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1  | INTRODUC TION

Early fossil vertebrates, particularly those without a biomineral-
ized skeleton, can be difficult to interpret based on their preserved 
soft tissue morphology alone. A lack of diagnostic characters may 
compromise phylogenetic assignments and even make it difficult to 
determine whether affinities lie with invertebrates or vertebrates 
(Parry et  al.,  2018; Purnell et  al.,  2018). However, preserved soft 

tissues may retain compositional information that can be used to ad-
dress such questions (Alleon et al., 2017; Briggs & Summons, 2014; 
Wiemann, Fabbri, et al., 2018). The structural tissues of many inver-
tebrates are composed almost entirely of the polysaccharide (=long-
chain sugar) chitin, whereas most vertebrate structural tissues are 
based on a protein scaffold. Polysaccharides and proteins fossilize 
primarily through oxidative crosslinking (Wiemann, Fabbri, et al., 
2018), and differences in the concentrations of polysaccharides 
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Abstract
The chemical composition of fossil soft tissues is a potentially powerful and yet un-
derutilized tool for elucidating the affinity of problematic fossil organisms. In some 
cases, it has proven difficult to assign a problematic fossil even to the invertebrates or 
vertebrates (more generally chordates) based on often incompletely preserved mor-
phology alone, and chemical composition may help to resolve such questions. Here, 
we use in situ Raman microspectroscopy to investigate the chemistry of a diverse 
array of invertebrate and vertebrate fossils from the Pennsylvanian Mazon Creek 
Lagerstätte of Illinois, and we generate a ChemoSpace through principal component 
analysis (PCA) of the in situ Raman spectra. Invertebrate soft tissues characterized by 
chitin (polysaccharide) fossilization products and vertebrate soft tissues character-
ized by protein fossilization products plot in completely separate, non-overlapping 
regions of the ChemoSpace, demonstrating the utility of certain soft tissue molecular 
signatures as biomarkers for the original soft tissue composition of fossil organisms. 
The controversial problematicum Tullimonstrum, known as the Tully Monster, groups 
with the vertebrates, providing strong evidence of a vertebrate rather than inverte-
brate affinity.
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and proteins between tissue samples yield different compositional 
trends in the resulting fossilization products.

Fossil soft tissue morphologies preserved as carbonaceous 
films are composed of a variety of compounds including N- and 
S-heterocyclic polymers as well as their carbonyl (C=O)- and car-
boxyl (COOH)-rich peroxidation products. N-heterocycles form 
as oxidative crosslinks through the reaction of polysaccharide- 
derived reactive carbonyl species with available amine groups 
(which can derive from glycosaminoglycans for example), so they 
are most prevalent in the fossilization products of tissues with high 
polysaccharide concentrations (Wiemann, Fabbri, et al., 2018). 
S-heterocycles, thiols and thioethers, which require the protein- 
derived amino acid cysteine for crosslinking, are most common in 
the fossilization products of tissues with high protein concentra-
tions (Wiemann, Fabbri, et al., 2018). Protein-rich tissues can also 
degrade via peroxidation processes, resulting in carbonyl (C=O)- 
and carboxyl (COOH)-rich protein fossilization products (Wiemann, 
Fabbri, et al., 2018; Wiemann, Yang, & Norell, 2018). These fossil-
ization products can be reliably identified via their characteristic 
Raman signals, which reflect diagnostic C-N, C-S, and C-O and 
vibrations (Wiemann, Fabbri, et al., 2018). They provide potential 
biomarkers for identifying the original composition of fossil soft 
tissues and therefore are a valuable tool for assigning problematic 
or incomplete fossils to major animal groups (Wiemann, Crawford, 
& Briggs, in press).

The well-known Pennsylvanian Mazon Creek Lagerstätte 
(~307-309 Ma) of Illinois has yielded numerous fossiliferous con-
cretions, exposed as a result of strip mining for coal in the last cen-
tury (Clements, Purnell, & Gabbott, 2019). Concretions are known 
to provide a favorable environment for biomolecule preservation 
(Grice, Holman, Plet, & Tripp, 2019). Here, we use high-resolution 
in situ Raman microspectroscopy following the established proto-
col for fossils (Wiemann, Fabbri, et al., 2018; Wiemann et al., in 
press) to explore the fossilization products of a range of morpho-
logical features of various invertebrate and vertebrate taxa from 
this site (n  =  32 samples from 20 specimens; see SI for method 
details). These data allow us to evaluate the potential of N- and 
S-heterocycle signatures in Raman spectra to provide information 
about the original composition of fossil soft tissues. Representative 
tissues include a mollusk radula (originally chitinous), arthro-
pod exoskeletons (originally chitinous), jawless fish “teeth” from 
Mayomyzon and Gilpichthys (originally keratinous and/or collage-
nous), a chondrichthyan egg case (originally keratinous and collag-
enous), annelid jaws (originally collagenous) and setae (originally 
chitinous), and soft tissues from the problematic Tullimonstrum 
(Richardson,  1966) (Table  S1). All these samples yield a complex 
mixture of organic compounds, most of which are products of di-
agenetic processes. In order to interpret the results, we used prin-
cipal component ChemoSpace analysis (Wiemann, Fabbri, et al., 
2018; Wiemann, Yang, et al., 2018), discriminant analyses, and 
spectral assessments to characterize preserved differences in the 
fossil soft tissues of major groups. We use these results as evidence 
of the taxonomic affinities of fossil organisms.

2  | RESULTS

In situ Raman microspectroscopy identified a range of inorganic 
compounds associated with diagenetic mineral precipitation to-
gether with organic compounds associated with morphological soft 
tissue features (Figure 1). The averaged spectra for known inverte-
brate and vertebrate taxa differ in the relative band signal intensi-
ties assigned to N- and S-heterocycles (Figure 2). Exploiting these 
characteristic differences, a discriminant analysis including only taxa 
of known phylogenetic affinity (Figure 3a) revealed that increased 
amounts of N-heterocycles are a characteristic feature of inverte-
brate fossil soft tissues, which were originally composed primar-
ily of chitin, whereas increased carbonyl, S-heterocycle, and thiol/
thioether signals are characteristic of vertebrate fossil soft tissues, 
which were originally composed primarily of proteins.

A principal component analysis (PCA), including the problematic 
Tullimonstrum samples (Figure 3b), allowed us to plot a ChemoSpace 
reflecting the major sources of compositional variation (as repre-
sented by the principal component axes or PCs) among the fossil 
samples. The loadings for the principal components are displayed in 
the Supporting Information Material. PC1 (43%), which is not shown, 
is dominated by a taphonomic signal representing crystallographic 
units and ions associated with secondarily precipitated minerals 
such as clay minerals, iron oxides, and inorganic sulfides (all posi-
tive loadings, with a major influence over a Raman shift from 600 to 
1,100 cm−1). Thus, although PC1 reveals information about mineral 
precipitation during fossilization, it does not reflect original tissue 
chemistry and is not considered further here.

PC2 (31%) and PC3 (11%), in contrast, represent organic con-
stituents of the fossils. Most of these organic compounds are 
N-heterocyclic in composition and represent the crosslinked fos-
silization products of proteins, polysaccharides (e.g., chitin), and 
lipids (see Raman band at 1,550–1,610  cm−1, compare Wiemann, 
Fabbri, et al., 2018). PC2 represents the relative signal intensity of 
N-heterocycles, one of the key factors for discriminating between 
invertebrates and vertebrates (Figure 3a). PC2 (Figure 3b) separates 
samples based on taxonomy and tissue chemistry, as predicted by 
qualitative spectral comparison (Figure 2) and the discriminant anal-
ysis (Figure  3a). All samples representing originally proteinaceous 
tissues, including keratinous/collagenous tissues from the verte-
brates Mayomyzon, Gilpichthys, and a chondrichthyan egg capsule, 
form a distinct group (Figure 3b, blue convex hull). These fossils are 
characterized by less abundant N-heterocycles (relative to carbon-
yls, O-heterocycles, and S-heterocycles/thiols/thioethers), a charac-
teristic feature of protein fossilization products (PFPs) (Figure  3a). 
All Tullimonstrum soft tissue samples (Figure 3b; green convex hull) 
group with vertebrate soft tissues (Figure 3b; blue convex hull for 
known fossil vertebrate samples and dotted convex hull for all 
tissues inferred to contain vertebrate protein fossilization prod-
ucts). The crosslinked collagenous (protein) jaws of the polychaete 
Esconites also plot with protein-derived fossilization products. All 
samples representing tissues that were originally composed of chi-
tin, including the arthropod exoskeletons and the molluskan radula, 
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form a separate, non-overlapping group characterized by more 
abundant N-heterocycles (Figure  3b, orange convex hull), which 
is characteristic of chitin fossilization products. Despite some ev-
idence for compositional variation within individual fossils (e.g., 
FMNH PE 22056, Figure 3b), and between part and counterpart, the 
distribution of samples in the ChemoSpace reflects their original tis-
sue composition. The grouping of Tullimonstrum with vertebrate soft 
tissues (Figure 3b, overlapping green and blue convex hulls) reflects 
an originally proteinaceous composition for the eyes, eye bar, teeth, 
buccal apparatus, integument, and notochord; in many invertebrate 
phyla, particularly mollusks, arthropods, or annelids, many of these 
tissues would be expected to have a chitinous composition.

3  | DISCUSSION

Our analyses clearly show that the Mazon Creek fossils retain a com-
positional signature of proteinaceous or chitinous tissues that can be 
utilized to separate vertebrates from some major invertebrate phyla 
(Figure 2; Figure 3a,b). The relative abundance and composition of 
N-, S-, and O-heterocycles in the soft tissues of Mazon Creek fos-
sils retain tissue-specific signals (Figure  3a,b). Oxidative crosslinks 
form through the early diagenetic reaction of particular amino acid 
residues in proteins (including amine- and thiol-bearing amino acid 
residues) with reactive carbonyl species (RCS) (Vistoli et al., 2013; 
Wiemann, Fabbri, et al., 2018). Such RCS can be derived from either 

F I G U R E  1   Specimen photographs. The green dots indicate areas chosen for point spectra analyses. Numbers in brackets indicate 
the sample identity in Figure 3. (a) YPM (Temp.) 7764 Palaeoxyris chondrichthyan egg case [26, 28], (b) YPM 19754 Paleocaris typus [3], 
(c) YPM 18891 Acanthotelson stimpsoni [5], (d) YPM 53990 Acanthotelson stimpsoni [2], (e) YPM 50693 Euproops danae [4], (f) YPM 52348 
Acanthotelson stimpsoni [9], (g) YPM 53988 Acanthotelson stimpsoni [6], (h) YPM 18910 Acanthotelson stimpsoni [8], (i) FMNH PE 39344 
Paleocadmus herdinae [7], (j) YPM 539746 Esconites zelus [1, 32], (k) FMNH PE 8904 Gilpichthys sp. [14], (l) FMNH PF 8449 Gilpichthys sp. 
[imaged to illustrate the lack of suitable soft tissues]; (m) FMNH PF 8449 Gilpichthys sp. [29], (n) FMNH PF 8348 Gilpichthys sp. [17], (o) 
FMNH PF 5688 Mayomyzon sp. part [11], (p) FMNH PF 5688 Mayomyzon sp. counterpart, not analyzed, (q) FMNH PF 8167 Mayomyzon sp. 
part [27], (r) FMNH PF 8167 Mayomyzon sp. counterpart [not analyzed], (s) FMNH PF 8488 Gilpichthys sp. [13], (t) FMNH PF 8488 Gilpichthys 
sp. [31], (u) FMNH PF 8904 Gilpichthys sp. [30], (v) FMNH PF 8348 Gilpichthys sp. [19], (w) FMNH PF 15354 Gilpichthys sp. [20], (x) FMNH 
PF 15354 Gilpichthys sp. [21], (y) FMNH PE 40113 Tullimonstrum gregarium [12, 23, 25], (z) FMNH PE 7063 Tullimonstrum gregarium [18, 24], 
(aa, bb) FMNH PE 22056 Tullimonstrum gregarium part and counterpart [10, 15, 16, 22]. Additional details for each specimen are listed in 
Table S1. The scale bars equals 1 cm
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lipids or polysaccharides in biological tissues (Vistoli et  al.,  2013; 
Wiemann, Fabbri, et al., 2018). Depending on the relative abun-
dance of proteins with suitable amino acid residues, and sugars as 
a source of RCS, heterogeneous polymers with different ratios of 
N- and S-heterocycles form in fossil soft tissues (Wiemann, Fabbri, 
et al., 2018). Thus, the molecular composition of fossil soft tissues 
can provide evidence of the affinities of problematic fossils includ-
ing, for example, Tullimonstrum.

Since its discovery more than fifty years ago, Tullimonstrum has 
been compared to mollusks, chordates, annelids, and arthropods, 
although the two most favored hypotheses considered it a mol-
lusk (Foster, 1979; Rogers et al., 2019; Sallan et al., 2017) or chor-
date (Beall, 1991; Clements et al., 2016; Denton & Goolsby, 2018; 
McCoy et al., 2016). The radulae of mollusks are chitinous, whereas 
the keratinous “teeth” of jawless vertebrates have a proteinaceous 
scaffold. If the affinity of Tullimonstrum lay with mollusks or arthro-
pods, both of which have chitinous mouthparts, we would expect 
an overlap with the invertebrate (i.e., mollusk–arthropod–annelid 
setae) group. However, no such overlap is observed. Instead, we 
record a substantial overlap between Tullimonstrum tissues and the 

tissues of the vertebrate group (Figure 3b). The small offset between 
Tullimonstrum fossil tissues and the identified vertebrate samples 
represents minor compositional differences in the reaction educts 
(i.e., reactive amino acid residues in different proteins) (Wiemann 
et al., in press). Such differences in fossil vertebrate tissues have 
been shown to be phylogenetically informative (Wiemann et al., in 
press). This, in combination with the absence of an overlap with the 
chitinous tissues of the invertebrate group, is consistent with a ver-
tebrate-like proteinaceous composition for Tullimonstrum teeth and 
favors a vertebrate affinity for Tullimonstrum.

4  | CONCLUSIONS

The phylogenetic position of Tullimonstrum has been controversial since 
it was first described (Richardson, 1966). Recent anatomical results that 
strongly suggest a vertebrate identity (Clements et al., 2016; McCoy 
et al., 2016) have been considered equivocal (Rogers et al., 2019; Sallan 
et al., 2017). The molecular composition of Tullimonstrum soft tissues, 
analyzed here in a comparative framework, supports a vertebrate 

F I G U R E  2   In situ Raman microspectroscopy of Mazon Creek fossil soft tissues. The invertebrate spectrum (orange line and shading) 
is averaged over 9 individual spectra for visibly preserved arthropod cuticle, a mollusk radula, and polychaete bristles. The vertebrate 
spectrum (blue line and shading) is averaged over four individual spectra for visibly preserved vertebrate soft tissues. Previous method 
testing (Wiemann et al., in press) revealed that trends in the composition of fossil soft tissues do not significantly change when averaging 4 
spectra versus comparing 9 or more spectra. All individual spectra were acquired with a 532 nm laser over a range from 500 to 2,000 cm−1 
Raman shift, with 5 accumulations, and 10-s exposure time (see “Methods” section in the SI for details)
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affinity. The ancient disparity of soft-bodied jawless vertebrates (e.g., 
lampreys, hagfish) may have been much greater than presently known.
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