-
port that view. In addition, different head shapes can be explained
by position of preservation, and sexual dimorphism may explain
the large compound eyes, commonly seen in males. For all those
reasons the species was considered a junior synonym of Proto-
ligoneuria limai Demoulin, 1955 by Staniczek (2007).

The holotype of Cratogenites corradiniae exhibits a left antenna
(Fig. 4C) that is shorter than the width of the head and extends
towards the foretibia; not shown in the photograph of Martins-
Neto (1996). However, the antenna length measurement provided

by that author is minimally 2.5 longer than that actually preserved
in the holotype. McCafferty (1990) reported that the antenna is
shorter than head width in Protoligoneuria limai (1.4 mm long in a
specimen with body length of 8.9 mm and head width of 2.2 mm).
Antennas of 2.0 mm have been reported for Palaeobaetodes cos-
talimai Brito, 1987 (Martins-Neto, 1996), also a junior synonym of
Protoligoneuria limai. Therefore, the antenna length in Cratogenites
corradiniae does not allow distinguishing it from Protoligoneuria
limai, confirming their synonym.

5.3. Cretaceous ephemeropterans

The Early Cretaceous diversity of ephemeropterans is mostly
concentrated in Eurasian deposits, including Russia, Mongolia, and
China (>30 species), as well as in the Crato Formation, which rep-
resents the most prolific stratigraphic unit for Early Cretaceous
mayflies. In Eurasia, this fauna is dominated by hexagenitids, fol-
lowed by Mesonetidae and Siphlonuridae (Huang et al., 2007, 2011;
Sinitshenkova, 1989, 2000b, 2017), together encompassing nearly
90% of all species. In Brazil, the species distribution is more uni-
form; although Hexagenitidae is still more common, with five out
of 15 valid species.

6. Conclusions

A new mayfly, Astraeoptera cretacica gen. et sp. nov., from the
Lower Cretaceous Crato Formation is described. After extensive
comparisons, its assignment to any known family of Ephemer-
optera remains elusive. Based on a revision of their holotypes,
Costalimella zucchii is reallocated to Hexagenitidae and Cratogenites
corradiniae is confirmed as a junior synonymy of Protoligoneuria
limai. The most diverse Cretaceous mayflies are the hexagenitids,
notably for Eurasian faunas. The data discussed here supports a
diversity of ephemeropterans for the Crato Formation greater than
previously known, ratifying its potential to unveiling the evolution
of Cretaceous insects.

Acknowledgements

We are grateful to Rodrigo da Rocha Machado (CPRM) for
allowing examination of specimens under his care. Adalberto Santos
(UFMG) is thanked for access to imagery equipment. We appreciate
the valuable comments and constructive suggestion from two
anonymous reviewers. This work was supported by Coordenagao de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES) — Finance
Code 001 (grant to NCAB); and Fundacao de Amparo a Pesquisa do
Estado de Minas Gerais (FAPEMIG, grant to JSB).

References

Arai, M., Coimbra, J.C,, Silva-Telles, A.C., 2001. Sintese bioestratigrafica da Bacia do
Araripe (Nordeste do Brasil), I and II Simpoésios sobre a Bacia do Araripe e Bacias
Interiores do Nordeste. SBP/URCA/DNPM, Crato, pp. 109—117, 122—124.

Blanke, A., Greve, C., Wipfler, B., Beutel, R.G., Holland, B.R., Misof, B., 2013. The Iden-
tification of Concerted Convergence in Insect Heads Corroborates Palaeoptera.
Systematic Biology 62 (2), 250—263. https://doi.org/10.1093/sysbio/sys091.

Brito, .M., 1987. Nota preliminar sobre uma nova Efemera do Cretdceo do Ceara
(Insecta Ephemeroptera). Anais do X Congresso Brasileiro de Paleontologia (2),
593-597.

Carle, F.L.,1982a. The wing vein homologies and phylogeny of the Odonata: a continuing
debate. Societas Internationalis Odonatologica Rapid Communications 4.

Carle, F.L., 1982b. Evolution of the odonate copulatory process. Odonatologica 11 (4),
271-286.



N.CA. Brandao, J.S. Bittencourt, A.R. Calor et al.

Coimbra, J.C., Arai, M., Carreno, A.L, 2002. Biostratigraphy of Lower Cretaceous
microfossils from the Araripe Basin, northeastern Brazil. Geobios 35 (6),
687—-698.

Coimbra, J.C., Freire, T.M., 2021. Age of the Post-rift Sequence I from the Araripe
Basin, Lower Cretaceous, NE Brazil: implications for spatio-temporal correla-
tion. Revista Brasileira de Paleontologia 24, 37—46.

Crampton, G.C., 1924. The phylogeny and classification of insects. Journal of Ento-
mology and Zoology 16, 33—47.

Da-Silva, E.R., Salles, F.F,, 2012. Ephemeroptera Hyatt & Arms, 1891 (Chapter 17).
In: Rafael, ]J.A., Melo, G.A.R., Carvalho, CJ.B., Casari, S.A., Constantino, R.
(Eds.), Insetos do Brasil Diversidade e Taxonomia. Holos, Ribeirao Preto,
pp. 231-243.

Demoulin, G., 1955. Sur une larve siphlonuridienne d'’Ephémere fossile du Brésil.
Bulletin et Annales de la Société Royale d’ Entomologie de Belgique 91,
270-271.

Dominguez, E., Molineri, C., Pescador, M., Hubbard, M., Nieto, C., 2006. Aquatic
Biodiversity in Latin America: Ephemeroptera of South America 2. Pensoft,
Moscow.

Edmunds J.R, G.F, Jensen, S.L, Berner, L., 1976. Mayflies of North and Central
America. University of Minnesota Press, Minneapolis.

Grimaldi, D., Engel, ML.S., 2005. Insects take to the skies (Chapter 6). In: Grimaldi, D.,
Engel, M.S. (Eds.), Evolution of the Insects. Cambridge University Press, New
York, pp. 155—-187.

Haas, F., Kukalova-Peck, ., 2001. Dermaptera hindwing structure and folding: new
evidence for familial, ordinal and superordinal relationships within Neoptera
(Insecta). European Journal of Entomology 98 (4), 445—509.

Heimhofer, U., Hochuli, P.-A., 2010. Early Cretaceous angiosperm pollen from a low-
latitude succession (Araripe Basin, NE Brazil). Review of Palaeobotany and
Palynology 161, 105—126.

Huang, J., Ren, D., Sinitshenkova, N.D., Shih, C., 2007. New genus and species of
Hexagenitidae (Insecta: Ephemeroptera) from Yixian Formation, China. Zootaxa
1629 (1), 39-50.

Huang, J., Sinitshenkova, N.D., Ren, D., 2011. New mayfly nymphs (Insecta:
Ephemeroptera) from Yixian Formation, China. Paleontological Journal 45 (2),
167—173.

Hyatt, A., Arms, ].M., 1891. _A novel diagrammatic representation of the orders of
insects. Psyche 6 (177), 11-13 (reprinted from: Guides for Science Teaching, No.
8. Insecta. By A. Hyatt & J.M. Arms).

Kjer, KM., 2004. Aligned 18S and insect phylogeny. Systematic Biology 53 (3),
506—514.

Kluge, N.J,, 1997. Classification and phylogeny of the Baetidae (Ephemeroptera) with
description of the new species from the Upper Cretaceous resins of Taimyr. In:
Landolt, P.,, Sartori, M. (Eds.), Ephemeroptera & Plecoptera. Biology-Ecology-
Systematics (Proc. VIII Int. Conf. on Ephemeroptera and XII Int. Symposium
on Plecoptera, August 1995, Losanne). Mauron + Tinguely & Lacht SA, Fribourg/
Switzerland, pp. 527—535.

Kluge, N. (Ed.), 2004. The phylogenetic system of Ephemeroptera. Kluwer Academic
Publishers, London.

Kukalova-Peck, ]., 2008. Phylogeny of higher taxa in Insecta: finding synapomor-
phies in the extant fauna and separating them from homoplasies. Evolutionary
Biology 35 (1), 4-51.

Lameere, A., 1917. Etude sur I'evolution des Ephéméres. Bulletin de Société Zoo-
logique de France 42, 41-81.

Lin, Q., Shih, C, Zhao, Y., Ren, D., 2017. A new genus and species of Prosopistoma-
tidae (Insecta: Ephemeroptera) from mid-Cretaceous Myanmar amber. Creta-
ceous Research 84, 401—406.

Linnaeus, C., 1758. Systema natur@ per regna tria nature, secundum classes,
ordines, genera, species, cum characteribus, differentiis, synonymis, locis. Editio
decima, reformata. Tomus 1. Salvius, Holmiae IV.

Licio, T., Souza Neto, J.A., Selby, D., 2020. Late Barremian/Early Aptian Re—Os age of
the Ipubi Formation black shales: Stratigraphic and paleoenvironmental im-
plications for Araripe Basin, northeastern Brazil. Journal of South American
Earth Sciences 102, 102699.

Martill, D., Heimhofer, U., 2007. Stratigraphy of the Crato Formation (Chapter 3). In:
Martill, D.M., Bechly, G., Loveridge, R.F. (Eds.), The Crato fossil beds of Brazil:
window into an ancient world. Cambridge University Press, Cambridge,
pp. 25—43.

Martill, D.M., Wilby, P., 1993. Stratigraphy (Chapter 3). In: Martill, D.M. (Ed.), Fossils
of the Santana and Crato Formations, Brazil. The Palaeontological Association
Field Guides to Fossils 5, pp. 20—50. London.

Martins-Neto, R.G., 1996. New mayflies (Insecta, Ephemeroptera) from the Santana
Formation (Lower Cretaceous), Araripe Basin, Northeastern Brazil. Revista
Espanola de Paleontologia 11, 177—192.

Martins-Neto, R.G., Caldas, E.B., 1990. Efemeras escavadoras (Insecta, Ephemer-
optera, Ephemeroidea) na Formacao Santana (Cretdceo Inferior), Bacia do
Araripe Nordeste do Brasil: Descricao de trés novos géneros e trés novas
espécies (ninfas). Atas do I Simposio sobre a Bacia do Araripe e Bacias Interiores
do Nordeste Crato, pp. 265—275.

Martins-Neto, R.G., 2006. Insetos fosseis como bioindicadores em depdsitos sed-
imentares: um estudo de caso para o Cretdceo da Bacia do Araripe (Brasil).
Zoociéncias 8 (2), 155—183.

Cretaceous Research 127 (2021) 104923

Martynov, A.V., 1925. Uber zwei Grundtypen der Fliigel bei den Insekten und ihre
evolution. Zeitschrift fiir Morphologie und Okologie der Tiere 4 (5), 465—501.

McCafferty, W.P.,, 1990. Ephemeroptera (Chapter 2). In: Grimaldi, D.A. (Ed.), Insects
from the Santana Formation, Lower Cretaceous, of Brazil. Bulletin of the
American Museum of Natural History, New York, pp. 20—50.

Misof, B., Niehuis, O., Bischoff, 1., Rickert, A., Erpenbeck, D., Staniczek, A., 2007.
Towards an 18S phylogeny of hexapods: accounting for group-specific character
covariance in optimized mixed nucleotide/doublet models. Zoology 110 (5),
409—429.

Moura-Janior, D.A., Scheffler, S.M., Fernandes, A.C.S., 2018. A Paleoentomofauna
Brasileira: Cendrio Atual, vol. 41. Anudrio do Instituto de Geociéncias - UFRJ,
pp. 142-166, 1.

Ogden, T.H., Whiting, M.F,, 2003. The problem with “the Paleoptera Problem:” sense
and sensitivity. Cladistics 19 (5), 432—442.

Poinar, J.G., 2011. Vetuformosa buckleyi n. gen., n. sp. (Ephemeroptera: Baetidae;
Vetuformosinae n. subfam.), a new subfamily of mayflies in early cretaceous
Burmese amber. Historical Biology: An International Journal of Paleobiology 23
(4), 369—374.

Ponte, F.C., Appi, CJ., 1990. Proposta de revisao da coluna litoestratigrafica da Bacia
do Araripe, XXXVI Congresso Brasileiro de Geologia. SBG, Natal, pp. 211—-226.

Regier, J.C., Shultz, J.W., Zwick, A., Hussey, A., Ball, B., Wetzer, R., Martin, J.W.,
Cunningham, C.W., 2010. Arthropod relationships revealed by phylogenomic
analysis of nuclear protein-coding sequences. Nature 463 (7284), 1079—1084.

Ribeiro, A.C., Ribeiro, G.C., Varejao, F.G., Battirola, L.D., Pessoa, E.M., Simoes, M.G.,
Warren, L.V., Riccomini, C., Poyato-Ariza, FJ., 2021. Towards an actualistic view
of the Crato Konservat-Lagerstdtte paleoenvironment: A new hypothesis as an
Early Cretaceous (Aptian) equatorial and semi-arid wetland. Earth-Science
Reviews 216, 103573.

Sartori, M., Brittain, J.E., 2015. Order Ephemeroptera (Chapter 34). In: Thorp, J.,
Rodgers, D.C. (Eds.), Thorp and Covich's Freshwater Invertebrates: Ecology and
General Biology 4. Academic Press, New York, pp. 873—891.

Simon, S., Strauss, S., von Haeseler, A., Hadrys, H., 2009. A phylogenomic approach
to resolve the basal pterygote divergence. Molecular Biology and Evolution 26
(12), 2719—-2730.

Sinitshenkova, N.D., 1989. New Mesozoic mayflies (Ephemerida) from Mongolia.
Paleontological Journal 23 (3), 26—37.

Sinitshenkova, N.D., 2000a. New Jersey amber mayflies: the first north American
Mesozoic members of the order (Insecta; Ephemeroptera). In: Grimaldi, D. (Ed.),
Studies on Fossil in Amber, with Particular Reference to the Cretaceous of New
Jersey. Backhuys Publishers, Leiden, pp. 111-125.

Sinitshenkova, N.D., 2000b. New mayflies from the upper Mesozoic Transbaikalian
locality Chernovskie Kopi (Insecta: Ephemerida = Ephemeroptera. Paleonto-
logical Journal 34 (1), 68—74.

Sinitshenkova, N.D., 2017. New mayflies (Insecta: Ephemerida = Ephemeroptera)
from the Upper Mesozoic locality of Khasurty, western Transbaikalia. Paleon-
tological Journal 51 (3), 280—287.

Song, N., Li, X, Yin, X,, Li, X,, Yin, J., Pan, P,, 2019. The mitochondrial genomes of
palaeopteran insects and insights into the early insect relationships. Scientific
Reports 9 (1), 17765. https://doi.org/10.1038/s41598-019-54391-9.

Staniczek, A.H., 2000. The mandible of silverfish (Insecta: Zygentoma) and mayflies
(Ephemeroptera): its morphology and phylogenetic significance. Zoologischer
Anzeiger 239 (2), 147—-178.

Staniczek, A.H., 2007. Ephemeroptera: mayflies (Chapter 11.4). In: Martill, D.M.,
Bechly, G., Loveridge, R.F. (Eds.), The Crato fossil beds of Brazil: window into an
ancient world. Cambridge University Press, Cambridge, pp. 163—184.

Staniczek, A.H. Godunko, R]J., 2012. Revision of fossil Metretopodidae (Insecta:
Ephemeroptera) in Baltic amber — Part 1: Type specimens of hitherto described
fossil species of Siphloplecton Clemens, 1915 and Metretopus Eaton, 1901, with
description of four new fossil species of Siphloplecton. Palaeodiversity 5, 57—87.

Storari, A.P., Rodrigues, T., Saraiva, A.A.F,, Salles, EF.,, 2020. Unmasking a gap: A new
oligoneuriid fossil (Ephemeroptera: Insecta) from the Crato Formation (upper
Aptian), Araripe Basin, NE Brazil, with comments on Colocrus McCafferty. PloS
One 15 (10), e0240365. https://doi.org/10.1371/journal.pone.0240365.

Tillyard, RJ., 1932. Kansas Permian Insects. Part 15. The order Plectoptera. American
Journal of Science (5), 237272, 23: 97—135.

Thomas, J.A., Trueman, J.W., Rambaut, A., Welch, ]J., 2013. Relaxed phylogenetics
and the Palaeoptera problem: Resolving deep ancestral splits in the insect
phylogeny. Systematic Biology 62 (2), 285—297.

Tshernova, O.A., 1967. Mayfly of the Recent family in Jurassic deposits of Trans-
baikalia (Ephemeroptera, Siphlonuridae). Entomologicheskoe Obozrenie 46,
322-326 (In Russian).

Viana, M.S.S., Neumann, V.H.L,, 2002. Membro Crato da Formacao Santana, Chapada
do Araripe, CE — Riquissimo registro de fauna e flora do Creticeo. In:
Schobbenhaus, C., Campos, D.A., Queiroz, E.T., Winge, M., Berbert-Born, M.L.C.
(Eds.), Sitios Geolégicos e Paleontolégicos do Brasil. DNPM/CPRM, Brasilia,
pp. 113-120.

Warren, L.V., Varejao, F.G., Quaglio, F., Simoes, M.G., Fiirsich, ET., Poiré, D.G., Catto, B.,
Assine, M.L., 2017. Stromatolites from the aptian Crato Formation, a hypersaline
lake system in the Araripe Basin, northeastern Brazil. Facies 63 (1), 1-19.

Wheeler, W.C., Whiting, M.F,, Wheeler, Q.D., Carpenter, ].M., 2001. The phylogeny of
the extant hexapod orders. Cladistics 17 (2), 113—169.



N.CA. Brandao, J.S. Bittencourt, A.R. Calor et al.

Willkommen, J., Hornschemeyer, T., 2007. The homology of wing base sclerites and
flight muscles in Ephemeroptera and Neoptera and the morphology of the
pterothorax of Habroleptoides confusa (Insecta: Ephemeroptera: Lepto-
phlebiidae). Arthropod Structure & Development 36 (2), 253—269.

Yoshizawa, K., Johnson, K.P., 2005. Aligned 18S for Zoraptera (Insecta): phylogenetic
position and molecular evolution. Molecular Phylogenetics and Evolution 37
(2), 572—580.

Zamboni, J.C, 2001. Contribution to the knowledge of the aquatic paleo-
entomofauna from Santana Formation (Araripe Basin, Lower Cretaceous,

Cretaceous Research 127 (2021) 104923

Northeast Brazil) with description of new taxa. Acta Geologica Leopoldensia 24
(52—-53), 129—-135.

Zhang, ., Zhou, C, Gai, Y., Song, D., Zhou, K., 2008. The complete mitochondrial
genome of Parafronurus youi (Insecta: Ephemeroptera) and phylogenetic posi-
tion of the Ephemeroptera. Gene 424 (1-2), 18—24.

Zhou, C.F., Peters, ], 2003. The nymph of Siphluriscus chinensis and
additional imaginal description: a living mayfly with Jurassic origins
(Siphluriscidae new family: Ephemeroptera). Florida Entomologist 86 (3),
345-352.



	The Ephemeroptera (Hexapoda, Insecta) from the Lower Cretaceous Crato Formation (NE Brazil): a new genus and species, and r ...
	1. Introduction
	2. Geological setting
	3. Material and methods
	4. Taxonomy
	5. Discussion
	5.1. Comparisons and affinities of Astraeoptera cretacica gen. et sp. nov.
	5.2. Comparisons and affinities of Costalimella zucchii and Cratogenites corradiniae
	5.3. Cretaceous ephemeropterans

	6. Conclusions
	Acknowledgements
	References


