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Recent fossil discoveries suggest that the coevolution of insect pollinators and
gymnosperms started long before the appearance of flowering plants. One of
the keys to understanding the origins of pollination relationships is fossil
insects with gymnosperm pollen attached to the body surface. Such fossils
are exceedingly rare to find, especially from the Palaeozoic, a time when
ambers with insect inclusions were absent. Here, we report compression
fossils of Early Permian tillyardembiid insects (Polyneoptera) preserved
with pollen on their heads, thoraces, legs and abdomens. This is the earliest
finding of pollen-bearing insects, predating the previous oldest record from
the Middle Jurassic by ca 120 Ma. Judging by the pollen composition, tillyar-
dembiids visited a narrow range of host plants, including Rufloriaceae
(Cordaitales). While it is impossible to say for certain whether tillyardembiids
as pollen consumers contributed to pollination, a trophic specialization of this
kind could be considered an evolutionary precursor of pollination mutualism.

1. Introduction

Mutualism between plants and insect pollinators is one of the most important
symbiotic associations on Earth. However, fossil evidence for its evolution is
mostly indirect, such as fossil cones and flowers seemingly adapted for ento-
mophily and fossilized remains of insects with siphonate mouthparts thought
to be suitable for nectar feeding [1,2]. By contrast, pollen attached to insects
is a ‘smoking gun’ for their interactions with plant reproductive organs, but
it does not often appear in the fossil record. Chances of being preserved with
pollen on the body are higher for insects in fossil resins than for those in
sedimentary rocks, since the latter fall into water prior to fossilization where
adhering pollen could easily be washed away. Compression fossils of bees
and fig wasps with a substantial amount of pollen are known from the
Eocene [3,4], but more ancient pollen-carrying insects have been reported
mostly from Cretaceous ambers [5-8]. Among the few exceptions are com-
pression fossils of Jurassic kalligrammatids and Early Cretaceous brachyceran
flies with sparse pollen grains adjacent to their heads and mouthparts [9,10].
The absence of ambers with macroscopic biological inclusions during the
Palaeozoic poses a particular challenge for obtaining direct cues of insect invol-
vement in plant reproduction. Previously, Palaeozoic insects have been found to
contain pollen and spores only in the guts but not on the outer surfaces [11,12].
The only known Palaeozoic arthropod with pollen stuck to its body is a
fragmentary specimen of Upper Carboniferous Arthropleura (Myriapoda) with
a number of pollen grains along the base of its leg [13].

Here, we report Early Permian tillyardembiids with pollen on their thoraces,
abdomens and legs from the Chekarda locality in European Russia. Tillyardem-
biids (Cnemidolestida: Tillyardembiidae) are a small family of Permian
polyneopterous insects, somewhat resembling stoneflies in forewing venation
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[14]. Tillyardembiids are one of the most abundant insects in
the Chekarda locality, comprising approximately 5% of all
insect specimens collected there [14]. We used the taxonomic
composition of the tillyardembiids” pollen loads to reveal
their feeding strategies and host plant preferences. This is
the earliest direct evidence of the involvement of insects in
pollen transportation.

2. Materials and methods
(a) Geological settings

Fossil specimens were collected in the Lower Permian continental
deposits of the Koshelevka Formation, which are exposed on the
left bank of the Sylva River 800 m to the northwest of the village
of Chekarda (=Tchekarda) (Russia, Perm region, Cis-Urals). The
Koshelevka Formation is lithostratigraphically assigned to the
upper (Irenian) substage of the Kungurian stage [15,16], whose
boundaries are currently dated at about 283273 Ma [17] or 283—
277Ma [18]. The Chekarda locality, which has yielded more
than 260 insect species in 91 families and 25 orders as well as
diverse taxa of terrestrial plants, is one of the most important Per-
mian Konservat-Lagerstatten [19]. All examined fossils are kept in
the collection of the Arthropod Laboratory of Borissiak Paleonto-
logical Institute (Moscow, Russia) and accessible on request.

(b) Pollen treatment

The pollen grains were obtained from the fossil specimens using a
dissecting needle and a hair attached to a match. A drop of water
was placed on treated areas to facilitate the process of pollen
extraction. Most of the pollen associated with insects is embedded
in the rock matrix and cannot be extracted without damaging the
specimens. To avoid this, we sampled only easily detachable
pollen grains. After extraction, the pollen grains were treated
with a Codyson CD-4810 ultrasonic bath at 35kHz in two
10 min cycles to remove non-organic particles. Additional clean-
ing was performed under a Leica M165c stereomicroscope with
alcohol and distilled water. Finally, pollen grains were transferred
into a glycerine drop on microscope slides.

() Microscopy and imaging

The fossil specimens were studied and photographed using a
Leica MZ9.5 stereomicroscope. SEM images of the insects were
produced using a Tescan Vega II scanning electron microscope.
Fluorescence photographs were taken with a Leica DM4 B micro-
scope. The pollen grains were studied under light microscopy
with a Zeiss Axioplan 2 microscope and photographed with a
Zeiss Axiocam 105 colour camera.

3. Results

Tillyardembiids are represented in the Chekarda locality
mostly by Tillyardembia G. Zalessky, 1937 with two species
described, which are distinguishable only by the shape of
the male forefemur [20]. In the present paper by tillyardem-
biids, we refer to the members of this genus. We checked
425 specimens of Tillyardembia from the collection of the
Borissiak Paleontological Institute for pollen presence. Four
of them were found to bear clusters of pollen grains on the
body surface (figure 1a-I, figure 2h—j), and one was found
to have a pollen mass partly extruded from the hindgut
(figure 2d,f). One additional specimen of Tillyardembia from
the same collection was previously reported to contain
pollen in the gut [21]. However, re-examination of the

specimen revealed that this insect, like four others, bears n

pollen on the outer surface of the body, not in the gut
(figure 2a,b,ec). First, it is evident from the distribution of
the pollen, situated close to the margins of the meso- and
metathorax, not along the middle line of the body, where the
gut normally lies. Second, pollen grains on the specimen are
fully intact, not chewed or partly ingested. In summary, six
specimens bearing pollen grains were found, i.e. 1.4% of all
examined tillyardembiids demonstrate direct evidence of
pollen-eating behaviour (table 1). This small number is
probably due to taphonomical reasons and does not
reflect the actual frequency of visits by tillyardembiids to
pollen-producing organs.

Two of the tillyardembiids, PIN 1700/4286 and PIN
1700/3727, have pollen scattered all over their bodies.
Pollen is present on the head, thorax and first three preserved
abdominal segments of PIN 1700/4286 and is especially
abundant in the intersegment area between the prothorax
and mesothorax (figure 1g—ik,I). Specimen PIN 1700/3727
carries a pollen load on the thorax, on the base of the legs
and on I-VI preserved abdominal segments (figure 1a,b,d,e).
The other two tillyardembiids, PIN 4987/669 and PIN
1700/1164, are covered with pollen to a lesser degree. Speci-
men PIN 1700/1164 bears pollen clusters laterally on the
mesothorax, with some pollen grains on the 1st abdominal
segment (figure 1cf), while PIN 4987/669 has several
pollen grains attached to the lateral edge of the 1st abdominal
segment and a small cluster of pollen on the 7th abdominal
segment (figure 1h—j). Finally, a partly ejected gut content
consisting of chewed and half-digested pollen grains is vis-
ible near the tip of the abdomen of PIN 1700/984
(figure 24,f). Importantly, groups of pollen grains never
occur on stone slabs beyond the insect bodies; at most, only
rare isolated pollen grains could be spotted on the surface
of the adjacent rock matrix.

Twenty-seven microscope slides with pollen were pre-
pared for five specimens, and 45 individual pollen grains
proved to be intact enough for taxonomic identification (elec-
tronic supplementary material, figures S1-S3). Three pollen
genera were identified: Cladaitina sp., Luberisaccites sp. and
Striatites sp. (Figure 1j,m,n). Cladaitina are oval to subcircular
pollen grains with a thin monosaccus, a slit-like structure,
and a verrucate surface [22]. Luberisaccites, also assignable to
Cordaitina s.l., are circular monosaccate pollen grains, with
saccus covering the distal side and subequatorially attaching
to the proximal side [23,24]. Striatites are haploxyponoid or
slightly diploxylonoid bisaccate striate pollen grains with a
slit-like structure on the proximal side [25]. The pollen loads
of two insects (PIN 1700/4286 and PIN 1700/3727) are
mixed, consisting of Luberisaccites and Striatites; the other
three have yielded only one pollen genus each: Cladaitina
(PIN 1700/1164) and Striatites (PIN 1700/984 and PIN 4987/
669) (table 1). The pollen from the thorax of the specimen
examined by Afonin also belongs to Cladaitina [21].

4. Discussion

While the botanical affinity of Striatites is unclear, Cladaitina
and Luberisaccites pollen was previously extracted from
Pechorostrobus and Cladostrobus pollen organs from the
Upper Permian of European Russia [26]. Based on their
association with Rufloria leaves, these pollen organs are
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Figure 1. Tillyardembiids from the Lower Permian of Chekarda, general views (a,ch), close-ups of body areas covered with pollen, taken under a fluorescence
microscope (b,d—g,ik/) and pollen grains obtained from the specimens (jm,n). (a,bde) PIN 1700/3727; (cf) PIN 1700/1164; (g—ik/) PIN 1700/4286;
(j) Cladaitina pollen (from PIN 1700/1164); (m) Cordaitina pollen (from PIN 1700/4286); (n) Striatites pollen (from PIN 1700/4286). Scale bars =2 mm (a,c),
1Tmm (h), 400 pm (e,d), 250 ym (b,il,g,f), 300 um (k), 20 um (j,m,n). Roman numbers indicate abdominal segments; pt, prothorax; ms, mesothorax;

mt, metathorax.

considered to belong to Rufloriaceae, an Angaran family of
cordaitanthalean gymnosperms [27]. Hence, it could be
said that tillyardembiids, as pollen feeders, showed a prefer-
ence for a narrow range of host plants, that is, Rufloriaceae
and Striatites pollen-producing plants. Interestingly, the com-
position of insect coprolites from the Upper Carboniferous of
North America is also suggestive of feeding preferences
towards cordaitanthalean pollen [12].

The conclusion about trophic specialization of tillyardem-
biids, although based on a small sample, is supported by
striking differences in pollen composition between them
and other insects from the same locality. In addition to
Tillyardembia, five insect species in four orders (Hypoperlida,
Permopsocida, Miomoptera and Grylloblatida) from
Chekarda with ingested pollen were reported and dissected,
but unlike tillyardembiids, none of them was found to con-
tain Striatites and ruflorian pollen in their guts [28-30]. In
these studies, however, only one specimen per species was
examined, so further research is needed to confirm niche
partitioning among Chekarda pollinivorous insects.

The non-generalist feeding strategy of tillyardembiids
could also be inferred from palynology. While Rufloriaceae

is well represented in the Chekarda locality by Rufloria
leaves and Bardocarpus seeds and seed-bearing organs [31],
their pollen is not abundant there, with Luberisaccites (=Cor-
daiting) and Cladaitina amounting to only 5% and 2.2% of
the Chekarda pollen spectrum, respectively [32]. Striatites,
also favoured by tillyardembiids, is absent in the Chekarda
pollen spectrum altogether [32]. This could be taken as an
indication that tillyardembiids preferably fed on pollen pro-
duced or dispersed in small amounts, possibly favouring it
because of its superior nutritive value. By contrast, pollen
consumed by other insect species from Chekarda usually
includes the most common pollen taxa, such as Protohaploxy-
pinus and Vittatina (17.6% and 24.3% in the pollen spectrum,
respectively [32]). As a rule, wind-pollinated plants tend
to produce significantly more grains per ovule than animal-
pollinated plants [33], but they apparently did not attract
tillyardembiids.

The short legs and elongated fusiform bodies of tillyar-
dembiids suggest that they could have spent most of their
time under stones, fallen logs and in leaf litter on the forest
floor, similar to extant earwigs and rove beetles [20]. While
these ground-dwelling insects do not fit the stereotype of
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Figure 2. Tillyardembiids from the Lower Permian of Chekarda. (a,b,c.e) PIN 1700/666, general view (b) and fluorescent photographs of body areas with pollen (a,e,c);
(d,f) PIN 1700/984, general view and end of abdomen with semi-ejected gut content consisting of pollen; (g—j) PIN 4987/669, general view (i), fluorescent photographs
of body areas with pollen () and SEM photograph of tergal area showing rows of hairs (g); (k) artistic reconstruction of female Tillyardembia feeding on Pechorostrobus
pollen organ (Rufloriaceae), with another female on Bardocarpus cone in the background, artist A. Atuchin. Scale bars =5 mm (b), 2 mm (i,d), 1 mm (f), 200 um
(a,c,g4), 100 pm (h). Roman numbers indicate abdominal segments; pt, prothorax; ms, mesothorax; mt, metathorax.

Table 1. Specimens of Tillyardembiidae with pollen from the Lower Permian of Chekarda.

) position of pollen

PIN 1700/4286 on head, thorax, abdomen
ooy thorax Iegs w1
PIN 1700/1164 on thorax

wegse oo
PIN 1700/984 in gut, at end of abdomen

s otom

?Data from [21].

flower visitors, nonetheless, they are known to add pollen
and nectar to their diet, sometimes acting as pollinators
[34,35]. It is possible to hypothesize that tillyardembiids

pollen taxa and number of identified pollen grains

Luberisaccites Cladaitina Striatites
6 — 9

B o =

— — 6
e

could have done the same, pollinating ruflorian gymnos-
perms and some other Palaeozoic plants. Short legs and
elongated spindle-shaped bodies probably made it easy for
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tillyardembiids to creep between scales of megastrobili in
seeking sugary fluids or a resting place. While pollen
organs of Rufloriaceae were 15-20 mm long [26], ruflorian
female cones Bardocarpus were sizable enough (at least
50 mm long and 20 mm wide [31]) to shelter tillyardembiids
(body length ca 15 mm). Dusted with pollen, tillyardembiids
could easily have transferred it to the ovules if they visited
megastrobili for any reason (figure 2k).

Dense rows of hairs on abdominal tergites could have
facilitated attachment of pollen to the body of tillyardembiids
(figure 2g). The effectiveness of tillyardembiids as pollen vectors
was possibly also enhanced by the presence of unreduced mem-
branous wings, though their long cerci and weakly sclerotized
wing venation indicate that they were poor and occasional
flyers. The abundance of tillyardembiids in the Chekarda locality
could be explained by their swarming behaviour in the vicinity
of the paleolagoon. It is worth noting that stoneflies proposed
as a sister-group to tillyardembiids [14] have been observed
participating in pollination in riparian areas [36].

However, it is no less likely that tillyardembiids simply
robbed specific plants of their pollen, contributing little or
nothing to their pollination, as many extant flower-visiting
insects do. Like many pollen-eating insects, tillyardembiids

(electronic supplementary material, figure S4). In any case,
it is clear from these results that plant-insect interactions
had already reached a considerable complexity by the Trias-
sic, when a new phase of the development of palynivory
and nectarivory began, marked by the appearance of Bennet-
titales and other entomophilous gymnosperm lineages [10].
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