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The Oldest Fossils From China Provide the Most Direct Evidence for the Ancestral State of Fossula Spongiosa and Stridulitrum of Reduviidae
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This study describes a new genus Simplicivenius gen. nov. of Reduviinae with two new species, Simplicivenius tuberculosus sp. nov. and Simplicivenius rectidorsius sp. nov. from the Yixian Formation in northeastern China. The diagnosis of the genus includes the width of the scutellum about 2/3 of the width of the pronotum and the absence of longitudinal veins around the exterior cell of the membrane. This is the oldest fossil record of Reduviinae and indeed Reduviidae at present, dating back to the Early Cretaceous. This implies that Reduviinae existed before the Late Cretaceous biological mass extinction, hinting that Reduviinae may be a basal taxon within the Higher Reduviidae. Moreover, the fossils prove the correctness of the previous speculations on the ancestral state of the stridulitrum and the fossula spongiosa of the assassin bugs. The fossula spongiosa on the mid leg and fore leg are subequal in size and both occupy 1/3 of the tibia is considered the primitive type of fossula spongiosa.
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INTRODUCTION

Reduviidae is the second-largest family within Heteroptera, including about 25 subfamilies and more than 7,000 described species at present (Weirauch et al., 2014). Among them, Reduviinae is a cosmopolitan group, which is most abundant in tropical and subtropical regions. It is the second-largest subfamily of Reduviidae, including 141 genera and more than 1,070 species (Shah et al., 2022). Species of this subfamily are predatory and prey on other animals for their food (Hwang and Weirauch, 2012). Most of them live under dead bark, sometimes near human dwellings, in bushes, and in arid environments such as deserts, where their habitats are more sophisticated and varied (Sahayaraj, 2007). The first extant species of this subfamily, Reduvius personatus, was described in 1758 by Linnaeus (Javahery, 2013).

There are only 33 genera and 51 species of fossils that have been described in Reduviidae, which is quite different from the present situation in that it is the second-largest family of Heteroptera. Among these 51 species, there are 18 species whose subfamilies are undetermined, and the remaining 33 species are classified into eight subfamilies: Reduviinae, Holoptilinae, Emesinae, Centrocnemidinae, Triatominae, Phymatinae, Harpactorinae, and Ectrichodiinae. Germar et al. (1856) found a fossil of assassin bugs in Eocene amber from the Baltic (Germar et al., 1856), which is the first report of Reduviidae fossils. A large number of Reduviidae fossils had been found and reported in the 20th century, but the geological age is still in Cenozoic. Poinar (2019) discovered a primitive Triatominae fossil in early Late Cretaceous amber from northern Myanmar, this is the earliest record of fossil specimens of Reduviidae and the first report of Mesozoic assassin bugs fossil (Bush, 2021). To sum up, the current fossil records of Reduviidae are mostly Cenozoic, only a few fossils have been reported in Mesozoic, and the geological period stays in the early Late Cretaceous.

A new genus and two new species of Reduviinae are described in this article, which can be traced back to the Early Cretaceous and is the earliest known fossil record of Reduviidae in the world. The discovery of these fossils will enrich the diversity of the fossil species of Reduviidae to a certain extent, and provide direct fossil evidence for the subsequent interpretation of the evolution and origin of Reduviidae.



MATERIALS AND METHODS

The research materials involved in this study are three impression fossils, all of which were excavated from the Yixian Formation of Liaoning Province, Northeast China. The geological period of the Yixian Formation is suggested to be Early Cretaceous Aptian-Barremian (Barrett, 2000; He et al., 2008; Chang et al., 2017). Two of them are fossil pairs of plates. All are preserved in the Fossil Herbarium, Key Lab of Insect Evolution and Environmental Changes, College of Life Sciences, Capital Normal University, Beijing, China (Curator: Yunzhi Yao). The morphological aspects were mainly observed under a Nikon SMZ25 microscope, which was connected in real-time to a Nikon DS-Ri2 digital photographic system. The morphological terminology used in this study is mainly referenced by Lent and Wygodzinsky (1979), Weirauch (2008), and Zhang and Weirauch (2011). All units of dimensions are in millimeters (mm).



RESULTS


Systematic Paleontology

Order Hemiptera Linnaeus, 1758

Suborder Heteroptera Latreille, 1810

Infraorder Cimicomorpha Leston, Pendergrast & Southwood, 1954

Family Reduviidae Latreille, 1807

Subfamily Reduviinae Amyot & Serville, 1843

Genus Simplicivenius Zhang, Liu, and Yao, gen. nov.

Type Species. Simplicivenius tuberculosus sp. nov. (Figure 1).
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FIGURE 1. Dorsal habitus of Simplicivenius tuberculosus gen. et sp. nov., holotype CNU-HET-LB2022001 (A) Photograph. (B) Line drawing. Scale bars = 2 mm.


Etymology. The name of this new genus is a combination of “Simpl-” (meaning “simple”) and “Civenius” (meaning “vein”). Gender masculine. The reason for this name is that the veins of this new genus are relatively simple, with only two large wing cells on the membrane and no small longitudinal veins protruding from the outer edge of the cell formed by the M and Cu veins.

Diagnosis. Medium-sized, with a long oval shape. Anteocular region slightly longer and wider than postocular region, postocular region with obvious lateral constriction; antennae divided into four segments, with scape thickest and pedicel longest, pedicel with no obvious pseudosegmentation; anterior lobe of pronotum obviously shorter than posterior lobe, margin of posterior lobe prominent or nearly straight, with spines at humeral angle and slightly variable in shape; scutellum triangular, width obviously larger than length, apical scutellar process upturned, width of scutellum about 2/3 of width of pronotum; apical portion of corium with the macula, membrane with two large parallel cells, exterior cell slightly wider than the inner cell, without longitudinal vein extending from the outer margin of the exterior cell.

Comparison. This new fossil genus shares the following characteristics with the Reduviinae of the type genus Reduvius: both fore leg and mid leg straight and hemelytron without discoidal cell. However, it can be distinguished from the latter genus by the following characteristics: anterior lobe of pronotum significantly shorter than the posterior lobe. Other than that, the two new fossil species appear at first glance to be very similar to Acanthaspis quinquespinosa Fabricius, 1781 in the genus Acanthaspis, both of which have the following features: scape thickest and pedicel longest; anterior lobe of pronotum shorter than posterior lobe; scutellum triangular; apical scutellar process upturned and macula at sub-apical part of the corium. Nevertheless, further observations revealed the following unique features of the new fossil genus: width of scutellum approximately 2/3 of width of pronotum; no longitudinal vein in exterior cell of membrane.

Simplicivenius tuberculosus sp. nov. (Figure 1).

Holotype. CNU-HET-LB2022001, adult male.

Etymology. The name of this species comes from the Latin word “tuberculosus” (meaning “tuberculate”), referring to the multiple tubercles on the side of the pronotum and the scutellum.

Locality and Horizon. Early Cretaceous, Aptian-Barremian, Yixian, Liaoning Province, Northeast China.

Diagnosis. Conspicuous tubercles distributed on collar; posterior lobe of pronotum twice as long as anterior lobe, anterior lobe of pronotum and lateral area of scutellum, posterior margin of pronotum convex; hemelytron with a large macula on sub-apical portion of corium, a small sub-triangular macula on apical portion, a small rectangular macula on clavus; two elongated large cells consisting of M, Cu and Pcu veins on membrane.

Description. Head medium-sized, 1/8 of body length, anteocular region about 1.32 times of postocular region, postocular region short and cylindrical; eye large, dorsal length of almost 1/3 of head, dorsal width of greater than 1/2 of interocular space; interocellar space greater than single ocellar width, interocular space about 3.4 times of interocellar space; antenna divided into four segments, width of four segments tapered, scape and pedicel rod-shaped, width of scape twice width of pedicel, basiflagellomere and distiflagellomere obviously slender, distiflagellomere thinnest, its width 1/5 of the width of scape, pedicel longest, its length about four times that of scape; labium not preserved.

Collar incompletely preserved, edges of collar have small tubercles of different sizes; anterior margin of anterior lobe of pronotum slightly concave inward, anterior lobe has small tubercles symmetrical from left to right, lateral part of subanterior margin of anterior lobe predominant, closer area to transverse sulcus of pronotum fewer tubercles, median longitudinal groove faint, pronotal transverse sulcus with a small number of small tubercles on sides, humeral angle with slightly shorter and thicker spine-like process, apex of process is slightly pendulous, lateral angle rounded and blunt, posterior margin convex; scutellum triangular, about 1.48 times as wide as long, width almost as long as distance between two humeral angles, length about 1/8 of body length, sides of scutellum with symmetrical and dense tubercles, tubercles on middle part relatively sparse.

Hemelytra large macula on corium, which contrasts with other colors around corium, its size about 1/3 of corium, whereas macula on middle of clavus and apex of corium much smaller; abdomen elliptical and basically well preserved, intersegmental sutures also well preserved.

Legs not preserved.

Although the key characteristics of male genitalia are not preserved, it can be seen that the apex of the abdomen is very flat. Female external genitalia are generally more pointed, so it is difficult to press into such a shape and then combined with its size, this specimen is more likely to be male.

Dimensions (mm). Body length: 14.22; maximum abdominal width: 6.07; head length: 1.80; length of anteocular region: 0.7; length of postocular region: 0.53; width of interocular space: 0.75; width of interocellar space: 0.22; antennal segment lengths I-IV: 0.72, 2.96, 2.14, 1.42; length of anterior lobe of pronotum: 0.78; length of posterior lobe of pronotum: 1.75; width of pronotum: 3.92; length of scutellum: 1.79; width of scutellum: 2.65.

Simplicivenius rectidorsius sp. nov. (Figures 2, 3).
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FIGURE 2. Habitus of Simplicivenius rectidorsius gen. et sp. nov., holotype. CNU-HET-LB2022002 (A) Photograph in dorsal view. (B) Line drawing in dorsal view. (C) Photograph in ventral view. (D) Line drawing in ventral view. Scale bars = 2 mm.
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FIGURE 3. Simplicivenius rectidorsius gen. et sp. nov. photographs with morphological details, holotype. CNU-HET-LB2022002. (A) Conservation range of stridulitrum. (B) Structures of striae. (C) Fossula spongiosa on fore tibia. (D) Fossula spongiosa on mid tibia. (E) Female genitalia in dorsal view. (F) Female genitalia in ventral view. Scale bars = 0.5 mm. str, stridulitrum; fs, fossula spongiosa; vf, valvifer; vv, valvula.


Holotype. CNU-HET-LB2022002, part, and counterpart, adult female.

Etymology. The species name is a combination of the Latin words “rect-” (meaning “straight”) and “dorsalis” (meaning “dorsal”), referring to the nearly straight posterior margin of the pronotum.

Locality and Horizon. Early Cretaceous, Aptian-Barremian, Yixian, Liaoning Province, Northeast China.

Diagnosis. Collar well-developed, collar process slightly uplifted; ratio of length of anterior and posterior lobes of pronotum about 2:3, posterior margin of pronotum nearly straight with position of humeral angle about the same level; lateral part of scutellum with symmetrical tubercles; stridulitrum long and wide; sub-apical portion of corium with irregular small macula, membrane with two elongated large cell, exterior cell wider than inner cell; fossula spongiosa on fore leg and mid leg occupying about 1/3 of tibial ventral surface, tarsus of fore and mid legs three-segmented, hind coxae close together.

Description. Head medium-sized, 1/8 of body length, anteocular region measures 1.32 times that of postocular region, postocular region short and cylindrical; eye large, dorsal length almost 1/3 of head, dorsal width more than 1/2 of interocular space; interocellar space more than single ocellar width, interocular space is about 3.4 times that of interocellar space; antenna divided into four segments, width of four segments tapered, scape and pedicel rod-shaped, width of scape twice width of pedicel, basiflagellomere and distiflagellomere obviously slender, distiflagellomere thinnest, its width 1/5 of width of scape, pedicel longest, and its length about four times that of scape; labium is not preserved.

Collar well-developed, collar process slightly elevated; posterior lobe of pronotum approximately 1.62 times longer than anterior lobe, anterior margin of pronotum slightly depressed inward, median longitudinal groove faint, humeral angle on posterior lobe elongated spine, posterior margin of pronotum at same level as base of spines at humeral angle, nearly flat; scutellum triangular, 1/8 of body length and width, about 1.17 times its length, with small projections on lateral margins, a thicker base of apical portion of scutellum, tip of scutellar process sharp and upturned; stridulitrum incompletely preserved, but can be identified as long and wide under the microscope (Figures 3A,B). Middle of mesostethium and metastethium with a longitudinal ridge.

Femur and tibia of right fore leg well preserved, fossula spongiosa impressions on fore tibia, which well preserved, coxa and trochanter of left fore leg largely intact, fore coxae elongated, distance between fore coxae is greater than width of one coxa, fore femur robuster than fore tibia, femur elliptical columnar, middle wider than both ends, widest point 0.91 mm, tibia cylindrical, width basically equal everywhere, width about 0.32 mm, fossula spongiosa relatively large, occupying about 1/3 of whole tibia (Figure 3C), tarsus three-segmented, first segment shortest and third longest; right mid leg not preserved; outer edges of coxa and trochanter of left mid leg largely preserved, fossula spongiosa impression on mid tibia (Figure 3D) (preserved on the fossil is the ventral view of fossula spongiosa, probably caused by the turning of the tibial segment), and mid tarsus well preserved, mid coxae nearly triangular, fossula spongiosa also occupies about 1/3 of tibia, mid tarsus three-segmented, first and second segments basically equal in length, third segment longest; only coxae of hind leg is preserved, sub-circular hind coxae close to each other, distance between hind coxae smaller than width of one coxa.

Abdomen well preserved, elliptical, intersegmental sutures also basically well preserved. Connexivum well preserved, paranotum very broad. Female genitalia can be observed with valvifers and valvulae (Figures 3E,F).

Dimensions (mm). Body length: 14.92; maximum abdominal width: 6.72; head length: 2.25; length of anteocular region: 0.95; length of postocular region: 0.71; width of interocular space: 0.56; width of interocellar space: 0.25; antennal segment lengths I-IV: 0.91, 1.31, 1.16, 0.50; length of anterior lobe of pronotum: 0.74; length of posterior lobe of pronotum: 1.20; width of pronotum: 4.20; length of scutellum: 1.86; width of scutellum: 2.71; length of fore femur: 2.88; length of fore tibia: 3.33; length of fossula spongiosa of fore leg: 1.10; length of total fore tarsus: 0.94; length of mid tibia: 3.14; length of fossula spongiosa of mid leg: 1.10; length of total mid tarsus: 1.05.

Associated Specimen. In addition to the assassin bug, this fossil also has a rove beetle larva next to it, which belongs to Coleoptera, and although it is documented that the assassin bugs prey on Coleoptera as well (Youssef and Abd-Elgayed, 2015; Loko et al., 2022), there is no direct evidence that this assassin bug was preying on the rove beetle larva in this fossil, but the leg of the assassin bug was in contact with the carapace of the larva. Coincidentally, the assassin bug fossil documented by Swanson also shows Coleoptera (Swanson et al., 2021), and the leg of the assassin bug is also in contact with the body of the beetle.




DISCUSSION

The present fossil genus can be identified as Reduviidae on the basis of the following characteristics:membrane with two large cells, prosternal sulcus with stridulitrum present, head necklike behind eyes (Schuh and Weirauch, 2020). According to the zoogeographic classification of the world by Olson et al. (2001), the fossils of this study were recovered from northeastern China, which falls within the Palaearctic boundary that encompasses mainly the Eurasian and northern African regions. Within Reduviidae, Emesinae, Ectrichodiinae, Harpactorinae, Holoptilinae, Peiratinae, Stenopodainae, and Reduviinae are distributed in this lineage, so the fossils in this study are mainly compared to these seven subfamilies (Weirauch et al., 2014). Emesinae has a slender body which differs greatly from the oval body of the fossils in this study, and therefore, this subfamily is not considered in the first place (Wygodzinsky, 1966). The main difference between Ectrichodiinae and other subfamily assassin bugs is the presence of at least two apical scutellar processes, unlike the present fossils where only one apical scutellar process is present (Forthman et al., 2016). The key identifying character of Peiratinae is that the anterior lobe of the pronotum is significantly longer than the posterior lobe, which is the opposite of all the fossils in this study (Liu et al., 2020). In addition, the fossils in this study are clearly observed two large parallel cells present only at the membrane of hemelytron, whereas Harpactorinae has a square cell at the corium and Stenopodainae has a pentagonal or hexagonal cell at the corium (Wygodzinsky and Giacchi, 1994; Forero et al., 2004; Chen et al., 2020), the fossils are fundamentally different from the distribution of cells in these two subfamilies. Holoptilinae is missing the fossula spongiosa on the tibiae and has long setae on the body and each leg (Malipatil, 1985); the fossils in this study do not reveal the preservation of a large number of setae, although it is not certain whether the taxa represented by the fossils did not have setae covering the whole body itself or whether the setal structure was not preserved because the fossils are too old, the fossula spongiosa can be clearly observed in Simplicivenius rectidorsius gen. et sp. nov. Reduviinae is identified by the presence of the ocellus, three-segmented tarsus, two closed cells on the membrane of the hemelytron, and the fossula spongiosa on the tibia of fore and mid legs. In addition, Reduviinae is usually identified by the lack of specific morphological features unique to other subfamilies (Weirauch, 2014). The fossils in this study are highly overlapping with Reduviinae in terms of identifying features. Therefore, after a comprehensive comparison, the two fossils were finally classified as Reduviinae.

Hwang and Weirauch (2012) estimated the divergence dating of key evolutionary nodes within Reduviidae based on BEAST analysis using a relaxed-clock model and 11 fossil calibrations points. It is shown that the diversification of Higher Reduviidae began at 97 Ma (81–113 Ma) in the Late Cretaceous, coinciding with two global changes in the timing of angiosperm and phytophagous insect radiation. The analysis also showed that all lineages of Reduviinae are located in the branches of Higher Reduviidae, and the same results were shown in the cladistic analysis of Reduviidae based on morphological characters (Weirauch, 2008), the molecular phylogeny within the assassin bugs obtained from mitochondrial and nuclear ribosomal genes (Weirauch and Munro, 2009), and in the phylogenetic analysis based on transcriptomic and ribosomal DNA data (Zhang et al., 2016). The fossils in this study are geologically dated to the Early Cretaceous, and there is ample evidence to support their classification as Reduviinae, which is the earliest known Reduviinae fossil in the world. This result suggests that the Reduviinae emerged well before the Late Cretaceous biological mass extinction (Newell, 1965) survived the Late Cretaceous biological mass extinction, and then gradually flourished with the radiation of angiosperms and phytophagous insects. Such an early geological age also allows the onset of diversification of the Higher Reduviidae from the Late Cretaceous at 97 Ma (81–113 Ma) to at least the Early Cretaceous, indicating that Reduviinae may have been a basal taxon within the Higher Reduviidae. Poinar (2019) suggested that the fossil species Paleotriatoma metaxytaxa Triatominae from the early Late Cretaceous (100 Ma) evolved from a clade of Reduviinae based on the presence of ocelli, three-segmented tarsi, two closed cells on the forewing membrane, slight bend in the labium and fossula spongiosa on the fore and mid tibias. This also seems to further imply that Reduviinae may be a basal taxon along with Peiratinae. But it is not sufficient to rely on the geological history period of fossil records to draw such a conclusion, so we will also discuss below from the perspective of morphological characters.

The oldest fossil of Simplicivenius rectidorsius gen. et sp. nov. also provides the most direct fossil evidence for previous studies on the stridulitrum and fossula spongiosa of Reduviidae. The evolution of the stridulitrum of Reduviid ae was investigated by Cai et al. (1994), which classified the stridulitrum of adult Reduviidae into nine terminal types and suggested that the subwide total-striate stridulitrum or wide total-striate stridulitrum probably represented the ancestral status of Reduviidae. However, this conclusion remains tentative, and direct evidence to support it is not available. The striae of the stridulitrum are preserved in the fossil species Simplicivenius rectidorsius gen. et sp. nov. Although the complete appearance of the stridulitrum is not preserved as the fossil is too old, it is not difficult to conclude that the stridulitrum of this fossil species is at least the subwide total-striate type, judging from the distribution range of the striae on the prosternum of the fossil. Besides, Zhang et al. (2016) reconstructed the ancestral state of the raptorial leg of the assassin bugs based on transcriptomic and ribosomal DNA data. The fossula spongiosa were present in the ancestors of assassin bugs, as reported by Zhang et al. (2016). And auspiciously, the fossula spongiosa is also clearly preserved in Simplicivenius rectidorsius gen. et sp. nov. The fossula spongiosa of the fore leg can be seen, and the horizontal plate impressions that evolved only within Reduviidae to separate the fossula spongiosa cavity from the medial of the tibia are also preserved in the mid leg, and the fossula spongiosa impressions of the fore leg and mid leg are preserved simultaneously and both occupy 1/3 of the tibia (Weirauch, 2007). Another fossil species of Triatominae Paleotriatoma metaxytaxa found in the early Late Cretaceous (100 Ma) also has fossula spongiosa on both the fore leg and mid leg that occupy 1/3 of the tibia (Poinar, 2019). The fossula spongiosa were found to be present in both fore and mid legs in most species, and the fossula spongiosa of fore leg were usually larger than the fossula spongiosa of mid leg, while only a few taxa have fossula spongiosa on the fore leg only (Weirauch, 2007). From the above, it can be seen that there are three types of the fossula spongiosa of mid leg: first, the fossula spongiosa on the fore leg and mid leg being subequal in size; second, the fossula spongiosa on the fore leg being significantly larger than that on the mid leg; third, the fossula spongiosa on the mid leg is absent. The type I is relatively more developed and emerged earlier than the other two types. The evolution of fossula spongiosa throughout the Reduviidae showing a degenerative trend as revealed from the study by Zhang et al. (2016). The law of irreversibility states that an organ that has degenerated or disappeared completely during the evolutionary process will never reappear in subsequent evolutionary processes. If an organ that has disappeared in response to environmental changes is needed again, the organism can only produce another organ to perform the role of the original organ (Gould, 1970). The developmental priority also assumes that the earlier features in individual development are plesiomorphic and the later features are apomorphic (Hennig, 1999). Therefore, the type I represented by Simplicivenius rectidorsius gen. et sp. nov and Paleotriatoma metaxytaxa are presumed to be the ancestral states in assassin bugs and the remaining two types emerged subsequently. This also implies that the lack of fossula spongiosa in most species of mid leg which play an auxiliary role in fixing the prey seems to be eliminated firstly during the degradation of the fossula spongiosa. This may be caused by changes in the predatory behavior of Reduviidae due to changes in the predator (Haridass and Ananthakrishnan, 1980; Weirauch and Cassis, 2006; Zhang and Weirauch, 2014; Wang and Liang, 2015; Castro-Huertas et al., 2019). The most primitive types of fossula spongiosa and stridulitrum in Reduviidae are found in the fossils of Reduviinae in this study, which further indicates that Reduviinae is probably the basal taxon in the Higher Reduviidae, rather than the branching taxon suggested in previous studies (Weirauch, 2008; Weirauch and Munro, 2009; Hwang and Weirauch, 2012; Zhang et al., 2016). The results of Weirauch (2008) based on morphological characters showed that Harpactorinae that lack fossula spongiosa in most species as a basal taxon within the Higher Reduviidae, which may need to be reconsidered.
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