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In several insect eusocial lineages, e.g., some aphids, thrips, ants, some stingless bees, and termites, task specialization is brought to its climax with a sterile soldier caste solely devoted to colony defense. In Isoptera, while the reproductives are defenseless, the soldiers have unique morpho-physiological specializations whose origin and evolution remain unresolved. Here we report on two instances of Cretaceous fossil termite reproductives belonging to different families († Valkyritermes inopinatus gen. et sp. nov. and an unpublished specimen from the Crato Formation), with intriguing phragmotic soldier-like heads and functional wings. These individuals, herein called Valkyries, are the first termite reproductives known with defensive features and suggest that phragmosis arose at least in the Early Cretaceous. Valkyries resemble modern neotenic soldiers except for their complete wings. Their discovery supports the hypothesis that the division between reproductive (indicated by the winged condition of Valkyries) and defensive tasks (indicated by the phragmotic head) has not always been complete in termite history. We explore two alternative scenarios regarding the origin of Valkyries (i.e., relatively recent and convergent origins vs. plesiomorphic condition) and discuss how they might relate to the development of soldiers. We argue that, in both cases, Valkyries likely evolved to face external threats, a selective pressure that could also have favored the origin of soldiers from helpers. Valkyries highlight the developmental flexibility of termites and illustrate the tortuous paths that evolution may follow.
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INTRODUCTION

Task specialization is a defining aspect of eusocial societies, appearing independently in lineages as diverse as naked mole rats, snapping shrimp, and insects, the latter of whom made famous such societal organizations (Wilson, 1971, 2000). In these lineages, there is a caste system including reproductives that are the parents of all the other members of the colony (in the most typical cases), and workers devoted to the care of the young, the search for food, and to the protection of the colony (Wilson, 1971, 2000). If these divisions are essentially fixed in the majority of the non-arthropods lineages, some insect clades show a further specialization, related to the defense of the colony (Wilson, 1971), which is paramount given that reproductives are generally poorly equipped for defense, relying on colony members to provide for their protection. Some eusocial insects are thus renowned for having developed a third caste, the soldier caste, purely devoted to colony defense (Wilson, 1971; Crespi, 1992; Yamamura, 1993; Stern and Foster, 1996; Queller and Strassmann, 1998; Šobotník and Dahlsjö, 2017).

In all extant termites, alates or reproductives are highly vulnerable, particularly during the foundation of new colonies and until the development of the first generation of offspring (a period of several weeks or months). In fact, they lack any specialization that would ensure their defense or that of the first generation of workers. This absence is particularly surprising because another line of eusocial insects (ants) comprises species whose reproductives and soldiers share defensive morphological adaptations (e.g., Blepharidatta: Brandão et al., 2001). To ensure the defense of the colony, termite soldiers possess numerous specializations described below. Soldiers are present in nearly all termite genera (secondary lost in a few Termitidae) so that the soldier caste is reconstructed to be synapomorphic for all extant termites (e.g., Hare, 1937; Noirot and Pasteels, 1987; Roisin, 2000). Finding fossil reproducers with soldier-like heads bring new data that can enlighten what we know about the evolution of defensive strategies in termites.

Termite soldiers are surely the most striking example of hyperspecialization since they possess an arsenal of impressive adaptations for defense, including phragmotic heads, massive mandibles, chemical projections, etc. (Šobotník et al., 2010a,b, 2012; Šobotník and Dahlsjö, 2017). At its simplest, soldiers are sterile and develop from helpers (via a presoldier stage), the helpers being the developmental origin of numerous castes or intercastes (Noirot, 1956; Myles, 1980, 1986; Myles and Chang, 1984; Roisin and Pasteels, 1985; Thorne et al., 2003). Interestingly, an alternative to the classic sterile soldiers, called “brachypterous neotenics” or fertile “soldier neotenics,” is not uncommonly found in termite colonies of early diverging families (e.g., Archotermopsidae) (Thorne, 1997; Myles, 1999). Such individuals have been thought to be involved in the origin of the sterile defensive caste, with fertile soldier neotenics originating in the context of agonistic interactions among intercolonial reproductives (Thorne et al., 2003). Reproductive soldiers are often observed early in the life cycle of a colony, perhaps reflecting the greater vulnerability to intercolonial reproductive warfare during this stage (Thorne et al., 2003). Although studies investigating the origin of the termite soldier caste are multifarious, none has yet identified morphological specializations of alates for defense (other than the fontanelle present in the analogous soldiers). Here we report on two instances of Cretaceous termites with phragmotic soldier-like heads and functional wings, belonging to different families. Fully winged, these fossils are undoubtedly imagoes but they share morphological features with some neotenic soldiers, which is unique for termite alates. We argue that these findings shed light on the origin and evolution of defense in termites, and support the hypothesis that the soldier caste most likely originated from helpers, and not neotenics, following inter-colonial aggressions and/or predation pressures.



MATERIALS AND METHODS


Locality and Repository

Valkyritermes inopinatus gen. et sp. nov.: Noije Bum Hill, Hukawng Valley (26°29′N, 96°35′E), Kachin State, Myanmar (see Grimaldi and Ross, 2017 for detailed map); upper Albian to lower Cenomanian, mid-Cretaceous. Repository: Geological Department and Museum (IGR) of the University of Rennes (France). The specimen is embedded in a piece of yellow Kachin amber. Radiometric data and taphonomic analysis of pholadids established an Early Cenomanian age (98.79 ± 0.62 Ma), based on zircons from volcanic clasts found within the amber-bearing sediments (Shi et al., 2012; Smith and Ross, 2017). Some ammonites found in the amber-bearing bed and within amber corroborate a late Albian/early Cenomanian age (Cruickshank and Ko, 2003; Yu et al., 2019). The specimen was legally obtained and donated to the Geological Department and Museum (IGR) of the University of Rennes (France).



Preparation, Examination, and Study of Specimen

The amber piece containing the type specimen of †Valkyritermes inopinatus gen. et sp. nov. was polished with a polisher (Buehler EcoMet 30) by using a thin silicon carbide sanding paper (grit size = 7,000). Then, the fragment was embedded with cedar oil between microscopic slides to minimize light scattering during focus stacking. The specimen of †Valkyritermes inopinatus gen. et sp. nov. was examined with a Leica MZ APO stereomicroscope, and a Nikon SMZ25 stereomicroscope. Photographs were taken using a Canon EOS 5D mark II mounted on a Leica MZ APO stereomicroscope. All images are digitally stacked photomicrographic composites of several individual focal planes, obtained using HeliconFocus 6.7 software. Figures were composed with Adobe Illustrator CC 2019 and Photoshop CC 2019 software.

The systematic classification and the morphological terminology follow Krishna et al. (2013) except for wing venation that follows Schubnel et al. (2019), and we retain the ranked name Isoptera (Lo et al., 2007), although as subordinate to Blattodea.

Nomenclatural acts established herein are 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 and standard web browser by appending the LSID to the prefix “http://zoobank.org/”. The LSID for this publication is urn:lsid:zoobank.org:pub:2831A9DD-63AD-43DE-AC7F-3446035520FD.




RESULTS


Systematic Paleontology

Blattodea Brunner von Wattenwyl, 1882.

Isoptera Brullé, 1832.

Family Kalotermitidae Froggatt, 1896.

Valkyritermes Jouault, Engel, & Nel gen. nov.

urn:lsid:zoobank.org:act:DEF01FFE-0CCC-47B3-B550-B0218DC33E17.



Type Species

Valkyritermes inopinatus Jouault, Engel, & Nel sp. nov.



Etymology

The generic name is a combination of valkyrie from Old Norse valkyrja (meaning, “chooser of the slain”), and the Latin noun termes (meaning, “termite”), commonly used for names among Isoptera; gender masculine.



Diagnosis

Alates (Figure 1) with “phragmotic” head, frons concave, frontal flange slightly elevated, with wide median notch (Figures 2A,B); in dorsal view, flange follows a semi-circular arch (Figures 2A,B); frontal horn slightly sclerotized; head with anterior corners orthogonal, posterior corners rounded; antenna moniliform with 15 articles (Figure 2A); postclypeus triangular shaped (narrower anteriorly) (Figure 2A); mandibles form and dentition imago-like, covered by labrum; left mandible apical tooth elongate, sharp; two marginal teeth, widely separated (with broad v-shaped incision in LM1–LM2 interdental space, similar to left imago mandible of Kalotermes flavicollis) (Figures 2B,C); right mandible with long, sharp apical tooth, two marginal teeth, RM1–RM2 interdental space narrower than interdental space of left mandible (Figures 2B,C); pronotum slightly trapezoidal, slightly wider than head, anterior margin concave, posterior margin medially concave, with dorsal surface flatly arched in profile, sides convex (Figure 1); tarsi tetramerous; tibial spur formula 3-3-3(?); with one inner additional spine on mesotibia (mb); arolium present; forewing with large scale, larger than hind wing scale, with humeral margin well-defined, arched, claval suture nearly straight, suture convex (Figures 1B, 2D); Sc, RA, and RP heavily sclerotized, Sc short terminating within scale, RA simple, RP running parallel to costal margin, with seven branches joining wing margin, radial field narrow along entire length, terminating anterior to wing apex (Figures 1B, 2D); M weak, running midway between RP and CuA, with one bifurcation just beyond wing midlength, at tangent of RP3, terminating in three or four branches (depending on wing), not contacting RP apically, anteriormost termination near wing apex; CuA weak and unsclerotized, with at least 10 branches joining posterior margin, apicalmost termination near apical fifth of wing length (Figures 1B, 2D).
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FIGURE 1. Termite valkyrie from early Cenomanian amber. Valkyritermes inopinatus gen. et sp. nov., Kachin amber (ca. 98 Ma, mid-Cretaceous).
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FIGURE 2. Detailed views and interpretative drawings of morphological features of the valkyrie Valkyritermes inopinatus gen. et sp. nov. (A) Microphotography of head in dorsal view, arrows: flange. (B) Microphotography of head in face view, arrows: flange. (C) Line drawing of mandibles. (D) Interpretative line drawing of forewing.


Valkyritermes inopinatus Jouault, Engel, & Nel sp. nov.

urn:lsid:zoobank.org:act:48FD1A7D-7456-4678-B704-2A5C58FFE7C5.



Etymology

The specific epithet is from the Latin adjective inop[image: image]tus, meaning “unexpected”, and refers to the rather unexpected nature of the discovery in Kachin amber.



Holotype

IGR.BU-027 (Figures 1, 2), housed in the Geological Department and Museum (IGR) of the University of Rennes (France).



Type Locality and Horizon

Noije Bum Hill, Hukawng Valley, Kachin State, Myanmar; upper Albian to lower Cenomanian, mid-Cretaceous.



Description

Alate specimen (Figure 1), body 4.03 mm long (from tip of labrum to abdomen apex). Head robust, ca. 0.8 mm long and ca. 0.63 mm wide excluding compound eyes (slightly flattened dorso-ventrally because of a fracture), square-shaped in dorsal view, prognathous, sides parallel to slightly convex, anterolateral corner orthogonal, postero-lateral corners rounded (Figures 2A,B); three (?) maxillary palpomeres, combined length as preserved ca. 0.25 mm; at least three labial palpomeres present (not well preserved proximally); compound eyes, ca. 0.2 mm long, circular, situated laterally near head mid-length, and separated from posterior head margin by more than their length (Figure 2A); ocelli not visible; fontanelle absent (Figures 2A,B); antenna moniliform with 15 articles (Figure 2A). Pronotum ca. 0.50 mm long and 0.67 mm wide (Figure 1).

Legs slender (Figure 1); profemur ca. 0.75 mm long, protibia ca. 0.62 mm long, protarsus at least 0.25 mm long; protibia with three spurs f1, f2, f3; mesofemur medially swollen ca. 0.37 mm long, mesotibia ca. 0.56 mm long, mesotarsus ca. 0.30 mm long; mesotibia with three observable spurs m1, m2, m3, with one additional inner spine on mesotibia (mb); metafemur at least 0.70 mm long, metatibia ca. 0.71 mm long, combined length of metatarsi 0.32 mm; metatibia with three observable spurs h1, h2, h3(?) (h3 seems to be extremely short and not fully preserved); all tarsi tetramerous; pretarsus with arolium. Forewing 5.4 mm long, ca. 1.60 mm wide (measured at mid-length); scale ca. 0.7 mm long (Figure 1). Hind wing slightly shorter than forewing, with Sc, RA, and RP similar to forewing.

Abdomen (Figure 1) ca. 2.3 mm long with at least nine observable segments, conspicuously dorso-ventrally flattened and not well defined due to preservation; abdominal segments widest at mid-length. Cerci and styli not preserved. Color. Not preserved.



Remarks

The body of the specimen is generally compressed due to preservation. It is also extensively desiccated with the cuticle distorted, cleared, and collapsed in places rendering the observation and interpretation of certain features challenging. Valkyritermes shares characters with Kalotermitidae (Krishna, 1961; Krishna et al., 2013), a family previously recorded from the same deposit (Engel et al., 2007). In particular, the combination of lacking an anal lobe on the hind wing; tetramerous tarsi; antenna with 15 articles; left mandible with two marginal teeth, marginal teeth fused basally with angled v-shaped separation; right mandible without subsidiary tooth; fontanelle absent; pronotum flatly arched; tibial spur formula 3-3-3(?); forewing scale overlapping hind wing scale; forewing Sc short; Rs sclerotized, running parallel to costal margin, and with number of anterior branches meeting costal margin; M not sclerotized (Krishna, 1961; Krishna et al., 2013). The plesiomorphic retention of M and CuA arising within the forewing scale is similar to that observed in the genera Postelectrotermes, Electrotermes, and Proelectrotermes (likely also true for Kachinitermopsis), as is the combination of one additional spine (mb) on the mesotibia and the presence of pretarsal arolia (Krishna et al., 2013). Additionally, the forewing R terminates before wing midlength, M does not contact RP, CuP terminates at the suture on the posterior margin, and the wing membrane is not nodulose, all features that when taken in combination with the aforementioned traits serve to distinguish the species and genus from all other living and fossil Kalotermitidae.


General Comment on Systematics

In addition to this new Valkyrie, an alate with similar soldier like features is known from the Early Cretaceous Crato Formation. This specimen possesses a stout rectangular head (phragmotic) virtually similar to that of soldier and is fully winged. The morphological features and the wing venation of this additional specimen (pentamerous tarsi, developed wing venation, large pronotum) suggest strong affinities with early diverged termite lineages but its preservation precludes a confident placement in one family. Therefore, we consider that it belongs to the “Meiatermes-grade” and shares affinities with the family Mastotermitidae. This specimen increases the temporal range of the Valkyries from the late Aptian to the early Cenomanian. Because the description of this specimen would neither satisfy the guidelines proposed by Cisneros et al. (2022) nor the requirements of the Brazilian law, we only mention its presence without describing it formally.

Additionally, an alate with putatively soldier-like features was previously reported from Kachin amber (i.e., Tanytermes, although this example may merely be an alate with a more elongate head rather than being truly a Valkyrie, meaning further study is needed) (Engel et al., 2007), but was a less striking case than Valkyritermes. Naturally, we cannot ascertain that these Valkyries do not belong to fossil species already defined on the basis of other castes (e.g., species described from “normal” alate imagoes or soldiers), but features of wing venation and other body structures not typically linked to caste differences tend to indicate that the two specimens mentioned or described herein correspond to new species. For instance, the wing venation of the Kachin kalotermitid described herein differ notably from the coeval kalotermitids previously documented from typical alates or shed wings (Engel et al., 2007; Engel and Delclòs, 2010).





DISCUSSION

With wings and phragmotic heads, Valkyries are unique termites featuring both alates and soldier morphological characters. They likely had reproductive capacities because, in extant termites, all winged individuals are able to reproduce. In addition, their soldier-like features are not as pronounced as those of sterile soldiers (i.e., with elongate or heavily toothed mandibles), which further strengthens the hypothesis that Valkyries were able to reproduce and took care of their offspring. The soldiers’ elongate mandibles do not allow them to attend to the brood, as founders do in their incipient colonies (e.g., Nalepa, 2015; Chouvenc and Su, 2017). Therefore, Valkyries were undoubtedly winged reproductives but we argue that they might nonetheless shed light on soldier evolution and task partitioning in termites.

Elaborating on two alternative scenarios about the origin of Valkyries, we more specifically address the following questions (Figure 3): (1) Although the oldest known Valkyrie, reported herein (Figure 4B), is older than the first occurrences of true apterous soldiers, do Valkyries necessarily predate sterile soldiers? (2) Were “weapons” shared between different castes in early diverging lineages like those exhibiting Valkyries? If yes, what can it tell us about the evolution of task partitioning in termites? (3) Because developmental flexibility is mainly understood as decreasing along termite evolution, do Valkyries reflect an early stage prior to the canalization of more fixed developmental pathways? (4) Because developmental flexibility seems linked to feeding groups (e.g., high developmental flexibility in wood-feeders), are Valkyries more likely in some feeding-groups than in others?


[image: image]

FIGURE 3. Hypothesis on the evolution of defensive and reproductive functions in termite societies: insight from the Valkyries (silhouettes from or modified from http://phylopic.org/). Reproductive functions are assumed to be initially performed by Valkyries or “classic” alates when soldiers may have been present or not in the colony or not (orange panel). Later, as a result of predation and environmental pressures, and due to their putative high cost, Valkyries would have been counter-selected, resulting in a better task partitioning (blue panel).



[image: image]

FIGURE 4. Dated phylogeny of termites, and phragmotic behavior of a Valkyrie. (A) Dated phylogeny of living and fossil taxa of Isoptera with occurrences of Valkyries indicated by red hexagon (datings from Jouault et al., 2021). (B) Schematic reconstruction of phragmotic behavior of a Valkyrie.



Evolution of Defensive Function in Early Termite Societies: Insights From Valkyries


Current Hypotheses About the Origin of the Soldier Caste

While the primary caste division in eusocial societies is becoming better understood, with helpers originating from offspring of the primary reproductives that remain within the nest and aid in raising their siblings and other close relatives, the eventual rise of the soldier caste is more enigmatic. Indeed, soldiers in different lineages of eusocial societies have different evolutionary origins, ranging from polyethism among helpers (e.g., stingless bees) to fixed developmental pathways (Lin and Michener, 1972; Stern and Foster, 1996; Legendre et al., 2008, 2013; Grüter et al., 2012; Korb, 2016; Miura and Maekawa, 2020). In extant termites, soldiers are an irreversible, specialized caste in terms of morphology, behavior, physiology, and development, arising from helpers or late-instar larvae (Šobotník et al., 2010a,b; Šobotník and Dahlsjö, 2017).

There have been two non-mutually exclusive hypotheses regarding the evolutionary origin of a soldier caste in termites (Šobotník et al., 2010a). Under one hypothesis, intrinsic benefits of aiding a flourishing colony drove helpers performing tasks within the colony to assume defensive roles rather than proceeding on to develop as neotenics or alates (Šobotník et al., 2010a). The other hypothesis posits that soldier behaviors and morphologies were selected by intracolonial or intercolonial aggressions among neotenics, themselves derived from helpers (Thorne et al., 2003). These two scenarios are not mutually exclusive as in both cases helpers may have originally assumed defensive tasks either before or after developing into neotenics or reproductives, with defensive specializations in morphology and physiology appearing subsequently.



Convergent and Relatively Recent Valkyries?

Soldiers are present in almost all termite species and are considered to be an apomorphy of termites (e.g., Hare, 1937; Noirot and Pasteels, 1987; Roisin, 2000). Then, it is possible that Valkyries do not predate sterile soldiers, although the oldest known Valkyrie, reported herein, is older than the first occurrences of true apterous soldiers (e.g., Engel et al., 2016; Zhao et al., 2020; Jouault et al., 2021). But given the nature of the fossil record, particularly for Isoptera, such absences of occurrence cannot be equated with evidence of actual absence. In other words, Valkyries would be relatively recent and convergent, and would express genetic pathways of soldiers already present at the time. This would imply that defensive weapons would be concomitantly expressed in two different castes, a situation only observed today with the fontanelle of neoisopterans. But why would Valkyries have evolved in taxa that already had a soldier caste? One important driver could be the supposedly strong selective pressure endured during the foundation of the colony, when no soldier is yet present. In several extant species, the first soldiers emerge months after the colony foundation (e.g., Mensa-Bonsu, 1976; Armua, 1998; Hanus et al., 2006), although they might develop earlier in some more derived species (e.g., Rhinotermitidae: Hanus et al., 2006). In Valkyries, founders would have been able to defend their incipient colonies until the development of the first soldiers. Both Valkyries are known from a period called the Cretaceous Terrestrial Revolution (KTR) (between 125 and 80 Ma) with major paleoenvironmental changes, including intense diversification of angiosperms and ants (Lloyd et al., 2008) that may have favored the development of this new morph (Figure 3).

But later, why did Valkyries disappear given the persistent threats faced by defenseless incipient colonies? The loss of Valkyries may have resulted from a trade-off. Producing alates with defensive weapons, particularly a large head filled with muscles or cuticular projections as in Valkyritermes, is costly and may extend their time of development (Figure 3). If sterile soldiers became increasingly effective—which remain to be studied because soldiers were already quite diversified 100 Ma—and sometimes developed precociously (Hanus et al., 2006), the advantages provided by defensively capable alates would have been less important, allowing for alates to be freed from defensive purposes. This better task partitioning would have eliminated much of the danger to the reproductives, preventing them from risking their life—and that of their colonies—if threatened (Figure 3).



Valkyries as Early as the Proto-Termite Colonies?

Alternatively, the discovery of Valkyries in two early diverging lineages from >90 Ma in distant deposits could indicate that Valkyries may have been present in other termite families at the same period or even before. Also, because the fossilization process of an organism is extraordinary and occurs rarely, assuming that Valkyries were more abundant than what we observe is plausible. Thus, Valkyries could have been present since the beginning of termite evolutionary history, which would imply that Valkyries from other early diverging lineages remain to be unearthed. But, more interestingly, it would suggest that Valkyries would result from a relic developmental pathway, a pathway that is no longer observed in extant termites. This would be in line with the high developmental flexibility of early lineages with totipotent pseudergates like Kalotermitidae, in which manipulations using juvenile hormone or transplants of corpora allata produced soldiers with reproductive features (Lebrun, 1970; Myles, 1980; Myles and Chang, 1984), although admittedly kalotermitids are more derived than the earliest termites and may not be reflective of groundplan conditions.

In this scenario, and following current hypotheses about proto-termites (e.g., Nalepa, 1988, 1994; Thorne, 1997), defense would have been ensured by the founders (i.e., Valkyries) of comparatively small colonies, like those of most Archotermopsidae, Hodotermitidae, and many other non-termitids today (Figure 3). This scenario would further indicate that a subsequent task partitioning would have been selected, with a defense-dedicated soldier caste, which could evolve all the more easily given that the genetic material for defensive morphologies was already present in Valkyries (Figure 3). In this scenario, however, Valkyries would not necessarily predate soldiers (i.e., Valkyries and soldiers could have evolved contemporaneously) and some of them, at least, would have persisted in some lineages for several million years (Figure 4A).

Interestingly, Valkyries are present in lineages that today are known to have either a “wood-nesting” type and a late separation between the “normal” alate and soldier paths (e.g., Kalotermitidae, “linear” pathway; Figure 4A) or a “foraging” type and an early separation between “normal” alate and soldier paths (Revely et al., 2021; “bifurcated” pathway). One could hypothesize that the presence of Valkyries would be more likely in highly flexible lineages (i.e., “wood-nesting” type) than in “foraging” lineages because individuals engage irreversibly in a given path much later (Revely et al., 2021). If this were the case, then the presence of Valkyries in both types could reflect that in most lineages, including some “foraging” ones, developmental pathways were supposedly ancestrally “linear” (Noirot, 1985; Legendre et al., 2013; but see Watson and Sewell, 1985).




Striking Morphology for Novel Ecological Implications

Both scenarios—convergent or plesiomorphic Valkyries—have their own advantages and limitations in terms of explanatory power. A convergent origin is a parsimonious hypothesis as to the current records of Valkyries but it raises the question of why they originated and then disappeared without obvious changes in terms of selective pressures (although we admit that critical selective pressures are not always easily observed, particularly in distant palaeoecological settings). On the other hand, finding Valkyries from other lineages could contribute to tip the scale in favor of the plesiomorphic Valkyries hypothesis (Figure 4A). In both cases, however, the prime mover for Valkyries would be external threats, whether from other termite colonies, ants, or other predators. Those selective pressures could have also played a role in the origin of the soldier caste, which then would have evolved, not from neotenics and intra-colonial aggressions, but from helpers (Šobotník et al., 2010a contra Thorne et al., 2003).

Termite soldiers have acquired many morphological, chemical, and physiological innovations contributing to an effective defense of their nests. Among them, arguably the most spectacular example of extensive morphological modification acquired for defense is the “phragmotic” head, used to plug nest entrances and prevent the entry of enemies. The head of extant alate termites does not possess defensive modifications, other than the fontanelle that is also present in corresponding soldiers and is associated with a defensive secretion in most lineages. The phragmotic head of Valkyritermes is remarkable (Figures 1, 2B,C) because it is the first record of such unique soldier-like specialization in a winged termite, and the earliest morphological evidence of defense in winged termites.

Arguably, Valkyries would have an increased fitness compared to that of founders devoid of defensive “weapons”. Recording their particular morphology during the KTR is noteworthy as these events have presumably affected Isoptera like many other lineages. Therefore, it is unsurprising that striking morphologies and an early ability to defend incipient colonies were developed during this period (Figure 4B), perhaps to cope with the diversification of termite predators (i.e., ants: Barden and Grimaldi, 2016; small insectivorous reptiles: Daza et al., 2016). The Cretaceous is a transitional period for eusocial insects during which they begin to diversify (e.g., Branstetter et al., 2017; Jouault et al., 2021: Figure 5), maybe because of the rapid angiosperm diversification (Silvestro et al., 2021). Stem groups or transitional lineages of eusocial insects are found at this time (e.g., Barden et al., 2020), sometimes from complete assemblages with unusual morphologies and that disappeared after the K-Pg crisis (e.g., Jiang et al., 2021). The drivers of these extinctions remain to be established.




CONCLUSION

The Valkyries reported here show that, in termites, the division of reproductive and defensive tasks was not always complete. This raises the question of how task partitioning evolved in these insects, a topic intertwined with the evolution of their developmental plasticity. Valkyries show that the full extent of this plasticity is today lost (perhaps through canalization of certain gene expressions), better controlled, and only found when undifferentiated helpers (i.e., pseudergates) are subject to hormonal modifications (Myles and Chang, 1984). As a result, Valkyries represent a missing alternative or a relic evolutionary “experiment” from ancient times (Figure 4A).

The discovery of Valkyries suggests that phragmosis arose at least in the Early Cretaceous (Figure 4), a period of major environmental changes, and possibly developed under selective pressures from other gallery insect invaders against which Valkyries would likely have played a critical defensive role for their incipient colonies. We argue that the simultaneous presence of Valkyries and soldiers in termite colonies is plausible so that Valkyries do not necessarily pre-date soldiers (Figure 4). Valkyries would have disappeared in favor of a caste strictly devoted to the defense of the nest, probably when developmental pathways may have become more canalized and better defined. It remains to be discovered what proto-termite colonies might have been like and how they were defended before the appearance of soldier morphologies (either as true soldiers or Valkyries).
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