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A B S T R A C T   

Experimental taphonomy using microbial mats offers new insights into the mechanisms involved in the decay of 
organisms and their preservation as fossils. In this paper, the experimental decay products of soft-bodied insect 
larvae (the greater wax moth, Galleria mellonella, and the mealworm, Tenebrio molitor) in microbial mats have 
been described and compared with those of grylloid fossils derived from the Cretaceous Crato Formation of 
Brazil. This novel approach characterises the decay and mineralisation of different tissues (cuticle, gut tract, silk 
gland, trachea, and fat body tissues) using transverse histological sections. Multivariate seriation statistics using 
histology indicate a significant non-random process, in which the two species show the same general decay 
sequence, namely: decay of fat bodies and muscles on Day 11, digestive degradation and occurrence of endog
enous bacteria on approximately Day 30, and degradation of cuticles and tracheal networks (the most perdu
rable) on Days 60 and 120, respectively. Principal component analysis, based on the qualitative features of the 
decaying state of tissues, showed that the greatest alterations occurred between Days 60 and 180 in the controls 
without mats; however, in the microbial mat experiments, larvae showed better preservation overall. Based on 
scanning electron microscopy and energy-dispersive X-ray spectroscopy, mineralisation of the larvae extends 
outside the cuticle and inner tissues. The predominance of certain anions (sulfate, chloride, and phosphate) is 
associated with the microbial activity of the mat community and the composition of water. The organic mesh of 
exopolymeric substances and cyanobacteria enriched in elements (e.g., Na and Mg) formed an amorphous crust 
that covered the larval body. This crust is similar to the massive crystallised external film found on the grylloid 
fossils derived from the Crato Formation of Brazil. The minerals were found to vary with location and time, with 
sulfates appearing mostly internally and for longer periods. Sulfurisation is discussed as the principal preser
vation process and is rapid in the early stages of organic matter decay. This comparison between the outcomes 
produced by taphonomic experiments using actual microbial mats and exceptionally preserved fossils can pro
vide valuable information to understand more about the formation of numerous Konservat-Lagerstätten.   

1. Introduction 

Experimental taphonomy is becoming an important scientific disci
pline, defining its own terminology, targeting the major processes 

involved in fossilisation (decay, mineralisation, and maturation), and 
providing data on controlled experimental variables (see Sansom, 2014 
for a detailed review). The goal of experimental taphonomy is to explore 
some of the critical processes that favour soft-tissue preservation under 
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controlled short-term laboratory conditions by simplifying and isolating 
the factors and variables involved in those processes (Briggs and 
McMahon, 2016; Purnell et al., 2018). Significant studies have provided 
information on, for instance, phylogenetic signals and taphonomic 
decay (Sansom et al., 2010; Button et al., 2012; Murdock et al., 2016), 
optimum environmental conditions and mineralisation types (Briggs 
and Wilby, 1996; Channing and Edwards, 2004; Slater et al., 2020), and 
an understanding of the maturation process by replicating factors such 
as temperature and pressure (Bernard et al., 2007; Gäb et al., 2020). 

Experimental taphonomy is a reductionist approach, and no direct 
and simple causal link exists between decay and preservation (e.g., 
Purnell et al., 2018). However, the experimental designs and analytical 
approaches in this field are necessary to understand the interconnections 
between decay and mineralisation and, thereby, to detect potential 
taphonomic challenges such as differential preservation in fossils (e.g. 
Briggs and Kear, 1993; Sagemann et al., 1999; Iniesto et al., 2013, 2016; 
Klompmaker et al., 2017; Purnell et al., 2018). Taphonomic experi
mentation cannot yet replicate in a laboratory the physiochemical 
conditions that occurred in every ancient environment and putatively 
influenced the genesis of exceptional deposits. Nonetheless, every pub
lication in this field is a step towards understanding key processes in 
exceptional preservation, with the greatest focus on estimating the time 
intervals of the early decay and burial phases (e.g., Iniesto et al., 2013; 
Alleon et al., 2016), the sequences of observed decay and tissue pres
ervation (e.g., Briggs and Kear, 1993; Sagemann et al., 1999; Sansom 
et al., 2010, 2011; Iniesto et al., 2013), and/or the physical and chemical 
conditions that enhance fossilisation and biomolecular preservation (e. 
g., Jacquemot et al., 2019; Gupta, 2010; Li et al., 2014) . 

Considering the need for a greater number of more precise actuota
phonomical studies, one of the pending issues is to obtain data from 
experimentation using microbial mats (Briggs and McMahon, 2016). 
Unlike biofilms, which have low diversity and are frequently dominated 
by a small number of populations, mats are formed by an extremely 
complex microbial community that is dominated, in most cases, by 
autotrophic microorganisms (Stal, 2012). Therefore, experiments with 
microbial mats offer the best chance of tracking the ecology of the decay 
processes, characterising the biotic and abiotic factors, and exploring 
the interactions between microbial mats and organic remains. 

To fill knowledge gaps, we produced assays with distinct selected 
organisms (fish, frogs, flies, and ferns), and placed the carcasses and 
organic remains on mats grown under controlled conditions (Iniesto 
et al., 2013, 2015a, 2015b, 2017, 2018). Microbial mats introduce novel 
questions to taphonomic experiments, because mats are dominated by 
autotrophs and oxygen-generating microorganisms, which are able to 
maintain an oxygenated environment inside and outside the carcass and 
a high pH for a longer period of time (Iniesto et al., 2015a). The presence 
of mats has been linked to the formation of dead masks (Gehling, 1999; 
Darroch et al., 2012), the generation of detailed replicas and negative 
imprints (Iniesto et al., 2016), and mineralisation that can be produced 
even under alkaline and oxic conditions (Iniesto et al., 2015b). Addi
tionally, the presence of microbes is considered relevant in the preser
vation and fossilisation of several Konservat Lagerstätten that appear in 
the continental Mesozoic localities, such as of Las Hoyas (Delclòs et al., 
2004; Delclòs and Soriano, 2016) and Araripe (Menon and Martill, 
2007), and in the Miocene of Rubielos de Mora (Peñalver-Mollá, 2002) 
and Libros (McNamara et al., 2016), 

The present study explores the decay and mineralisation of larvae 
from two insect taxa (Lepidoptera and Coleoptera). We characterised 
biostratinomic and early diagenetic alterations and compared the decay 
chronology with studies of other soft-bodied organisms. We described 
changes in the external and internal morphology and composition of the 
larvae, according to their qualitative features, and analyzed the ongoing 
processes of mineralisation using elemental mapping of various body 
parts. The sequence of decay and mineralisation of tissues (i.e., gut tract, 
cuticle, fat body, trachea, and silk gland tissues) was also monitored. We 
combined a variety of techniques to contrast the results obtained via 

histological sections, tissues, and bacterial staining using magnetic 
resonance imaging (MRI) and/or scanning electron microscopy coupled 
with energy-dispersive X-ray spectroscopy (SEM-EDXS). Finally, we 
compare these experimental results with the taphonomic analyses per
formed on fossil insects from the Early Cretaceous Crato Formation 
(Araripe Basin Brazil) (Osés et al., 2016, 2017; Dias, 2020). 

2. Materials and methods 

The experimental protocol followed that of Iniesto et al. (2013), 
using microbial mats grown under laboratory conditions with control 
cultivation chambers as a reference. Samples of the mats, water, and 
sediment were collected at the Salada de Chiprana shallow lake in the 
semiarid region of the Ebro depression (Zaragoza province, Spain) 
(Fig. 1A). The lake water is characterised by a high concentration of 
magnesium and sulfate ions (Supplementary Table S1) in addition to 
other ions (e.g., sodium, calcium, and phosphate) in smaller quantities 
(Jonkers et al., 2003). The composition of Salada de Chiprana’s sedi
ments includes major mineral phases of quartz and gypsum, although 
they also contain kieserite (an evaporitic hydrated magnesium sulfate), 
aragonite, and some other carbonated minerals (Iniesto et al., 2015b). 

2.1. Mat growth 

To assure a homogeneous distribution of the different microbial 
populations, mat samples were crushed and grown in glass chambers 
(Iniesto et al., 2013, 2016). For this experiment, the microbial mats were 
grown for 6 months (until mats acquired their characteristic layered 
organization and presented pinnacles in the surface) in three 42 cm ×
18 cm × 20 cm cultivation chambers exposed simultaneously to both 
ambient and LED lighting while maintaining day/night periods of 12 h. 
The fourth cultivation chamber was inoculated but kept in complete 
darkness and used as the control. The abiotic variables related to mat 
growth are shown in Supplementary Table S1. 

The Chiprana microbial mat surface presents a typical honeycomb 
pattern with ridges and tufts (Fig. 1B), possibly containing some 
microbially induced sedimentary structures (MISS) (Noffke et al., 2001; 
Noffke and Awramik, 2013). This cultivated mat, as well as the natural 
microbial mat collected in Chiprana, are dominated by photosynthetic 
microorganisms, especially cyanobacteria Coleofasciculus (Microcoleus) 
chthonoplastes that coexist with anoxygenic phototrophic bacterium of 
the green nonsulfur family of Chloroflexaceae (Fourçans et al., 2004; De 
Wit, 2016). The thickness of this green top layer of the mat ranges from 
0.7 to 1.2 mm. In addition, located beneath the top layers, other 
anoxygenic phototrophs appear, including green and red sulfur bacteria 
and a plethora of chemoorganoheterotrophs and chemilithotrophs of 
both aerobic and anaerobic populations (Fig. 1C). Therefore, the envi
ronmental factors, such as light penetration, dissolved oxygen (DO), pH, 
and redox potential, to which the whole community is subjected, vary 
greatly in depth. The DO varies from 430 μM at the surface of the mat to 
a maximum of 449 μM just below and decreases to practically 0 μM at 
the limit between the mat and underlying sediment. The pH is markedly 
basic (10.2) just above the mat’s photosynthetic layer and decreases to 
8.7 in the sediment (data reported in Iniesto et al., 2015a). 

2.2. The model organisms 

Two different holometabolous insect species, Galleria mellonella 
(Order Lepidoptera, Pyealidae) and Tenebrio molitor (Order Coleoptera, 
Tenebrionidae), were selected because their larvae are well-known 
anatomically, easily allow manipulation, and have simple outer and 
inner anatomy that facilitate taphonomic observations. Both species are 
commonly used in experimental designs. G. mellonella is often used as a 
model for taphonomic experiments (Darroch et al., 2012) and immu
nological research because its immune responses share similarities to 
those of vertebrates (Pereira et al., 2015). T. molitor constitutes an 
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economical resource for pet food because of its high protein and fat 
content (Park et al., 2014). These two species are ecologically important 
because they are able to degrade wax and long chains of hydrocarbons 

with the help of intestinal microbiota (Kong et al., 2019). 
These two larvae have three thoracic segments with six legs termi

nally ending in a sclerotized hook. The larva of G. mellonella (popularly 
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Fig. 1. A) Geographic location of Lake La Salada de Chiprana (Aragón) in the NE of Spain and a satellite view of the lake (source: Google Maps). Samples were 
collected at the shore (white arrow, GPS coordinates 41◦14′21.2”N 0◦11′11.2”W). B) Microbial mats from the shore presented a characteristic honeycomb pattern 
(pinnacles) of the microbial mat surface. C) Section of the mat showing the upper layer dominated by cyanobacteria (green layer, gl) and the lower layers dominated 
by red anoxygenic photosynthetic bacteria (red layer, rl) above the sediments (s). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 2. Schematic drawings of the external 
morphology and inner anatomy of the larva Galleria 
mellonella (A) and Tenebrio molitor (B). The blue color 
of the body corresponds with thicker sclerotized 
zones of the cuticle. The internal structures shown 
(tracheal network highlighted in red, the digestive 
tract in green, and the fat bodies in yellow) are pre
sent in both insects (only shown in T. molitor), except 
for the silk gland (absent in T. molitor). Abbrevia
tions: Fgut, foregut or estomodeum; HGut, hindgut or 
proctodeum; Mgut, midgut or mesenteron; MSG, 
medium silk gland; PSG, posterior silk gland; a1–a5, 
numbering of the first abdominal segments. Drawing 
based on our histological observations and Smith 
(1965), Neville (1975), and Borror et al. (1989). (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the web version of 
this article.)   
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known as the wax moth) is about 25 mm in size at the last instar prior to 
pupation and bears four pairs of prolegs at the third to sixth abdominal 
segments (Fig. 2A). Most of the larva is soft, but some areas (the head, 
thoracic leg, and anal region) are sclerotized (Smith, 1965). The 
T. molitor larva is commonly referred to as a mealworm (Fig. 2B) and 
measures about 25 mm; its stadia length (between the 3–9 instars) is also 
extremely regular (Morales-Ramos et al., 2010). The mealworm has a 
thicker exocuticle than the wax moth; this thickness is linked to 
epidermal melanization (Hajek and St. Leger, 1994). 

The epidermis, gut tract, tracheal network, fat bodies, and silk gland 
were selected to trace the inner taphonomic alterations of these larvae. 
These tissues differ in their epithelial features for every histological 
organization (Figs. 2 and 3 E-H) and represent a variety of systems 
(integument, digestive, respiratory and excretory, and muscular) and 
organs (silk gland). The integument includes three layers with an exo
cuticle composed of lipids and proteins (Neville, 1975; Roberts and 
Willis, 1980). The epidermis is separated from the underlying tissues by 
a thin matrix called the basal lamina (Vigneron et al., 2019). The 
digestive tract consists of three regions, the foregut (stomatodaeum), the 
midgut (mesenteron), and the hindgut (proctodaeum). The midgut is the 
primary site of digestion and absorption and lacks the exoskeletal chitin 
lining seen in the foregut and hindgut (Neville, 1975; Borror et al., 
1989). The midgut has the basic tissue architecture characteristic of 

epithelial columnar cells. It possesses a peritrophic matrix of mucus 
surrounding the digestive tract (Emery et al., 2019). The T. molitor 
digestive tract is dominated by Malpighi tubules (Figs. 2B and 3F) that 
correspond to a well-developed excretory system. The Malpighian tu
bule system is formed by a single cell-layered epithelial tube (King and 
Denholm, 2014). The respiratory system comprises a network of gas- 
filled, cuticle-lined tubes of trachea and tracheoles, which form paired 
and branch series along the body segments (Raś et al., 2018). The so
matic muscular system, composed of myoglobin fibers, is arranged in 
ventral and dorsal bunches in short single medial, lateral, and oblique 
muscles that are packed with nerves, connective tissue, and ganglions. 
The fat body tissue comprises cells (trophocytes, a type of adipocyte that 
stores energy) in close contact with the insect hemolymph. The troph
ocytes are held together to form sheets of tissues clothed in a basal 
lamina (Hoshizaki, 2013). Finally, the wax moth produces silk through 
its salivary glands. The silk gland begins dorsally in the fifth abdominal 
segment and moves forward, widening into a mid-silk gland (MSG, 
Fig. 2A) with three or more loops. The MSG is located ventrally in the 
digestive tract and narrows into a much thinner anterior part towards 
the mouth. The MSG has a large lumen that acts as a reservoir for silk 
proteins (fibroin and serine) that are secreted by the posterior silk gland 
(PSG) (Andersson et al., 2016; Kludkiewicz et al., 2019). 

Fig. 3. Gross morphology and features of the insect larvae. A) 
Specimens ordered by time of G. mellonella on the mat; note 
the coverage of the bodies. B) Specimens of the same species in 
control cultivation chambers. C) Organomineral crust (mat 
sarcophagus, white arrow) and negative impression of the 
head of T. molitor at day 180. D) Impression of the body seg
ments of T. molitor at the inner lamina of the sarcophagus 
(white arrow). E) Dissection of T. molitor and the inner organs 
exposed ventrally. F) Detail of the posterior part of T. molitor’s 
digestive anatomy and the surrounding organs from a ventral 
view. G) and H) Dissection of G. mellonella showing the 
disposition of the internal organs from a ventral view. Ab
breviations: ANT: anterior part of the body; cu, cuticle; d, day; 
dt, digestive tract; fb, fat bodies; he, head; mt, Malpighi tu
bules; sg, silk glands; t, trachea. Scale bars: A and B, 20 mm; C, 
2 mm; D, 2 mm; E, 10 mm; F. 5 mm; G, 2 mm; H, 0.5 mm.   
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2.3. Experimental design, data, and techniques 

The specimens were euthanized following the Research Ethics 
Committee (CEI-UAM) protocol with 0.1 g of tricaine methanesulfonate 
(MS222; SIGMA-ALDRICH E10521-10G) and 0.87 g of TRIS phosphate 
buffer dissolved in 300 ml of distilled water. The specimens were sub
merged for 5 min, followed by four washes with physiological serum to 
remove the lethal solution. A total of twenty-four larvae were placed in 
each cultivation chamber (96 carcasses in total, twelve specimens of 
each species in three cultivation chambers on microbial mats, and one 
on the sediment) (Fig. 3 A-B). Then, five individuals per species were 
randomly chosen at day 4, 11, 30, 60, 120, and 180. Each time, two 
individuals (from the control and from the mat) underwent preparation 
for histological section staining with eosin and hematoxylin, while two 
others were directly analyzed by MRI. The remaining fifth specimen was 
used for SEM and EDXS. The specimens for histological analysis and 
SEM-EDX were fixed with 2.5% glutaraldehyde (in 0.1 M cacodylate 
buffer) in a vacuum for 48 h. A cacodylate buffer was used to stabilize 
the pH. Subsequently, the samples were dehydrated by successive im
mersion in 30%, 50%, 70%, and 100% ethanol solutions (one hour in 
each bath). Samples were kept in 100% ethanol until observation. 

MRI subjects specimens to a high magnetic field and pulsed radio 
waves that allow the mapping of hydrogen atoms within samples 
(especially those contained in water) and is thus utilized for the obser
vation of soft tissues (Pebet, 2004) (Fig. 4 and Fig. S1). In T2-weighted 
images, more hydrated organs have higher signals (Novelline, 2004). 
MRI was performed at the Pluridisciplinary Institute of UCM using a 
Bruker BMT 47/40 MRI scanner (Grimm et al., 2003; Riches et al., 
2009). Images from 10 samples (taken at days 0, 30, and 180) were 
subsequently analyzed using Fiji (Schindelin et al., 2012). This analyzer 
visualizes a specimen in 2D sections that can be stacked in a 3D model 
using the MRI File Manager (Bruker) plugin (Montigon, 2006) for Fiji. 

For the histological sections, the specimens were included in paraffin 
after fixation and dehydration, and sectioned into 4 μm thick slices at the 
Department of Histology at the National Center for Biotechnology (CNB, 
UAM). The anterior and the posterior parts of the larvae were longitu
dinally sectioned, whereas the areas between the first and sixth 
abdominal segments were transversely sectioned (Figs. 5 and 6). The 
sections were dewaxed in xylene (10 min × 2), ethanol (a rehydration 
battery with 100%, 96%, and 80% ethanol for periods of 10 min each), 
and water (both distilled and tap, 10 min each), stained with eosin and 
hematoxylin, and washed with distilled water. Subsequently, the sam
ples were again dehydrated in ethanol (10 min) and xylene (10 min × 2) 
baths and mounted for microscopy. The histological study was per
formed with an OLYMPUS SZX7 dissection microscope and an 
OLYMPUS BK11 analytical microscope; the captured images were then 
modified in Adobe Photoshop to regulate the white balance, contrast, 
and color curves. Finally, to determine the presence of the endogenous 
digestive bacteria, the deparaffinized histological sections were Gram 
stained according to the protocol of Kruczak-Filipov and Shively (1992). 
The objective was to detect the potential involvement of gut bacteria in 
the production of biofilms within carcasses (Butler et al., 2015). 

To characterise the precipitated chemical elements, the fixed and 
dehydrated specimens from the microbial mats (i.e., the fifth specimen) 
were gold coated (thickness = 15 nm) using a Q150T-S Quorum coater 
and analyzed with a Hitachi S-3000 N SEM at the UAM Interdepart
mental Research Service. Images were obtained using the secondary 
electron mode operating at 5 kV, with a 60 μm aperture at a working 
distance of ~5 mm or using backscatter mode when coupled with the 
EDXS (energy-dispersive X-ray spectroscopy) analyses, which were 
performed at 20 kV and a distance of ~15 mm using an Oxford In
struments INCA x-sight analyzer. 

The significance of the results was statistically tested based on two 
data matrices, one focused on the decay (Tables 1 and 2) and the other 
focused on the biomineralisation process (Table S2). The decay data 
matrices, qualitatively scored from 0 to 4, were constructed based on the 

degree of fragmentation and the detachment of the cuticle layers, fat 
bodies, muscles, digestive tracts, and tracheal networks (Tables 1 and 2) 
for each period of larval decay. The tissue decay was characterised using 
the histological transverse sections. The significance of the alterations 
found was determined using multivariate ordering statistics, including 
principal component analysis (PCA, using IBM SPSS, Statistics v. 26.0 
and R 3.6.3) and the seriation algorithm (Past v. 3.0, Hammer et al., 
2001). Partial triadic analysis (PTA), performed with the package for R 
“ade4” (Dray et al., 2007) was used to explore time-dependent patterns. 
The elemental composition of the sixty-nine EDXS spectra of the samples 
was explored relative to the time, location (outside, cuticle and micro
bial crust, and inside the body), and taxa. Permutational multivariate 
analysis of variance (PERMANOVA) tests contrasted the significance for 
each pair of factors (Table S3). 

2.4. Cretaceous insects from the Crato Formation 

The Crato Formation represents a lacustrine system deposited during 
the Cretaceous (Aptian) in Brazil, and features laminated limestone, 
shale, and fine sandstone (Warren et al., 2017). Exposures of the Crato 
Formation are present in the Araripe Basin, the largest interior basin that 
resulted from a Jurassic–Cretaceous rifting event in northeastern Brazil 

Fig. 4. Magnetic Resonance Imaging (MRI) of G. mellonella. A) Superimposed 
contours of the body to show the volume loss when using 3D reconstructions at 
days 0, 30, and 180 (see also Fig. S1). B) Two-dimensional images of 
G. mellonella larvae in the mat at day 30 (top) and at day 180 (middle). The 
bottom image is a 3D reconstruction based on different MRI sections. Abbre
viations: c, control; GM, G. mellonella; m, mat; mc microbial crust; s, sediment; 
sg, silk gland. Scale bars = 10 mm. 
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Fig. 5. A) Seriation multivariate shows the temporal sequence of decay observed during the course of the experiment in both species. The sequence details the 
evolution of the decay of tissues over time, and the presence of bacteria in the coelom in TM (T. mollitor) and GM (G. mellonella). For each characteristic monitored, 
the occurrence of a square indicates a modification in relation with the original state (e.g., decay or occurrence of bacteria). The discontinuous series (i.e., the 
digestive tract in G. mellonella or the presence of bacteria within the coelom in T. molitor) are due to variability across individuals. B) Light microscope images of 
histological sections of the anterior abdominal segments (see also Fig. S3 for detailed monitoring of the decay of tissues). Abbreviations: C, control; cu, cuticle; fb, 
fatty bodies; mp, muscle packs; L: laying on the surface; M: microbial mat; sg, silk glands; t, trachea. Scale bar 50 μm. 

Fig. 6. Temporal and spatial evolution of the elemental composition in the course of the experiment. A) Principal component analysis showing the distribution of the 
decayed tissues according the decay scores in T. molitor (TM) and G. mellonella (GM) in the control (C) and mat conditions (M) over time. The variable biplots are 
shown in the graphic. B) Graphical representation of the Pearson correlation coefficient. 
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(de Matos, 1992; Assine, 2007; Carvalho et al., 2012). The presence of 
micritic limestones with plane-parallel laminations is often indicative of 
protected environments, with low benthic activity and gentle bottom 
currents. The absence of bioturbation associated with the presence of 
halite pseudomorphs indicates that the lake hypolimnion was possibly 
hypersaline and hostile for benthic metazoans. Three levels of stro
matolites with halite pseudomorphs, oncoids, and wrinkled surfaces 
suggest that the lacustrine waters were shallow with a significant pres
ence of microbial communities that settled in the stressful environment 
(Heimhofer and Martill, 2007; Heimhofer et al., 2010; Araújo-Júnior 
and Carvalho, 2015; Downen et al., 2016; Warren et al., 2017; Varejão 
et al., 2019). The microbial nature of Crato laminated limestones shows 
structures that are mediated by microbial production and metabolic 
activity, such as coccoids, filamentous and acicular cells, and textures 
linked to the mineralisation of exopolymeric substances (EPS) (Catto 
et al., 2016). 

The diversity of exquisitely preserved fossils, which include algal 
fragments, woody plants, insects, crustaceans, arachnids, and fish, as 
well as fully articulated amphibians, chelonians, lizards, dinosaurs, 
birds, and pterosaurs (Menon and Martill, 2007; Rios-Netto et al., 2012; 
Carvalho et al., 2019), makes the Crato Formation locality one of the 
world’s best represented Mesozoic palaeobiotic environments (Martill 
and Bechly, 2007). Using this information, we compare our laboratory 
decay experiment data with the textural (microfabrics) and chemical 
(elemental composition and mineralogy) preservation of 14 grylloid 
fossils from Araripe studied by Osés et al. (2016, 2017) and Dias (2020) 
(see Table S4 for accession numbers). 

3. Results 

3.1. Decay 

The monitoring of dead specimens in two types of cultivation 

chambers (with and without microbial mats) allowed us to determine 
three major phases of insect larvae. First, bodies floated, primarily 
because of the internal presence of gas (Peñalver-Mollá, 2002). Larvae 
floated for 11 ± 3.1 days. Phase two started when bodies finally reached 
the surface of the sediment (controls) or the microbial mats (Fig. 3 A and 
B). In the case of controls, this phase was final, and the bodies remained 
exposed for the rest of the experiment, whereas on the mats, the bodies 
were progressively covered by the upper layers of the microbial com
munity; phase three entailed the formation of the sarcophagus (Fig. 3 A 
and B). Complete coverage by the mat was fast and took only 21 ± 2.6 
days to fully isolate bodies. MRI showed that the reduction in body 
volume was more noticeable in T. molitor than in G. mellonella (Fig. 4 and 
Fig. S1). The faster compression experienced by the mealworm gener
ated a number of microbreakages and fissures in its exoskeleton 
(Fig. S2). The MRI protocol enhanced observations of the inner organ 
contours and hydration of the larva (Fig. 4). The differences between the 
controls and samples on the mats were not noticeable for G. mellonella or 
T. molitor at day 30. However, on day 180, the control larvae were 
externally and internally decayed and broke during manipulation 
(Fig. 4). The MRI image of the inner body showed no contrast, and the 
larvae consisted of a grey mass. However, on day 180, the samples on the 
mats showed bodily integrity, with visible cuticles and even inner tis
sues. For example, the digestive tract of T. molitor and the silk gland in 
G. mellonella remained discernible (see Fig. 4 and the animated re
constructions in the Audiovisual Supplementary Material). Interest
ingly, the MRI allowed for the identification of the mat cover embedding 
the larvae, which we call the sarcophagus (Fig. 4B). 

The decay sequence, tested by serial multivariate analysis using the 
constrained mode, resulted in a significant non-random process (p = 8.5 
× 10− 11). The constrained mode found the optimal range plot of the 

Table 1 
Soft tissue decay in T. molitor. The Data Matrix shows the scores of the quali
tative values assigned to the histological sections: Code (0), no obvious deteri
oration is observed; (1) slight deterioration of the structures, breaks or 
deformations, or appearance of bacteria in the coelom; (2) increase in the 
number of breaks, deformations, and the number of bacteria in the coelom; (3) 
fairly broken and deformed structures. More bacteria in the coelom than in state 
2; (4) very pronounced deterioration, a large amount of bacteria in the coelom 
(see also fig. S3 for the scores of the tissue decay). Abbreviations: C, control; d, 
day; Fl., floating initial phase; M, microbial mat; R., resting phase in which the 
carcass lay on the surface of the sediment/mat.  

Setting Experimental days Observations 

Phase Fl. R. ————————Sarcophagus/ 
Sediment——————————   

4d 11d 30d 60d 120d 180d  
M 0 0 0 0 1 2 Occurrence of 

microorganisms into 
body but outside the 
digestive tract 

C 0 0 1 1 2 4  
M 0 0 0 0 1 1 Degradation of the 

cuticle 
C 0 0 0 1 1 4  
M 0 1 1 1 2 3 Degradation of the fat 

bodies 
C 0 1 2 3 4 4  
M 0 0 0 1 1 2 Degradation of the 

digestive tract 
C 0 0 2 2 4 4  
M 0 0 1 1 2 3 Degradation of muscle 

packs 
C 0 0 2 2 3 4  
M 0 0 0 0 0 1 Degradation of the 

trachea network 
C 0 0 0 0 1 2   

Table 2 
Soft tissue decay in G. mellonella. Data Matrix showing the scores of the quali
tative values assigned to the histological sections: Code (0), no obvious deteri
oration is observed; (1) slight deterioration of the structures, breaks or 
deformations, or the appearance of bacteria in the coelom; (2) increase in the 
number of breaks, deformations, and the number of bacteria in the coelom; (3) 
Fairly broken and deformed structures. More bacteria in the coelom than in state 
2; (4) very pronounced deterioration and a large amount of bacteria in the 
coelom (see also fig. S3 for the scores of the tissue decay). Abbreviations: C, 
control; d, day; Fl., floating initial phase; M, microbial mat; R., resting phase in 
which the carcass lay on the surface of the sediment/mat.  

Setting  Observations 

Phase Fl. R. ————————Sarcophagus/ 
Sediment——————————   

4d 11d 30d 60d 120d 180d  
M 0 0 1 1 1 1 Occurrence of 

microorganisms into 
body but outside the 
digestive tract 

C 0 0 1 2 3 3  
M 0 0 0 0 1 2 Degradation of the 

cuticle 
C 0 0 1 2 2 3  
M 0 1 1 2 2 3 Degradation of the fat 

bodies 
C 0 1 1 2 3 4  
M 0 0 1 1 1 3 Degradation of the 

digestive tract 
C 0 0 0 1 2 3  
M 0 1 1 2 2 3 Degradation of muscle 

packs 
C 0 1 1 2 3 4  
M 0 0 0 0 1 2 Degradation of the 

trachea network 
C 0 0 0 2 3 4  
M 0 0 0 0 1 2 Degradation of the 

Silk glands 
C 0 0 0 2 3 4   
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specimens over time according to the scores (0 to 4) of the decayed 
tissues from the histological sections (Fig. 5, see also Fig. S3 for detailed 
monitoring of the decay of tissues). The larvae of the two species showed 
the same general patterns in their tissue decay sequences: (a) fat body 
and muscles decayed early (~day 11); (b) digestive degradation and 
endogenous bacteria occurred next (~day 30); and (c) the epidermal 
cuticle and tracheal network were the most perdurable (decaying at days 
60 and 120). Notably, the ordering provided by seriation was the same 
for the control and microbial mat specimens (Fig. 5 A). Observations of 
tissue damage or the occurrence of bacteria within bodies (presence of 
squares in the diagram) showed a similar pattern for both species. 

The first component of the principal component analysis (PCA) based 
on the qualitative variables of tissue decay captured 85.66% of the 
variance and the second up to 7.95% (Fig. 6). The graphic representation 
of the specimens along the two components showed that (a) Component 
1 experienced an increase in decay alterations from the initial stages to 
the final ones; and (b) the larvae that were decayed in the microbial mats 

were less dispersed along Component 2, indicating an overall better 
preservation of all tissues than the controls. Notably, maximal variation 
occurred between the final measuring times (days 60 to 180) for the 
control specimens (Fig. 6). This variation reflects the major decay dif
ferences between T. molitor and G. mellonella. The biplot representation 
of the variables demonstrates that in G. mellonella muscles, body fat and 
digestive tissue tend to resist decay more strongly than the tracheal 
network and the epidermis, whereas the opposite is true for the meal
worm T. molitor. 

3.1.1. The silk gland in the wax moth 
The silk organ showed the best contrast in the MRI sections at days0 

and 30 (Fig. 4) due to the large lumen of the middle silk gland (MSG) and 
the loops filled with a hydrated solution of proteins (fibroin and serine). 
The histological transverse sections of G. mellonella enabled the 
epithelium of the MSG tracts to be easily identified over experimental 
time (Fig. 7). The progression of decay in the control was shown by cell 

Fig. 7. Histological sections of specimens from the control and mat cultivation chambers stained with eosin and hematoxylin. A–I) T. molitor. J–R) G.mellonella. Time 
of experimentation (T) given in days. Abbreviations: cu, cuticle; fb, fatty bodies; mp, muscle packs; pl, proleg; sg, silk gland; t, trachea. Scale bars: B–I = 0.5 mm; K–R 
= 0,5 mm. The white arrow points to the digestive tract of T. molitor and the silk gland of G. mellonella. 
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disintegration, shedding of the epithelium, and deformation and 
breakage at day 180 (Fig. 7). The silk glands in the mat remained 
practically intact until day 120 (Fig. 7 P); on day 180, they were frag
mented, albeit to a lesser extent than in the control (Fig. 7 Q–R). 

3.1.2. Bacteria from the gut 
Bacteria were observed inside the digestive tract mixed with ingested 

food from days 4–11 (Fig. 8). On day 30, microorganisms appeared in 
the coelom in the controls of both species. For G. mellonella on the mat, 
the number of bacteria increased more slowly than in the control, and 
for T. molitor, the presence of bacteria was delayed until day 120 (Fig. 8 
C and D). The predominant bacterial shape was coccoid or slightly 
bacillary (1.2–1.5 × 0.9–1.1 μm) in the digestive tract and in the coelom. 
Most bacterial populations were gram-positive. Furthermore, more 
elongated (2–4 × 1–1.5 μm), gram-negative, and gram-positive bacillary 
forms were detected. The number of bacteria inside the bodies increased 
over time (Fig. 8). 

3.2. Biomineralisations 

The coverage of the larva by the microbial mat (i.e., the formation of 
the sarcophagus) occurred faster for G. mellonella than for T. molitor. At 
day 4, neither species was fully covered, but both showed an amorphous 
organic crust covering patchy areas of their external surface. This crust 
was made of an organic mesh of EPS and cyanobacteria with enrichment 
in several mineral elements (Fig. 9). This crust formation favoured the 
generation of negative impressions of larval segments. The body imprint 
was especially remarkable for T. molitor, whose cuticle was thicker and 
sclerotised (Fig. 3D). Both species showed very similar crustal compo
sitions dominated by Cl, Na, Mg, and S (Fig. 9 C, D, and G–J) and, oc
casionally, Ca, P, and K. The atomic percentages of the elements found in 

the EDXS analysis (see Table 3:) were likely compatible with a poten
tially widespread presence of magnesium sulfate and, to a lesser extent, 
sodium and calcium sulfates and sodium and potassium chloride. 
Additionally, the presence of Ca detected in the crust was the product of 
authigenetic precipitation, because calcium was absent in the larvae 
cuticle, which is composed of chitin and lipids. 

The EDXS elemental analysis highlighted an enrichment of the same 
elements observed in the external crusts inside the body of the two 
species located in the microbial mat. Some elements, especially S, Mg, 
and Na, increased over time, especially in T. molitor. Additionally, the 
formation of crystals was different between the mealworm and the wax 
moth based on observations using SEM (Fig. 10). Although amorphous 
precipitates or small needles (0.5–2.7 μm) enriched primarily in sodium 
and calcium sulfate appeared inside the body of G. mellonella only over 
the long-term (Fig. 10 A), T. molitor exhibited a great variety of crystal 
shapes and sizes within its body. Needle-shaped crystals (11.8–35 μm) 
were observed at day 11, irregular spheres on the inner sides of the 
cuticles (25–37 μm) appeared on day 30, semi-cubes of sodium and 
magnesium sulfate in the tracheas (2.2–4.0 μm) appeared at day 120 
(Fig. 8 C), and star-shaped crystals that formed via fine needles (12 μm) 
were observed at day 11. These crystals increased in size until they 
formed large 79–116-μm stars made of flat sheets of magnesium sulfate 
at day 180, appearing in bunches that filled the sides of the body during 
the later decay stages (Fig. 10 B). However, increases in the sizes of the 
crystals were a frequent observation. 

The PERMANOVA test determined that the centroid differences be
tween time, location, and taxa were nearly significant (p-value = 0.07) 
but had a low coefficient of determination (r2 = 0.06) (see Table S3 for 
the tests). The PCA showed that the distribution was time-dependent 
(earlier–later measurements) and location-dependent (outer–inner 
bodies), as confirmed using PERMANOVA by combining the factors of 

Fig. 8. Bacteria inside T. molitor. A) Optical microscope image of Gram staining of the bacteria confined within the digestive tract of the larva in the mat at day 30. B) 
Optical microscope image of the bacteria inside and outside the digestive tract of the larva in the sediment (control) at day 30. C) SEM image of the bacteria on the 
trachea at 120 days. D) SEM image of the bacteria in the coelom at 120 days. Arrows point to groups of bacteria. Abbreviations: c, coelom; dt, digestive tract. Scale 
bars: A–C = 20 μm; D = 10 μm. 
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“time” and “location” with the cofactor “taxa” (to avoid potential biases 
due to differences in the taxa) (p-values = 0.02 and 0.05, respectively; 
see also PTA analysis of the temporal evolution presented in Supp. 
Fig. S4). The evolution of the elementary composition differed along 
PC1, which explained 24.06% of the total variability (Fig. 11 A). The 
samples distributed with positive PC1 values were collected after day 60 
and additionally influenced by S and Na (Supplementary Fig. S4 D and 
E). The correlation between these two elements was consistent with the 
abundance of sodium sulfate observed by EDXS. Conversely, early 
samples between days 4–30 were linked with higher concentrations of 
chloride in the analyses of the outer bodies (negative PC1 values) (also 
confirmed by PTA, Supplementary Fig. S4 A and B). This early abun
dance of Cl is consistent with the influence of the original salts present in 
the system. PCA axis 2 explained 21.03% of the variability and was 
influenced by the inner content of P and Mg in T. molitor (Fig. 11 A and 
Supplementary Fig. S4 A and B). The early occurrence of precipitates 
enriched in P and the presence of large crystals of magnesium sulfate in 
long-term samples mostly occurred in T. molitor, as shown in the PER
MANOVA test (p-value = 0.06, close to significance; and r2 = 0.12). 
G. mellonella did not show a significant influence on time and location (p- 
value = 0.88; r2 = 0.06). Additionally, we detected that certain elements 
showed a negative co-occurrence according to Pearson correlation co
efficients (Fig. 11 B). For instance, the presence of S, Na, or Mg was 
associated with K depletion. We also established a positive correlation 
between Ca and S, which developed after day 60, according to the PTA 
analysis (Supplementary Fig. S4 D and F). 

3.3. Mats and the Crato fossil record 

The grylloid fossils from the Crato Formation are a clear example of 
exceptional preservation. These remains were articulated and poorly 
fragmented—many featured three-dimensional preservation—but suf
fered compaction during diagenesis (see Fig. 12). Their body parts 
(head, thorax, abdomen, and appendages) and soft tissues (compound 
eyes, digestive tract, ovaries, eggs, and visceral and locomotive muscle 
tissues) were also preserved (Fig. 12 A-D). Herein, we highlight the 
microbial features identified in fossilised grylloids that are directly 
associated with the configuration of a particular microfabric and the 
primary mineral phases of these fossils. 

Fig. 12 H shows the presence of (1) numerous, tiny, equidimensional, 
spherical grains that are moderately to densely packed, with very similar 
shapes, isotropic textures, the absence of crystalline faces, and sizes of 
less than 5 μm; (2) tiny three-dimensional filamentous features of less 
than 10 μm; and (3) acicular remnants related to the network-shaped 
texture (1, 2, and 3 in Fig. 12 H). These different shapes are very 
similar to those observed in the crusts on the larvae in our experiment 
(Fig. 12 G and I). Moreover, the observed microfabric was rich in carbon 
(Fig. 13 C) that covered the eye ommatidia and was also present inside 
the thorax, abdomen, and tegmina (Fig. 12 E). 

Fossilised Crato grylloids were potentially preserved in three main 
mineral phases: (1) iron oxide (structure labelled “2” in Fig. 13 A); (2) 
carbonaceous materials (Fig. 13 C, D) (in these two cases, replacing the 
external and internal body structures); and (3) likely calcium phosphate 
(Fig. 13 A, label 3), which was especially observed in internal soft tissues 
(see Dias and Carvalho (2020) for a further characterisation of the 
mineral preservation of these insects). In the iron oxide specimens, the 
preservation of the cuticle formed a film with a large size and crystals 
that were difficult to individuate (Fig. 12 B–D), whereas the microfabric 
of the inner organs was characterised by subspherical to spherical 
crystals, euhedral to subhedral crystals, and approximately equidimen
sional micro- to crypto-crystals, which were easily individualised 
compared to those in the large outer film (Fig. 12 B, C). The preservation 
of the carbonaceous specimens was characterised by homogeneous and 
isotropic materials, featuring a network-shaped texture without evi
dence of crystal nucleation (Fig. 13 C, D). Finally, phosphatisation was 
identified in the replication of detailed structures (muscle fibers of the 
femur and compound eyes) formed by equidimensional crypto-crystals 
of a mineral rich in Ca and P, likely calcium phosphate. 

4. Discussion 

This laboratory experiment sheds some light on the decay processes 
experienced by the larvae of two different insects, Galleria mellonella and 
Tenebrio molitor. The decay exposed the sequence of events after dying in 
an aquatic environment, floating, and resting in the surface of the 
sediment/microbial mat. Additionally, the presence of microbial mats 
introduced a third phase: the isolation of the carcass within the 
sarcophagus by the growth of the upper microbial layers. This 

Fig. 9. SEM images of transverse sections. External organomineral crust formed at the top of the head of G. mellonella (A) and T. molitor (E) taken at day 4. B and F 
correspond to magnifications of the spots highlighted in A and E respectively, which were analyzed with EDXS. C) Area and elemental spectra within the crust. D) 
Area and elemental spectra outside the crust in G. mellonella. F) Location of the areas (G–I) analyzed in T. molitor. Note the presence of some filaments of cyano
bacteria. G) Elemental composition of the crust. H) Analysis of the spherical precipitate. I) Analysis of the original cuticle composition. Scale bars: A and E, = 1 mm; B 
and F = 100 μm. 
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experimental design offered the opportunity to compare the decay of 
different types of tissues using histological features and to trace the 
synchrony in their decay sequences. The present study also highlighted 
the differences in inner tissue alterations and mineralisation using 
distinct and complementary techniques, such as SEM and analytical 
microscopy. Finally, we compared the experimental results with those of 
well-documented fossils. 

Soft-bodied animals show rapid early decay processes, as previously 
evidenced in experiments on annelids (Briggs and Kear, 1993), the 
branchiopod Artemia (Butler et al., 2015), and the onychophoran velvet 
worm (Murdock et al., 2014). In our experiments, the insect larvae 
resisted longer than in these previous experiments in the control and 
microbial mats because of their sclerotised cuticles. Hence, the chro
nology of their decay was more comparable to that of other bio
mineralised organisms. The general pattern in all the mentioned soft- 
bodied invertebrates has the onset of decay starting between days 8 
and 15 (in the aftermath of the floating phase), but the most important 
differences in gross body decay occurred after day 50, and body disar
ticulation occurred between days 90 and 120. This timeline can be 
recognised in organisms decayed under open conditions (i.e., in the 
absence of restricted milieus such as microbial mats), in experiments 
mediated by microbial veils with arthropods (Hof and Briggs, 1997; 
Klompmaker et al., 2017), or, particularly, in fossil insects (Peñalver- 
Mollá, 2002). Nonetheless, the decay rate always varies depending on 
the origin of the taxa, and the conditions of decay. A clear example of 
decay rates was outlined by Klompmaker et al. (2017), who studied 
marine arthropods. Organisms certainly settled in irradiated milieus, 
and antimicrobial substances, and/or reduced conditions show a 
retarded decomposition in comparison with those decayed in open 
control environments (Hof and Briggs, 1997; Butler et al., 2015). The 
effect of mat entombment (i.e., the isolation of the body within the 
sarcophagus) yields an equally drastic decay slowdown; the bodies 
never become fully disarticulated and maintain their integrity for years 
(Iniesto et al., 2016; see the animated reconstructions presented in the 
Audiovisual Supplementary Material). Principal component analysis 
(Fig. 6) confirmed that, in the absence of microbial mats, the larvae in 
the controls suffered greater decomposition than the other tissues. 

Although soft tissue preservation mediated by bacterial precipitation 
is an observable fact, neither the formation of bacterial replicas nor the 
autolithification of bacteria were observed over the course of our 
experiment. Based on experimentation with Artemia salina (Crustacea), 
Butler et al. (2015) described the generation of pseudomorphs by inner 
digestive microbes, which were able to replicate the shapes of inner 
tissues over 12 days. During our insect larvae experiments, bacteria were 
observed, but none met the conditions of experiments by Butler et al. 
using Artemia. In our assay, we observed that (a) bacteria that pene
trated exoskeletal fractures and the aperture of tracheal vestibules might 
have been exogenous; (b) the time needed to generate pseudomorphs in 
Artemia is too short (12 days) for insect larvae, in which bacteria 
appeared in the coelom at day 30; (c) most of the organs started to decay 
once the microorganisms colonised the coelom of the larvae (after day 
120)—meaning that cell autolysis (i.e., the initial biochemical decay of 
tissues independent of bacterial activity, according to Child, 1995 and 
Clark et al., 1997) was of little importance during this first period; and 
(d) the reducing conditions were used to explain the inhibition of 
autolysis. On the contrary, an oxic environment likely developed inside 
the larvae decayed within microbial mats (Iniesto et al., 2015a, 2015b). 
Hence, our data suggest that the observed decay is more strongly related 
to microbial activity than autolysis, because tissue decay occurred later 
in the experiment; autolysis is known to be more active soon after death 
and should be observed during the floating phase (e.g., until day 15–20 
in controls). 

Interestingly, the decay sequence that occurred in the control and in 
the mats progressed in the same pattern: fat body ➔ muscles ➔ digestive 
➔ epidermis ➔ trachea; fat bodies were the most labile, and trachea 
were the most resistant. The seriation algorithm, which offers the best Ta
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enumeration order for a set of described objects, supports the non- 
random degradation of tissues when the species of both insect orders 
are compared (Lepidoptera and Coleoptera). This result validates the 
fundamental observation that decay has a phylogenetic component 
(Sansom et al., 2010, 2011; Purnell et al., 2018) and that taxonomic 
decay patterns can be traced as a bias in the fossil record. The sequence 
we obtained for both insect larvae was different from that described for 
the mentioned soft bodied organisms, such as the velvet worm —gut ➔ 
epidermis ➔ nerve ➔ cuticle ➔ gonads ➔ appendages (Murdock et al., 
2014)— or annelids —muscle➔ gut ➔ cuticle ➔ appendages in annelids 
(Briggs and Kear, 1993)—. In the insect larvae, the digestive wall, the 
epidermal exoskeleton, the silk gland, and the trachea are protected 
with resistant biomolecules, but there are subtle differences in tissue 
decay depending on the sclerotisation pattern and the cuticle thickness 
in the wax moth and mealworm tissues (Fig. 7). 

4.1. Principal taphonomic features in the decay and mineralisation of the 
insect larvae 

These experiments with microbial mats helped characterised the 
processes involved in the mineralisation of the insect larvae, which can 
be compared against data from the insect fossil record produced in 
lacustrine MISS deposits. The mineralisation of the larvae took place 
outside the cuticle and in the soft tissues, thereby exhibiting the pre
dominance of sulfate, chloride, and phosphate mineralisation. The 
Chiprana lacustrine system is rich in magnesium and sulfate ions, 
chloride, and sodium. The organomineralised crust over the insect 
cuticle depends on the existence of nucleation centres (Spadafora et al., 
2010) and the saturation of these elements, among others. The microbial 
EPS clearly filled the spaces between the carcasses and the mat layer, 
acting as chelators for cations (Mg and Ca in our experiment) (Costerton 
et al., 1995; Trichet and Défarge, 1995; Spadafora et al., 2010). In past 
experiments using mats and the same organism model for Galleria mel
lonella, a crust was formed by iron sulfides (Darroch et al., 2012). 

Fig. 10. SEM images of the bioprecipitates located inside the larval body. A) Transversal section of G. mellonella at day 180 (scale bar = 1 mm. B) Magnification of 
the spot highlighted by the white circle in A. The shape of a large crystal cluster is made of small needles of 0.5–3.0 μm is shown. C) EDXS elemental composition of 
the needle pointed to by the arrow corresponds to sulfates (enriched in sodium and/or calcium). D) Transversal section of T. molitor at day 180. The white circle 
shows the area magnified in E. E) Star-shaped crystals formed from flat sheets. F) EDXS showing the flat sheets in E consistent with the presence of magnesium 
sulfates. G) Transversal section of T. molitor at day 11. H) The crystals highlighted in G are small in size (the needles are 11 to 35 μm in size), and the elemental 
composition (I) is consistent with the occurrence of sodium and magnesium sulfates. The cuticle and the void spaces in A and D are shaped with a dotted line in 
orange. Abbreviations: c, cuticle; mp, muscle pack; t, trachea; v, void spaces. 
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However, Fe was low to absent in our experiment, which explains the 
absence of these iron sulfides in the crust. This Fe depletion can be 
explained by the elemental composition present in the system; water and 
sediments from Chiprana exhibit low concentrations of iron, as shown 
previously using X-ray diffraction, SEM-EDXS, and inductively coupled 
plasma atomic emission spectroscopy (ICP-AES) (Iniesto et al., 2015b). 
The crust was enriched in the major elements found in the water (Na, 
Mg, S, and Cl); in turn, the crust contained Ca and P in variable amounts 
(Fig. 9). 

Sulfurisation is a mineralisation process likely present in inner larvae 
decay and would explain the substantial S enrichment in of carcass tis
sues over the course of the experiment. To understand this process, S- 
mediated dynamics must be addressed (Hebting et al., 2006). This 
process, which is considered to be rapid in the early stages of decay, is 
favoured in our system because of the large quantity of sulfates present 
in the water and the release of sulfates during the decay of the bodies 
(desulfurisation). Sulfurisation of organic matter is frequent in systems 
where the inputs of bacterially generated sulfide exceed the availability 
of reactive iron (Sinninghe Damsté et al., 1993; Briggs, 2003). In our 
experiments, this process can be promoted by the abundance of sulfate 
in the water column and the scarcity of iron, whose presence is not 
required for sulfurisation (Sinninghe Damsté et al., 1993; Melendez 
et al., 2012). Although certain organic molecules are predisposed to 
sulfurisation during early diagenesis (Melendez et al., 2012), we have 
not tested the actual incorporation of inorganic sulfur in organic matter, 
which was not observed over the course of our experiment and requires 
further study. 

T. molitor larvae showed an interesting mineralisation process with 
enrichment in Na and Mg, compaction of tissues, and progressive 
detachment of soft tissues from the cuticle (Fig. 10 A, B). The enrichment 
of Mg is related to muscle decay (Briggs, 2003; Newman et al., 2019) and 
could also be linked to sulfurisation promoted by bacterial activity 
(McNamara et al., 2016). Nonetheless, although the organs within the 
compacted soft tissues (the tracheal orifices, muscle, and digestive 
walls) could be clearly recognised up to day 180; the digestive walls 
were evident, and the tissues appeared obscured due to the appearance 
of precipitated crystals. The blurring of the internal organs was 

enhanced by the large void spaces at day 180, where the crystals 
occupied the entire gap. These crystals filled the empty spaces of the 
larva, destroying the remains of the tissues. This appearance of minerals 
was also favoured by the fractures observed in the cuticle of T. molitor, 
which allowed the passage of water and solutes that promoted the for
mation of precipitates within the carcass, as suggested for Cretaceous 
fossil insects from the Crato Formation (Osés et al., 2016). 

4.2. From laboratory experiment to the fossil record 

A clear parallel can be traced between this experiment and Crato 
fossils when comparing the textures and elemental composition of the 
organomineralised crust and the web-like fossil microfabric. The organic 
and amorphous crust covering the outer surface of the wax moth and 
mealworm larvae can be compared to the massive external film with 
poorly individualised crystals found in the upper layer of the MISS 
sediment. In fact, the mineralised crusts of extracellular polymeric 
substances (EPS) in the experiment (Fig. 12G) mimic the network- 
shaped texture (Fig. 12C and 13D), acicular remains (Fig. 12H), and 
carbon location in the fossils (Fig. 13C). 

Delicate features are evident in the Crato grylloid fossils, such as 
spines, sensilla, antennae, and soft tissues, including muscles, digestive 
tracts, and ovaries. The preservation of these tissues seems to be ubiq
uitous among insect fossils (Delclòs et al., 2004; Osés et al., 2016). The 
digestive tract was also identified as a resistant organ. In the Crato in
sects, anatomical microstructures associated with a highly sclerotised 
region formed by cuticular structures and denticles (i.e., the lining of the 
proventriculus) were recognised in the digestive tract (Dias and Car
valho, 2020). The cuticle that forms part of the anterior and posterior 
digestive wall is composed of chitin, which is a polysaccharide that 
forms a hard coating (Gooday, 1990). This organic molecule has high 
potential for preservation (Flannery et al., 2001; Gupta, 2010; Iniesto 
et al., 2019), increasing the time in which the digestive tract can 
maintain its integrity. However, preservation controversial, as chitin is 
often preserved only as remnants inside geopolymers (Cody et al., 
2011). 

Crato Grylloidea is classified based on three types of fossilisation 
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processes: pyritisation, phosphatisation, and kerogenisation (Dias and 
Carvalho, 2020). Experiments with insect larvae performed for 180 days 
showed the initial phases (Purnell et al., 2018) of the maturation pro
cess, which can be related to early sulfurisation that can take place in a 
few days (Raven et al., 2016) and is likely favoured by a specific set of 
environmental conditions: in saline waters as a photochemically 
induced reaction, in shallow water tanks, and in organisms that are rich 
in lipids because of the presence of extraordinary reservoirs of fat bodies 
in the insect larvae (Kok et al., 2000; Werne et al., 2004). Additionally, 
sulfurisation is frequent in saline lakes with sulfur- and gypsum-rich 
waters, such as the famous fossils of the lacustrine settings of Libros 
and Rubielos de Mora (Miocene, Teruel, Spain) (McNamara et al., 2016; 
Purnell et al., 2018). Furthermore, this mode of exceptional preservation 
may be transformed into large aliphatic chains (kerogenisation), 
exhibiting carbonaceous layers that could occur on the surface of an 
organism or its tissues (e.g., the kerogenised Crato grylloids (Dias and 
Carvalho, 2020) and Jehol carbonaceous-compressed ephemeropteran 
larvae (Pan et al., 2014) are good examples of this). Other mineralisa
tions, such as pyritisation and phosphatisation, likely depend on the 

concentration of ions inside the sarcophagus created by the microbial 
mats; the formation of sufficient fissures in the insect cuticle would 
likely promote the input of solutes, thereby facilitating mineralisation of 
the external cuticle and inner soft tissues (Osés et al., 2016, 2017). 

5. Conclusions 

Analytical approaches are necessary to understand the complexity of 
soft tissue decay in animals placed in cultivation chambers with and 
without microbial mats. Fossilisation assisted by microbial mats has 
been suggested as a key factor in exceptional deposits, and the present 
study provides experimental credibility to the relevance of mats in fos
silisation. The results are supported by data from 96 soft-bodied wax 
moth (Lepidoptera) larvae and mealworm (Coleoptera) insects. The 
larvae floated for ~11 days and then rested on the surface of the sedi
ment (controls) or were progressively embedded in the mat (full 
coverage occurred ~day 30). The alteration patterns were sustained by 
the details observed in histological thin sections, which offered new 
features to characterise the chronology of the decay processes. The 

Fig. 12. A) Anatomical features of exquisitely preserved fossil insects of the Grylloidea superfamily recognised in the laminated limestone of the Crato Formation, 
Aptian, Brazil. B) External cuticle (ct) preserved in the form of a large film with difficult individualization of its crystals and associated internal parts. C) Detail of the 
grylloid’s microfabric displayed in E with the micro- and cryptocrystals approximately equidimensional. D) Lateral view of Grylloidea in SEM, with the external 
cuticle replaced by a massive film. E) Polygonal facets of one of the compound eyes of a Grylloidea covered by the network texture (nt), a structure associated with 
the mineralisation of extracellular polymeric substances (EPSs). F) Portion of the digestive tract with associated denticles and microvilli (indicated by arrows). These 
morphological features are responsible for breaking down food and absorbing nutrients during food digestion. G) SEM image of the crust formed by EPS and mi
croorganisms on the head of G. mellonella at 120 days. H) Microfabric with numerous spherical equidimensional grains interpreted as coccoids detected within the 
abdomen of the grylloid. I) External organomineral crust with bacteria of different forms embedded in an EPS matrix on the head of G. mellonella at day 180. 1) 
coccoid bacteria, 2) bacterial filaments, and 3) long and fine bacteria (acicular). 
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pattern of decay indicates a non-random process that occurred with the 
same sequence in the mats and in the control chambers, starting with fat 
body and muscles, continuing with the digestive presence of endogenous 
bacteria and the epidermal cuticle, and ending with sclerotised organs 
(i.e., the silk glands or tracheal networks). We also found that histo
logical sections might be relevant in differentiating decay in distinct 
phylogenetic lineages in future experiments. The mineralisation process 
is characterised by the substantial enrichment in sulfur in larvae tissues, 
which could be related to early sulfurisation. S enrichment is congruent 
with a set of environmental conditions, such as saline waters, shallow
ness of water, and the inherent properties of the larvae, which are rich in 

lipids. Additionally, the evidence provided by our experiment with 
lepidopteran and coleopteran larvae help us better understand the ways 
in which the body and organs can be preserved in fossils. Our compar
ison with grylloids from the Crato Formation shows that the pattern of 
preservation and the presence of soft tissue in those fossils is potentially 
consistent with the presence of microbial mats. These outcomes are of 
great interest, because larvae are abundant in the fossil record in 
different Mesozoic localities, such as Jehol (Pan et al., 2014) and the 
Crato Formation (Storari et al., 2019), whose fossils were produced in 
lacustrine environments with microbial mats. Additional taphonomic 
experiments similar to this one, using actual mats and monitoring their 

Fig. 13. A) Chemical analysis of the EDXS of the grylloid’s posterior femur showing that the massive external cuticle (2) is replaced by iron oxide, while the 
associated internal muscle fibers (3) have a primary composition of P and Ca, corresponding to calcium phosphate. The presence of Ca in the matrix (1) is associated 
with the calcium carbonate of the laminated limestone. B) Detail of the muscle fibers (indicated by the arrows) displayed in A, with replication of their structures by 
densely packed cryptocrystals of calcium phosphate. C) Abdominal region of a grylloid with the cuticle replaced by a grayish black material. Chemical analyses of 
EDXS point to the carbonaceous composition of the fossil, with no direct association with Fe, as shown in A. D) Detail of the internal portions of the fossil displayed in 
C, with the presence of a network texture without individualization of the crystals. Abbreviations: O, oxygen; Fe, iron; Ca, calcium; P, phosphorus; C, carbon. 
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influence on the decay pattern, can have a valuable impact for pro
ducing data that help interpret the formation of numerous Konservat- 
Lagerstätten. 
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Trichet, J., Défarge, C., 1995. Non-biologically supported organomineralisation. Inst. 
Ocean. Bull. 14, 203–236. 

Varejão, F.G., Warren, L.V., Simões, M.G., Fürsich, F.T., Matos, S.A., Assine, M.L., 2019. 
Exceptional preservation of soft tissues by microbial entombment: insights into the 

taphonomy of the Crato Konservat-Lagerstätte. Palaios 34, 331–348. https://doi. 
org/10.2110/palo.2019.041. 

Vigneron, A., Jehan, C., Rigaud, T., Moret, Y., 2019. Immune Defenses of a Beneficial 
Pest: the Mealworm Beetle, Tenebrio molitor. Front. Physiol. 10, 138. https://doi. 
org/10.3389/fphys.2019.00138. 

Warren, L.V., Varejão, F.G., Quaglio, F., Simões, M.G., Fürsich, F.T., Poiré, D.G., 
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