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Abstract

The Rhynie Chert (Lower Devonian, Scotland) hosts a remarkably well-preserved
early terrestrial ecosystem. Organisms including plants, fungi, arthropods, and bacte-
ria were rapidly silicified due to inundation by silica-rich hot spring fluids. Exceptional
molecular preservation has been noted by many authors, including some of the oldest
evidence of lignin in the fossil record. The evolution of lignin was a critical factor in
the diversification of land plants, providing structural support and defense against
herbivores and microbes. However, the timing of the evolution of lignin decay pro-
cesses remains unclear. Studies placing this event near the end of the Carboniferous
are contradicted by evidence for fungal pathogenesis in Devonian plant fossils, includ-
ing from the Rhynie Chert. We conducted organic geochemical analyses on a Rhynie
Chert sample, including hydropyrolysis (HyPy) of kerogen and high-resolution mass
spectrometric mapping of a thin section, to elucidate the relationship between lignin
and the potential fungal marker perylene. HyPy of kerogen showed an increase in
relative abundance of perylene supporting its entrapment within the silicate matrix
of the chert. Lignin monomers were isolated through an alkaline oxidation process,
showing a distribution dominated by H-type monomers. G- and S-type monomers
were also detected, preserved by rapid silicification. Polycyclic aromatic hydrocar-
bons including perylene, a known marker for lignin-degrading fungi, were also con-
centrated in the kerogen and found to be localized within silicified plant fragments.
Our results strongly link perylene in the Rhynie Chert to the activity of phytopath-
ogenic fungi, demonstrating the importance of fungal degradation processes as far
back as the Early Devonian.

KEYWORDS
exceptional preservation, fungal degradation, lignin, organic geochemistry, perylene, Rhynie
Chert
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1 | INTRODUCTION

The world-renowned Lower Devonian (~407Ma) Rhynie Chert of
the Dryden Flags Formation of Aberdeenshire, Scotland, is host to
a myriad of exceptionally well-preserved fossils, including bacteria,
algae, plants, fungi, lichens, amoebae, arthropods, and nematodes
(Garwood et al., 2020; Trewin & Kerp, 2017). Their paleontological
study has made a major contribution to understanding early ter-
restrial ecosystems (Edwards et al., 2018; Garwood et al., 2020;
Strullu-Derrien et al., 2019; Trewin & Kerp, 2017). The exceptional
preservation of the fossils is a consequence of episodic inundation
of the Rhynie Basin by silica-rich waters, produced by hydrothermal
vents associated with an epithermal mineral system (Rice et al., 1995,
2002; Trewin, 1993; Trewin & Wilson, 2004). The timing and rate of
silicification were variable (Powell et al., 2000; Trewin, 1993, 1996):
some fossils show unambiguous visual evidence of decomposition
prior to encapsulation, whereas others were clearly rapidly silicified
alive (Remy et al., 1993; Trewin et al., 2003; Trewin & Fayers, 2016).
Preservation quality varies within and between beds (Powell
etal., 2000), and even within individual tissue types of a single speci-
men (Wellman et al., 2006). Excellent preservation of organic matter
and biomolecules within the Rhynie Chert has been confirmed by
several geochemical studies (e.g., Abbott et al., 2018). High abun-
dances of carbon were correlated with morphologically intact plant
tissues by electron microprobe mapping (Boyce et al., 2001). Various
aliphatic, aromatic, and functional group signals have also been de-
tected with traditional analytical approaches as well as sophisticated
micro-selective analyses of isolated specimens (Abbott et al., 2018;
Akinsanpe et al., 2024; Loron et al., 2023; Preston & Genge, 2010;
Tewari et al., 2020).

Lignin is a recalcitrant biopolymer ubiquitous in tracheophytes,
providing structure and rigidity (Weng & Chapple, 2010). It is selec-
tively preserved in sediments over more labile components such as
carbohydrates (van der Heijden & Boon, 1994) due to its large molec-
ular size, insolubility, and heterogenous molecular structure (Hedges
etal., 1985; Kirk & Farrell, 1987). Chemical and isotopic signals indic-
ative of lignification were detected by Boyce et al. (2003) in Rhynie
Chert plant fragments. This represents some of the oldest evidence
of lignin in the fossil record, exceeded in chronostratigraphic age
only by “lignin-like constituents” detected in Early Silurian plant fos-
sils (Niklas & Pratt, 1980; Raven, 2018). The evolution of lignin pro-
foundly altered the history of life on Earth and the development of
the carbon cycle, allowing the wide expansion of tracheophytes on
land (Kenrick & Crane, 1997). Although some authors have argued
that the development of lignin increased carbon burial (Berner, 1998;
Robinson, 1990), and that lignin recalcitrance and lack of biodeg-
radation were responsible for massive coal formation during the
Carboniferous (Floudas et al., 2012), this hypothesis has been dis-
puted based on evidence of decay in fossilized plants throughout
the Carboniferous and a revised assessment of the distribution of
coal-bearing deposits in the Phanerozoic (Nelsen et al., 2016). A po-
tential indicator for the fungal degradation of lignin in the Devonian

is perylene, a five-ringed polycyclic aromatic hydrocarbon (PAH)

considered to be a diagenetic product of perylenequinone pigments
primarily produced by such lignin-degrading fungi (Grice et al., 2009;
Hanke et al., 2019; Marynowski et al., 2013; Tulipani et al., 2015).
Unlike most sedimentary PAHSs, perylene is not thought to be
produced by combustion processes. No perylene was detected in
several combustion studies of plants (Karp et al., 2020; O'Malley
et al., 1997; Venkatesan & Dahl, 1989), and it has been shown to be
an energetically unfavorable hydrothermal alteration product (Stein
& Fahr, 1985). Perylene has been cited as evidence for fungal deg-
radation in the Middle-Late Devonian (Grice et al., 2009; Tulipani
et al., 2015); however, non-fungal sources for perylene have been
proposed (e.g., Thomas & Blumer, 1964; Zdravkov et al., 2017). A re-
cent report of perylene in Rhynie Chert did not definitively assign it
to a fungal source (Akinsanpe et al., 2024) despite the abundance of
fungi reported in the chert (e.g., Strullu-Derrien et al., 2023; Taylor
et al., 2003).

The aim of this study is to present a comprehensive organic
geochemical characterization of a Rhynie Chert specimen, with a
view to establishing whether or not a sample containing degraded
plant matter and fungal spores contains evidence of perylene and
lignin. We combine traditional organic geochemical techniques with
high-resolution molecular mapping by Time-of-Flight-Secondary
lon Mass Spectrometry (ToF-SIMS). ToF-SIMS uses a primary ion
beam to produce organic and inorganic secondary ions from the
sample surface in situ at micrometer resolution, which are analyzed
by time-of-flight mass spectrometry at high mass resolution (Thiel
& Sjovall, 2014). ToF-SIMS has been used to map the organic mat-
ter in a range of ancient fossils and related deposits (e.g., Greenwalt
et al.,, 2013; Lindgren et al., 2019; Plet et al.,, 2017; Siljestrom
et al., 2022; Tripp, 2023), including aliphatic and aromatic hydrocar-
bons in a Rhynie Chert plant fragment (Abbott et al., 2018). Detailed
molecular analysis was undertaken using gas chromatography-mass
spectrometry (GC-MS), hydropyrolysis (HyPy) of insoluble organic
matter (kerogen), and isolation of lignin from isolated kerogen by al-
kaline oxidation, to confirm the association of lipid biomarkers (e.g.,
perylene) with a fungal source. Organic compounds were spatially
mapped using ToF-SIMS to elucidate their spatial relationship with
fossil plant material, with implications for understanding the mecha-

nism of fossil and molecular preservation in the Rhynie Chert.

2 | MATERIALS AND METHODS

2.1 | Sample and preparation

A specimen of Rhynie Chert was provided by the Smithsonian
National Museum of Natural History (uncatalogued specimen,
Figure 1, Figures S1 and S2). Observation with a light microscope
revealed fragments of partially decayed plant tissue. Some of the
plant fragments showed a high degree of preservation and certain
tissues (e.g., xylem) were observed. However, much of the sam-
ple comprised amorphous organic material and lacked morpho-

logical detail, reflecting observations by Trewin (1993) and Powell
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FIGURE 1 (A and B) Photomicrograph
of Rhynie Chert thin section in
transmitted light mode, showing a plant
xylem. (C and D) fungal spores identified
in close proximity to the targeted plant
xylem.

et al. (2000). Thus, the sample represents what Trewin (1993) de-

scribed as, “..silicification of in situ or transported, partially de-
cayed, litter.”

Small pieces (approx. 20g) were split from the specimen with
a hammer and chisel and cleaned in an ultrasonic bath with di-
chloromethane (DCM) and methanol (MeOH) (9:1v/v; 3x 15min)
to remove surficial contamination. The cleaned pieces were pow-
dered in a RockLabs Benchtop Ring Mill with a Zirconia 40 head.
The head was pre-annealed (500°C for 2h) before grinding, and
annealed sand was ground before the sample for use as a proce-
dural blank.

A thin section was prepared from the Rhynie Chert sample at
Microanalysis Australia (Figure S2). The sample was trimmed using
a clean diamond trim saw (lubricated with deionized water) and
mounted onto a glass microscope slide using Renalm epoxy resin and
hardener. The mounted block was trimmed using a diamond trim saw
and polished to a final thickness of 30 pm using automated lapping
wheels followed by 3- and 1-pm polishing cloths with Struers DiaPro

and Kemet Liquid polish 3 and 1 pm suspensions.

2.2 | Soxhlet extraction

Powdered Rhynie Chert material was extracted in a Soxhlet appara-
tus (72h; 9:1v/v DCM:MeOH) in a pre-extracted cellulose thimble
(Whatman). Activated copper turnings (4 M HCI) were added to the
extraction to remove elemental sulfur. Extracted organic material
(bitumen 1) was filtered through anhydrous MgSO,, to remove fine
particles and residual water. A full procedural blank was prepared

alongside the Rhynie Chert sample using the above methodology.

2.3 | Hydropyrolysis of extracted residue

Extracted rock powder (1.6g) mixed with ammonium dioxydithi-
omolybdate catalyst ((NH,),M00,S,, 0.085g) was pyrolyzed using a
commercial hydropyrolysis apparatus (STRATA Technology LTD) fol-
lowing standard procedures (Love et al., 1995; Meredith et al., 2015).
Briefly, the sample was heated from 25 to 250°C at 300°C min'i,
then from 250 to 520°C at 8°C min* and held for 2min. A constant
pressure (15,000kPa) and flow (5Lmin™) of ultra-high purity hy-

drogen (Coregas) were maintained throughout thermal treatment.

The released compounds were cryogenically trapped on a silica-

filled trap cooled with dry ice. Products adsorbed on the silica trap
were eluted with DCM (40mL) on a large chromatographic column;
elemental sulfur was removed with activated copper turnings. The
reactor and trap were cleaned between analyses by (i) 2x15min
ultra-sonication in 9:1 vol:vol DCM: MeOH; and (ii) sample-free
HyPy treatment at 300°C min™* from 25 to 300°C then 10°C min™*
to 550°C held for 5min under constant pressure (15,000 kPa) and H,
flow rate (5Lmin™%). An analyte-free, clean HyPy system was con-

firmed prior to analysis by pyrolyzing catalyst-loaded silica gel.

2.4 | Acid digestion and extraction of bitumen Il

Extracted rock powder (~15g) was digested with equal volumes
of HF (48%) and milli-Q water in an ice bath for 1-2h with regular
shaking to dissolve silicate minerals. The sample was centrifuged,
the supernatant decanted, and the remaining powder (0.22g) was
washed with water to remove residual acid and then freeze dried.
Acid-digested powder was extracted in an ultrasonic bath (9:1v/v
DCM:MeOH, 3x15min) to yield “bitumen Il,” a fraction of soluble
organic matter that is occluded within the kerogen-mineral matrix
(Holman et al., 2014; Nabbefeld et al., 2010). The residue consisted
predominantly of insoluble macromolecular organic matter (kero-

gen) along with a small amount of acid-insoluble minerals.

2.5 | Column chromatography

Bitumen 1, bitumen II, and hydropyrolysate were each separated
into saturated, aromatic, and polar fractions using small-scale col-
umn chromatography using activated silica gel (160°C overnight,
5.5cmx0.5cm i.d.). Saturated hydrocarbons were eluted with hex-
ane, aromatic hydrocarbons eluted with 7:3v/v hexane:DCM, and
polar compounds with 1:1v/v DCM:MeOH (4 mL each).

2.6 | Alkaline CuO oxidation of lignin

Alkaline oxidation of lignin was performed on the acid-digested
kerogen powder, following an established microwave digestion pro-
cedure (Bhandari et al., 2022; Goni & Montgomery, 2000). Briefly,
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kerogen (50 mg) was loaded into a Teflon digestion vessel with finely
powdered copper (lI) oxide (CuO, 500mg), ferrous ammonium sul-
fate (Fe(NH,),(SO,),.6H,0, 50mg), and 2N NaOH (15mL, bubbled
overnight with N,), inside a glove bag in an N, atmosphere. The ves-
sel was heated in a Milestone Start E Microwave Extraction System
for 90min at 150°C. The vessel contents were centrifuged and the
solids washed with 2N NaOH; the supernatant and wash were com-
bined and made to pH 1 with dropwise addition of concentrated HCI.
Lignin monomers were extracted from the aqueous supernatant by
repeated shaking with ethyl acetate. The organic extract was evapo-
rated to dryness under N,, redissolved in pyridine, and derivatized
with N,O-bis(trimethylsily)trifluoroacetamide (BSTFA) + 1% trimeth-
ylchlorosilane (TMCS) (60°C for 10 min) for GC-MS analysis.

27 |
analysis

Gas chromatography-mass spectrometry

Aromatic hydrocarbons and lignin monomers were analyzed on an
Agilent 6890N gas chromatograph, fitted with an Agilent DB-5MS
ultra-inert column (60mx0.25mmx0.25pum), coupled to an Agilent
5975B MSD. 1L of sample was injected into a split-splitless injector
operating in pulsed splitless mode (inlet temperature 280°C, 1.1 mL/
min He carrier gas flow). Oven temperature was held at 40°C for
1 min, heated at 3°C/min to 325°C, then held for 30 min. Data were
simultaneously collected in full scan and SIM modes, with a mass
range of m/z 50-600. Perylene and lignin monomers were identified

and quantified using authentic standards (Sigma Aldrich).

2.8 | Time-of-flight-secondary ion mass
spectrometry

The Rhynie Chert thin section was prepared for analysis by rinsing
briefly with ethanol. Standard compounds were prepared for anal-
ysis by dissolving (or suspending if insoluble) in DCM at lmgmL'1
and adhering onto a 10x10mm Si wafer (ProSciTech, pre-cleaned
with DCM). Standards used were perylene (purchased from Sigma
Aldrich) and known diagenetic products of phenanthroperylene-
quinone pigments phenanthro[1,10,9,8-opqgralperylene-7,14-dione
(PPQ) and 1,2,3,4,5,6- hexahydrophenanthro[1,10,9,8-opgra]per-
ylene (HHPP) (see Wolkenstein, 2019).

Secondary ion analysis by Time-of-Flight-Secondary lon Mass
Spectrometry (ToF-SIMS) was performed using an lonTOF Mé in-
strument, equipped with a bismuth liquid metal ion gun and a gas
cluster ion source. The area targeted was an intact plant fragment
(Figure 1); an area of embedding epoxy resin was also analyzed for
comparison. Directly before analysis, the targeted areas were sput-
ter cleaned in situ to remove organic surface contaminants, using
an Ar gas cluster ion beam (GCIB). The GCIB was configured for ei-
ther 10keV Ar clusters with a median of 1600 atoms, or 5keV Ar
clusters with a median of 1300 atoms, for approximately 30s over

a raster size of 500x500pum for the perylene standard analysis, or

600x600pum for all other analyses. The analysis of perylene was
performed at high mass resolution, using a 30keV Bi3+ ion source
with a pulsed beam current of approximately 0.25pA at a raster of
100x 100 pm. Analyses were obtained in positive and negative ion
acquisition modes; however, the pure analytical standards showed
the best occurrence of characteristic fragment ions in positive ion
acquisition; therefore, only positive spectra are presented for this
study. Positive secondary ion maps of the Rhynie Chert were ob-
tained with a 30keV Bi3+ ion beam rastered over a 500x500pum
area for 30 min, with a beam current of 0.04-0.05 pA. The electron
flood gun was used to improve charge compensation on the insulat-
ing mineral surface. Spectra were calibrated for identification of or-
ganic ions using organic fragments that were abundant in all spectra:
C,H*, C;H:*, CH,Y, C,H,, and C,H,*. Calibration ions were kept
consistent for all samples and standards to allow accurate spectral

comparisons and identification of secondary ions.

3 | RESULTS

3.1 | AQuantification of lighin monomers
Lignin is formed from the polymerization of the hydroxycinnamyl
alcohols p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol,
to produce hydroxyphenyl (H), guaiacyl (G), and syringyl (S) lignins,
respectively (Boerjan et al., 2003; Weng & Chapple, 2010). H- and
G-type lignins are found across all tracheophytes, while biosynthesis
of S-type ligninis largely restricted to angiosperms with some excep-
tions (Espineira et al., 2011; Weng et al., 2008).

Seven in the

Rhynie Chert and quantified by external quantification with au-

individual lignin monomers were identified
thentic standards (Table 1). The most abundant monomers were
p-hydroxybenzoic acid and p-hydroxybenzaldehyde from H-type
lignin (36.5 and 28.2ug/g total organic carbon [TOC], respectively),
followed by vanillin and vanillic acid from G-type lignin (8.4 and
7.0pug/g TOC respectively). Syringealdehyde was the only S-type
lignin monomer detected and was the least abundant of the identi-
fied monomers at 3.0 ug/g TOC. H-type lighin monomers comprised
76.1% of total lignin by mass, followed by G-type lignin at 20.6% and
S-type lignin at 3.3%.

TABLE 1 Lignin monomers isolated by alkaline oxidation of HF-
digested Rhynie Chert and quantified using authentic standards.

Quantity (ug/g

Lignin type Species TOC)

H-type p-hydroxybenzoic acid 36.5
p-hydroxybenzaldehyde 28.2
p-hydroxyacetophenone 4.9

G-type Vanillin 8.4
Vanillic acid 7.0
Acetovanillone 3.4

S-type Syringealdehyde 3.0
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3.2 | Polycyclic aromatic hydrocarbons

The five-ringed PAH perylene was detected in the aromatic frac-
tion of the kerogen hydropyrolysate and tentatively identified in
trace amounts in bitumen | and bitumen Il (Figure 2). Also detected
in all aromatic fractions were benzo[e]pyrene, benzo[a]lpyrene, and
isomers of benzofluoranthene (Grice et al., 2007). These highly con-
densed five-ringed PAHs are known markers of combustion pro-
cesses (Venkatesan & Dahl, 1989) and hydrothermal activity (Stein
& Fahr, 1985), or may have biological precursors in the Rhynie Chert
that are as yet unknown. External quantification with an authentic
perylene standard (Table 2) showed low concentrations of these
PAHs in bitumen | and bitumen Il (benzofluoranthenes were not
quantified as the various isomers do not fully separate by GC-MS).
The concentrations of all five-ringed PAHs were greatly increased
in the kerogen hydropyrolysate, with perylene highly abundant
(3095pg/g TOCQ). It should be noted that this result may in fact
underrepresent the true concentration of perylene in the Rhynie
Chert, as experiments with standard compounds have shown that
perylene is unstable and degrades during hydropyrolysis (Grotheer
et al., 2015). Therefore, the “true” abundance of perylene may be

higher than reported in Table 2.

3.3 | ToF-SIMS

In situ mapping of organic and inorganic phases in the Rhynie
Chert thin section by ToF-SIMS was applied to investigate the as-
sociation of biomarkers with preserved plant fragments. An intact
plant axis vasculature, including the xylem, was targeted (Figure 1,
Figure S3). Silicate, represented by SiOH*, was highly abundant
throughout the scanned area but absent within the morphology of
the plant xylem (Figure 3b). The secondary ion spectrum of per-
ylene was characterized using a pure standard, and its character-
istic positive secondary ions (listed in Table 3) were tentatively
identified in the chert (Figures S4 and S5). Due to the identical
atomic mass and structural similarities of perylene with other
five-ring PAH compounds (e.g., benzopyrenes and benzofluoran-
thenes), the secondary ions used here are representative of con-
tributions from multiple five-ring PAH compounds as identified by
GC-MS (Figure 2). A total abundance map of these PAH secondary
ions demonstrated their localization within the plant xylem frag-
ment (Figure 3c), supporting the derivation of PAH compounds
from the fossil material itself, rather than the surrounding silica.
It cannot be ruled out that a proportion of these secondary ions
may come from other aromatic compounds, as they have been
previously observed in TOF-SIMS analyses together with other
ions indicative of aromatic fragments (e.g., Ivarsson et al., 2013;
Siljestrom et al., 2013), but the abundance of five-ringed PAHs
in the GC-MS analyses supports the assignment of the majority
of these ions to five-ringed PAHs. Characteristic ions of PPQ and
HHPP were identified by analysis of authentic standards but were

not detected in the chert.

50f12
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BePy

Bitumen |

BePy
Bitumen Il

BePy
Kerogen

relative abundance

Pery

Standard

83.5 84 84.5 85 85.5 86

retention time (min)

86.5 87

FIGURE 2 GC-MS selected ion monitoring (SIM)
chromatograms of m/z 252, showing five-ringed PAHs in bitumen,
bitumen Il, and the kerogen hydropyrolysate. Identification

of perylene in the kerogen hydropyrolysate was confirmed by
comparison of retention times with an authentic standard. Perylene
was tentatively identified in bitumen | and bitumen Il but is below
the limit of quantification and is labeled with *. BaPy, benzola]
pyrene; BePy, benzole]pyrene; BFlu, benzofluoranthenes; Pery,
perylene.
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The contribution of the embedding epoxy resin to the organic
secondary ion distribution was excluded by careful comparison of
the secondary ion spectrum of the resin with that of both the spec-
imen and the pure perylene standard. The characteristic secondary
ions of the perylene standard were not observed in the secondary
ion spectrum of the resin (Figure S4). Comparison of the measured
secondary ion spectrum of the embedding resin of the thin section
with characteristic secondary ions of epoxy (using the IONTOF spec-
tra library) was used to select ions that were not common with the
perylene standard (C,H,0", C,H,O* C,H,0", and C,H,,0%). These
were tentatively identified in the thin section and were mapped
across the analysis area to show that they did not contribute sub-
stantially to the organic distribution of the plant xylem (Figure 3d,
Figure S6). Additionally, the observed abundance of perylene and

TABLE 2 Quantification of polycyclic aromatic hydrocarbons in
m/z 252 extracted ion chromatograms of bitumen I, bitumen II, and
kerogen hydropyrolysate.

Bitumen | Bitumen Il Kerogen
Compound (ng/g TOC) (ng/g TOC) (ng/g TOC)
BePy 2.8 2.3 10,872.2
BaPy 0.9 0.4 7820.5
Pery - - 3095.3

Note: Perylene was tentatively identified in bitumen | and bitumen
Il based on retention time (see Figure 2) but was below the limit of
quantification.

Abbreviations: BaPy, benzo[alpyrene; BePy, benzo[e]pyrene; Pery,
perylene.
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other five-ringed PAHs in GC-MS analysis of chert that had not
been exposed to resin (Section 3.2) is further evidence that the five-
ringed PAHs detected by TOF-SIMS are indigenous to the plant frag-

ment and are not the result of contamination.

4 | DISCUSSION

4.1 | Characterization of Rhynie Chert lignin
Characterization of isolated lignin monomers shows a distribution
dominated by H-type units, with lower amounts of G-type and
only traces of S-type lignin detected (Table 1). Chemical signatures
of lignification were first identified in the Rhynie Chert by Boyce
et al. (2003) through bulk carbon isotope measurements and carbon
X-ray Absorption Near Edge Spectroscopy, but these analyses did
not directly detect lignin monomers. More recently an unpublished
abstract reported phenols and methoxybenzenes from pyrolysis in-
dicative of lignin monomers (Tewari et al., 2020), but the specific
type of lignin was not interpreted. The present work marks the first
time that individual lignin monomers from the Rhynie Chert have
been identified and linked to lignin type.

Similar studies of Paleozoic lignin with which to compare these
results are rare. In compression fossils of lycophytes from the
Carboniferous (Westphalian), Logan and Thomas (1987) reported
lignin comprised of p-hydroxybenzaldehyde (H-type), vanillin and
acetovanillone (both G-type) with trace amounts of syringealdehyde
(S-type), a similar distribution to that found in the Rhynie Chert.

In contrast, recent spectroscopic and pyrolytic analyses of Early

. —t 102 FIGURE 3 ToF-SIMS secondary ion
+ .2 maps of the plant xylem identified in
o ! A8 20 Figure 1. (a) Transmitted light microscopy
2 <X C image of the scanned area; (b) Silicate
3 ) 51-6 matrix, represented by SiOH*; (c) Sum
gt C of characteristic ions from five-ringed
7 '}, }1.2 PAH compounds as identified by
A , N analysis of pure perylene standard; (d)
oy Los Sum of diagnostic secondary ions of
embedding epoxy resin. Mapped areas
04 are 500x 500 pm. All organic secondary
¢ ions used in maps are identified in Table 3.
00 Color gradients of secondary ion maps
represent the abundance of the displayed
C ions, measured as total counts for each
C10 pixel over the 30-min scan time.
Fe
Fo
g
2
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TABLE 3 Characteristic and diagnostic secondary fragment
ions of perylene detected in the Rhynie Chert thin section by
comparison with pure standard, used to create ion map in Figure 3.

Observed mass Observed mass

lon Standard Sample

CooHyo" 252.095 252.066
C20H13+ 253.104 253.073
CooHys* 254,107 254.083

Carboniferous seeds (Telnova et al., 2022) and Middle Devonian coals
(Telnova et al., 2023) found lignin composed entirely of p-coumaric
units (H-type lignin). The authors proposed that this represents a
relict or proto-lignin unknown in modern plants but recognized that
it was likely modified as a result of fossilization (Telnova et al., 2022).
The non-detection of G- and S-type units in these studies is poten-
tially due, at least in part, to the lower degree of molecular preserva-
tion in the studied samples relative to the Rhynie Chert. Fossilization
and diagenesis result in modification of lignin through the loss of
methoxy groups, observed by Logan and Thomas (1987) as a reduc-
tion of G-type and S-type units and an increased proportion of p-
hydroxybenzaldehyde. Increased thermal maturation or coalification
eventually leads to the conversion of all lignin units into phenols and
methylated phenols (Hatcher et al., 1988), as was observed in coali-
fied vascular plants from the Early Devonian (Emsian) which con-
tained no guaiacolic (G-type) units (Ewbank et al., 1996). In contrast,
early silicification such as that seen in the Rhynie Chert has been
shown to limit the molecular degradation of organic matter during
diagenesis (Alleon et al., 2016). Rhynie Chert lignin in this study con-
tained approximately 20% G-type and 3% S-type monomers.

The presence of S-type lignin in the Rhynie Chert is unexpected
as this lignin type is predominantly produced by angiosperms (e.g.,
Boerjan et al., 2003; Vanholme et al., 2010). There is evidence how-
ever that the synthesis of S-type lignin evolved multiple times in sep-
arate clades, including angiosperms, gymnosperms, and lycophytes
(Labeeuw et al., 2015; Novo-Uzal et al., 2012; Rencoret et al., 2021).
Fossil lycophytes are known in the Rhynie Chert (Hetherington &
Dolan, 2019) and are a plausible source for the detected traces of
S-type lignin. While the organic matter in the Rhynie Chert was as-
sessed as being of relatively high thermal maturity based on stan-
dard organic geochemical techniques (see Appendix S1), the rapid
silicification experienced by Rhynie Chert plant fragments (e.g.,
Powell et al., 2000; Trewin et al., 2003) has acted to preserve the
structure of these monomers that would otherwise have been de-
graded. These results demonstrate that lignins of all three types

were present in the terrestrial ecosystems of the Early Devonian.

4.2 | Perylene—evidence of phytopathogenic fungi
The presence of abundant perylene in sediments is widely consid-
ered to be indicative of the activity of phytopathogenic fungi (Grice
et al.,, 2009; Hanke et al., 2019; Marynowski et al., 2013), based on
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isotopic evidence (Grice et al., 2009; Hobbie et al., 1999; Suzuki
et al., 2010) and its similar structure to perylenequinone pigments
produced by such fungi (Khiralla et al., 2022; Stierle et al., 1989).
Fungi in the Rhynie Chert are abundant and diverse (Krings
et al., 2018; Taylor et al., 2003), and fungi-plant associations and in-
teractions have been well documented (Krings et al., 2018; Parnell
et al., 2022; Strullu-Derrien et al., 2014; Taylor & Taylor, 2000). The
production of fungal perylenequinones is restricted to the phylum
Ascomycota (Khiralla et al., 2022). While the most efficient and
commonly reported lignin-degrading fungi are Basidiomycetes (e.g.,
Nelsen et al., 2016), Ascomycota have also been found to be impor-
tant contributors to lignin degradation (Ferrari et al., 2021; Nilsson
et al., 1989; Schwarze, 2007). Multiple ascomycetes have been iden-
tified in the Rhynie Chert (Krings et al., 2018; Taylor et al., 2005)
including the recently described Potteromyces asteroxylicola, ob-
served as a pathogen on fragments of the plant Asteroxylon mack-
iei (Strullu-Derrien et al., 2023). Fungal spores are observed in the
present sample in close proximity to the analyzed plant fragment
(Figure 1), and elsewhere on the slide a specimen is present closely
resembling Paleopyrenomycites devonicus (Figure S7), an ascomycete
described by Taylor et al. (2005). The attribution of perylene in the
Rhynie Chert to a phytopathogenic fungal source therefore appears
logical. However, a study assigning a terrigenous source to perylene
without explicitly invoking fungi (Li et al., 2022) has led Akinsanpe
et al. (2024) to leave the origin of perylene in the Rhynie Chert an
open question. Alternative sources of perylene must therefore be
considered.

Perylenequinone pigments have also been reported in aphids
(Cameron et al., 1964) and in the roots of the angiosperm Scutia
myrtina (Ayers et al., 2007), but these are unlikely contributors to the
Rhynie Chert as Aphidomorpha do not appear in the fossil record until
the Middle Permian (Szwedo et al., 2015) and angiosperms are only
evident from the Early Cretaceous (Coiro et al., 2019). Structurally re-
lated phenanthroperylenequinone pigments have been isolated from
modern and fossil crinoids (Blumer, 1962; De Riccardis et al., 1991;
Wolkenstein, 2015). Although the crinoid fossil record extends to the
Early Ordovician (Ausich et al., 2015; Guensburg & Sprinkle, 2001),
these echinoderms are exclusively marine (Baumiller, 2008) and
would not be expected in the terrestrial Rhynie Chert ecosystem,
which shows no known evidence of marine influence (Trewin &
Kerp, 2017). These alternative sources of perylenequinone pigments
can therefore be discounted as contributors to the Rhynie Chert. An
alternative explanation is the formation of perylene by combustion
or hydrothermal processes. Limited studies have proposed combus-
tion processes as the major source of perylene (Zdravkov et al., 2017);
however, perylene is not reported from combustion studies of plants
(Karp et al., 2020; O'Malley et al., 1997; Venkatesan & Dahl, 1989),
nor is it energetically favorable for generation from high-temperature
processes such as hydrothermal alteration (Stein & Fahr, 1985). The
perylene found in this study is highly unlikely to have been pro-
duced by any of the above-suggested alternative sources; hence,
we attribute its presence in the Rhynie Chert to a fungal source.

Its abundance in the kerogen hydropyrolysate reflects the activity
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of phytopathogenic fungi on plant fragments. These fungi were en-
trapped together with the plant fragments by silicification, and the
perylenequinone pigments became incorporated into the kerogen
during burial and maturation. Perylene is less thermally stable than
other five-ringed PAHs (Stein & Fahr, 1985) and is subject to degrada-
tion at moderate thermal maturities (Marynowski et al., 2015); hence,
its abundance in the kerogen is further evidence for the preservation
of thermally labile organic molecules within the silicified plant frag-
ments of the Rhynie Chert. Morphological preservation was accom-
panied by enhanced molecular preservation, as rapid silicification of
plant fragments prevented extensive breakdown of organic material
during burial and maturation. This is further evidenced by ToF-SIMS
secondary ion mapping (Figure 3). Organic fragment ions indicative of
five-ringed PAHs including perylene, which were determined not to
be contamination from the embedding resin, were localized within a
plant xylem. The secondary ion maps give strong evidence that these
PAHs are associated with plant fragments and demonstrate that
TOF-SIMS analysis can provide valuable information on the source of
organic molecules in cherts. These results imply the activity of phyto-
pathogenic fungi in the Rhynie Chert (Strullu-Derrien et al., 2023) and
show that fungal degradation of lignin was an active and important

process during the Early Devonian.

5 | CONCLUSIONS

To understand the origin of perylene and its relationship to lignin
within the Rhynie Chert, we undertook organic geochemical anal-
yses of extractable and insoluble organic matter (bitumen and
kerogen) coupled with ToF-SIMS analysis to elucidate the spatial
relationship between perylene and lignin. For the first time, lignin
monomers from the Rhynie Chert were isolated and characterized,
revealing a distribution composed predominantly of H-type lignin
(76%) but also containing G- and S-type monomers. The rapid si-
licification of plant fragments acted to preserve the less stable G-
and S-type monomers where they would otherwise be expected
to degrade based on the age and apparent thermal maturity of the
system. Five-ringed PAHs including perylene were detected from
hydropyrolysis of kerogen and found to be closely spatially asso-
ciated with silicified plant fragments. This work strongly indicates
a fungal origin for perylene, supporting recent evidence of fungal
pathogenesis within the Rhynie Chert.

ACKNOWLEDGMENTS

This research was funded by an Australian Research Council Laureate
Fellowship to K.G. (FL210100103). The Institute for Geoscience
Research (TIGeR) at Curtin University provided funding for labora-
tory equipment used in this work. All authors thank Bill DiMichele
(Smithsonian National Museum of Natural History) for kind donation
of the Rhynie Chert sample for destructive analysis. We thank Robert
Madden (Microanalysis Australia) for thin section preparation, Xiao Sun
(Curtin University) for support with ToF-SIMS, Heinz Falk (University
of Linz) for supplying a standard of phenanthro[1,10,9,8-opgra]

perylene-7,14-dione, Valerie Brown (ChemCentre) for GC-MRM analy-
ses, and Intertek for TOC and Rock-Eval measurements. Editor-in-
Chief Roger Buick, Subject Editor Ann Pearson, and three anonymous
reviewers are thanked for their insightful comments and suggestions
that greatly improved this manuscript. Open access publishing facil-
itated by Curtin University, as part of the Wiley - Curtin University

agreement via the Council of Australian University Librarians.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from

the corresponding author upon reasonable request.

ORCID
Alex I. Holman "= https://orcid.org/0000-0001-5687-1268
https://orcid.org/0000-0002-3831-4633

https://orcid.org/0000-0003-0944-6247

Luke Brosnan

Klaus Wolkenstein

REFERENCES

Abbott, G. D., Fletcher, I. W., Tardio, S., & Hack, E. (2018). Exploring the
geochemical distribution of organic carbon in early land plants: A
novel approach. Philosophical Transactions of the Royal Society B:
Biological Sciences, 373(1739), 20160499. https://doi.org/10.1098/
rstb.2016.0499

Akinsanpe, T. O., Bowden, S. A., & Parnell, J. (2024). Molecular and min-
eral biomarker record of terrestrialization in the Rhynie Chert.
Palaeogeography, Palaeoclimatology, Palaeoecology, 640, 112101.
https://doi.org/10.1016/j.palae0.2024.112101

Alleon, J., Bernard, S., Le Guillou, C., Daval, D., Skouri-Panet, F., Pont,
S., Delbes, L., & Robert, F. (2016). Early entombment within silica
minimizes the molecular degradation of microorganisms during ad-
vanced diagenesis. Chemical Geology, 437, 98-108. https://doi.org/
10.1016/j.chemgeo0.2016.05.034

Ausich, W. I, Kammer, T. W., Rhenberg, E. C., & Wright, D. F. (2015). Early
phylogeny of crinoids within the pelmatozoan clade. Palaeontology,
58(6), 937-952. https://doi.org/10.1111/pala.12204

Ayers, S., Zink, D. L., Mohn, K., Powell, J. S., Brown, C. M., Murphy, T.,
Brand, R., Pretorius, S., Stevenson, D., Thompson, D., & Singh, S.
B. (2007). Scutiaquinones A and B, perylenequinones from the
roots of Scutia myrtina with anthelmintic activity. Journal of Natural
Products, 70(3), 425-427. https://doi.org/10.1021/np0604937

Baumiller, T. K. (2008). Crinoid ecological morphology. Annual Review
of Earth and Planetary Sciences, 36(1), 221-249. https://doi.org/10.
1146/annurev.earth.36.031207.124116

Berner, R. A. (1998). The carbon cycle and carbon dioxide over
Phanerozoic time: The role of land plants. Philosophical Transactions
of the Royal Society of London. Series B: Biological Sciences, 353(1365),
75-82. https://doi.org/10.1098/rsth.1998.0192

Bhandari, R., Routh, J., Joshi, P., Chhetri, S., Joshi, R., & Sharma, S. (2022).
Bulk carbon and lignin fingerprinting of catchment sediments
transported by mountain rivers in Nepal Himalayas. Catena, 216,
106340. https://doi.org/10.1016/j.catena.2022.106340

Blumer, M. (1962). The organic chemistry of a fossil—I the structure of
the fringelite-pigments. Geochimica et Cosmochimica Acta, 26(2),
225-230. https://doi.org/10.1016/0016-7037(62)90013-3

Boerjan, W., Ralph, J., & Baucher, M. (2003). Lignin biosynthesis. Annual
Review of Plant Biology, 54(1), 519-546. https://doi.org/10.1146/
annurev.arplant.54.031902.134938

95UdDIT sUOWWO)) dANeal) a|qediidde ayy Aq pautanob aie sapile YO @sn Jo sa|nJ 1oy Aeiqi] auljuQ A3]Ip\ Uo (suonipuod
-pue-suual/wodAs|imAielqiauljuo//:sdiy) suonipuo) pue swud) 8y 39S “[7z0z/21/LL] uo Atesqri auljuo Aapim ‘Kreqry Ausisaun uiin) Ag -919z1°196/11L10L/1op/wodAs|imAleiqijauljuo//:sdily woiy papeojumoq ‘v ‘7202 ‘6997 2Lyl



HOLMAN ET AL.

Boyce, C. K., Cody, G. D., Fogel, M. L., Hazen, R. M., Alexander, C. M.
O. D., & Knoll, A. H. (2003). Chemical evidence for cell wall lig-
nification and the evolution of tracheids in Early Devonian plants.
International Journal of Plant Sciences, 164(5), 691-702. https://doi.
org/10.1086/377113

Boyce, C. K., Hazen, R. M., & Knoll, A. H. (2001). Nondestructive, in situ,
cellular-scale mapping of elemental abundances including or-
ganic carbon in permineralized fossils. Proceedings of the National
Academy of Sciences of the United States of America, 98(11), 5970-
5974. https://doi.org/10.1073/pnas.101130598

Cameron, D. W., Cromartie, R. |. T., & Todd, L. (1964). 9. Colouring mat-
ters of the Aphididee. Part XVI. Reconsideration of the structure
of the erythroaphins. Journal of the Chemical Society (Resumed),
1964(1), 48-50. https://doi.org/10.1039/JR9640000048

Coiro, M., Doyle, J. A., & Hilton, J. (2019). How deep is the conflict be-
tween molecular and fossil evidence on the age of angiosperms?
New Phytologist, 223(1), 83-99. https://doi.org/10.1111/nph.
15708

De Riccardis, F., lorizzi, M., Minale, L., Riccio, R., Richer de Forges, B., &
Debitus, C. (1991). The gymnochromes: Novel marine brominated
phenanthroperylenequinone pigments from the stalked crinoid
Gymnocrinus richeri. The Journal of Organic Chemistry, 56(24), 6781~
6787. https://doi.org/10.1021/jo00024a016

Edwards, D., Kenrick, P., & Dolan, L. (2018). History and contemporary
significance of the Rhynie cherts-our earliest preserved terres-
trial ecosystem. Philosophical Transactions of the Royal Society B:
Biological Sciences, 373(1739), 20160489. https://doi.org/10.1098/
rstb.2016.0489

Espifeira, J. M., Novo Uzal, E., Gbmez Ros, L. V., Carrion, J. S., Merino, F,,
Ros Barcel6, A., & Pomar, F. (2011). Distribution of lignin monomers
and the evolution of lignification among lower plants. Plant Biology,
13(1), 59-68. https://doi.org/10.1111/j.1438-8677.2010.00345.x

Ewbank, G., Edwards, D., & Abbott, G. D. (1996). Chemical characteriza-
tion of lower Devonian vascular plants. Organic Geochemistry, 25(8),
461-473. https://doi.org/10.1016/5S0146-6380(96)00140-4

Ferrari, R., Gautier, V., & Silar, P. (2021). Chapter three - Lignin degra-
dation by ascomycetes. In M. Morel-Rouhier & R. Sormani (Eds.),
Advances in botanical research (Vol. 99, pp. 77-113). Academic Press.
https://doi.org/10.1016/bs.abr.2021.05.006

Floudas, D., Binder, M., Riley, R., Barry, K., Blanchette, R. A., Henrissat,
B., Martinez, A. T., Otillar, R., Spatafora, J. W., Yaday, J. S., Aerts,
A., Benoit, |, Boyd, A., Carlson, A., Copeland, A., Coutinho, P. M.,
de Vries, R. P,, Ferreira, P, Findley, K., ... Hibbett, D. S. (2012). The
Paleozoic origin of enzymatic lignin decomposition reconstructed
from 31 fungal genomes. Science, 336(6089), 1715-1719. https://
doi.org/10.1126/science.1221748

Garwood, R. J., Oliver, H., & Spencer, A. R. T. (2020). An introduction to
the Rhynie chert. Geological Magazine, 157(1), 47-64. https://doi.
org/10.1017/50016756819000670

Goni, M. A., & Montgomery, S. (2000). Alkaline CuO oxidation with a mi-
crowave digestion system: Lignin analyses of geochemical samples.
Analytical Chemistry, 72(14), 3116-3121. https://doi.org/10.1021/
ac991316w

Greenwalt, D. E., Goreva, Y. S., Siljestrém, S. M., Rose, T., & Harbach, R.
E. (2013). Hemoglobin-derived porphyrins preserved in a Middle
Eocene blood-engorged mosquito. Proceedings of the National
Academy of Sciences of the United States of America, 110(46), 18496-
18500. https://doi.org/10.1073/pnas.1310885110

Grice, K., Lu, H., Atahan, P., Asif, M., Hallmann, C., Greenwood, P. F.,
Maslen, E., Tulipani, S., Williford, K., & Dodson, J. (2009). New in-
sights into the origin of perylene in geological samples. Geochimica
et Cosmochimica Acta, 73(21), 6531-6543. https://doi.org/10.
1016/j.gca.2009.07.029

Grice, K., Nabbefeld, B., & Maslen, E. (2007). Source and significance of
selected polycyclic aromatic hydrocarbons in sediments (Hovea-3
well, Perth Basin, Western Australia) spanning the Permian-Triassic

90of12
Gebiology - uRYVTE S R

boundary. Organic Geochemistry, 38(11), 1795-1803. https://doi.
org/10.1016/j.orggeochem.2007.07.001

Grotheer, H., Robert, A. M., Greenwood, P. F., & Grice, K. (2015). Stability
and hydrogenation of polycyclic aromatic hydrocarbons during hy-
dropyrolysis (HyPy) - Relevance for high maturity organic matter.
Organic Geochemistry, 86, 45-54. https://doi.org/10.1016/j.orgge
ochem.2015.06.007

Guensburg, T. E., & Sprinkle, J. (2001). Earliest crinoids: New evidence
for the origin of the dominant Paleozoic echinoderms. Geology,
29(2), 131-134. https://doi.org/10.1130/0091-7613(2001)029<
0131:ECNEFT>2.0.CO;2

Hanke, U. M., Lima-Braun, A. L., Eglinton, T. I., Donnelly, J. P., Galy, V.,
Poussart, P., Hughen, K., McNichol, A. P., Xu, L., & Reddy, C. M.
(2019). Significance of perylene for source allocation of terrige-
nous organic matter in aquatic sediments. Environmental Science
& Technology, 53(14), 8244-8251. https://doi.org/10.1021/acs.est.
9b02344

Hatcher, P. G., Lerch, H. E., Kotra, R. K., & Verheyen, T. V. (1988). Pyrolysis
g.c.—M.s. of a series of degraded woods and coalified logs that in-
crease in rank from peat to subbituminous coal. Fuel, 67(8), 1069~
1075. https://doi.org/10.1016/0016-2361(88)90372-9

Hedges, J. I., Cowie, G. L., Ertel, J. R., James Barbour, R., & Hatcher, P. G.
(1985). Degradation of carbohydrates and lignins in buried woods.
Geochimica et Cosmochimica Acta, 49(3), 701-711. https://doi.org/
10.1016/0016-7037(85)90165-6

Hetherington, A. J., & Dolan, L. (2019). Rhynie chert fossils demonstrate
the independent origin and gradual evolution of lycophyte roots.
Current Opinion in Plant Biology, 47, 119-126. https://doi.org/10.
1016/j.pbi.2018.12.001

Hobbie, E. A., Macko, S. A., & Shugart, H. H. (1999). Insights into nitrogen
and carbon dynamics of ectomycorrhizal and saprotrophic fungi
from isotopic evidence. Oecologia, 118(3), 353-360. https://doi.
org/10.1007/s004420050736

Holman, A. 1., Grice, K., Jaraula, C. M. B., & Schimmelmann, A. (2014).
Bitumen Il from the Paleoproterozoic here's your chance Pb/Zn/
Ag deposit: Implications for the analysis of depositional environ-
ment and thermal maturity of hydrothermally-altered sediments.
Geochimica et Cosmochimica Acta, 139, 98-109. https://doi.org/10.
1016/j.gca.2014.04.035

Ivarsson, M., Broman, C., Sturkell, E., Orm¢, J., Siljestrom, S., van Zuilen,
M., & Bengtson, S. (2013). Fungal colonization of an Ordovician
impact-induced hydrothermal system. Scientific Reports, 3(1), 3487.
https://doi.org/10.1038/srep03487

Karp, A. T., Holman, A. |., Hopper, P., Grice, K., & Freeman, K. H.
(2020). Fire distinguishers: Refined interpretations of polycy-
clic aromatic hydrocarbons for paleo-applications. Geochimica et
Cosmochimica Acta, 289, 93-113. https://doi.org/10.1016/j.gca.
2020.08.024

Kenrick, P., & Crane, P. R. (1997). The origin and early evolution of plants
on land. Nature, 389(6646), 33-39. https://doi.org/10.1038/37918

Khiralla, A., Mohammed, A. O., & Yagi, S. (2022). Fungal perylenequi-
nones. Mycological Progress, 21(3), 38. https://doi.org/10.1007/
s11557-022-01790-4

Kirk, T. K., & Farrell, R. L. (1987). Enzymatic “combustion”: The microbial
degradation of lignin. Annual Review of Microbiology, 41(1), 465-501.
https://doi.org/10.1146/annurev.mi.41.100187.002341

Krings, M., Harper, C. J., & Taylor, E. L. (2018). Fungi and fungal interactions
in the Rhynie chert: A review of the evidence, with the description of
Perexiflasca tayloriana gen. et sp. nov. Philosophical Transactions of the
Royal Society B: Biological Sciences, 373(1739), 20160500. https:/doi.
org/10.1098/rstb.2016.0500

Labeeuw, L., Martone, P. T., Boucher, Y., & Case, R. J. (2015). Ancient
origin of the biosynthesis of lignin precursors. Biology Direct, 10(1),
23. https://doi.org/10.1186/s13062-015-0052-y

Li, Z., Huang, H., Yan, G., Xu, Y., & George, S. C. (2022). Occurrence and
origin of perylene in Paleogene sediments from the Tasmanian

95UdDIT sUOWWO)) dANeal) a|qediidde ayy Aq pautanob aie sapile YO @sn Jo sa|nJ 1oy Aeiqi] auljuQ A3]Ip\ Uo (suonipuod
-pue-suual/wodAs|imAielqiauljuo//:sdiy) suonipuo) pue swud) 8y 39S “[7z0z/21/LL] uo Atesqri auljuo Aapim ‘Kreqry Ausisaun uiin) Ag -919z1°196/11L10L/1op/wodAs|imAleiqijauljuo//:sdily woiy papeojumoq ‘v ‘7202 ‘6997 2Lyl



HOLMAN ET AL.

10 of 12
202 | wiLey- e

Gateway, Australia. Organic Geochemistry, 168, 104406. https://
doi.org/10.1016/j.orggeochem.2022.104406

Lindgren, J., Nilsson, D.-E., Sjovall, P., Jarenmark, M., Ito, S., Wakamatsu,
K., Kear, B. P, Schultz, B. P, Sylvestersen, R. L., Madsen, H.,
LaFountain, J. R., Alwmark, C., Eriksson, M. E., Hall, S. A., Lindgren,
P., Rodriguez-Meizoso, I., & Ahlberg, P. (2019). Fossil insect eyes
shed light on trilobite optics and the arthropod pigment screen.
Nature, 573(7772), 122-125. https://doi.org/10.1038/s4158
6-019-1473-z

Logan, K. J., & Thomas, B. A. (1987). The distribution of lignin derivatives
in fossil plants. New Phytologist, 105(1), 157-173. https://doi.org/
10.1111/j.1469-8137.1987.tb00119.x

Loron, C. C., Rodriguez Dzul, E., Orr, P. J., Gromov, A. V., Fraser, N. C.,
& McMahon, S. (2023). Molecular fingerprints resolve affinities of
Rhynie chert organic fossils. Nature Communications, 14(1), 1387.
https://doi.org/10.1038/s41467-023-37047-1

Love, G. D., Snape, C. E., Carr, A. D., & Houghton, R. C. (1995). Release of
covalently-bound alkane biomarkers in high yields from kerogen via
catalytic hydropyrolysis. Organic Geochemistry, 23(10), 981-986.
https://doi.org/10.1016/0146-6380(95)00075-5

Marynowski, L., Smolarek, J., Bechtel, A., Philippe, M., Kurkiewicz, S., &
Simoneit, B. R. T. (2013). Perylene as an indicator of conifer fossil
wood degradation by wood-degrading fungi. Organic Geochemistry,
59, 143-151. https://doi.org/10.1016/j.orggeochem.2013.04.006

Marynowski, L., Smolarek, J., & Hautevelle, Y. (2015). Perylene deg-
radation during gradual onset of organic matter maturation.
International Journal of Coal Geology, 139, 17-25. https://doi.org/10.
1016/j.coal.2014.04.013

Meredith, W., Snape, C. E., & Love, G. D. (2015). Development and use
of catalytic hydropyrolysis (HyPy) as an analytical tool for organic
geochemical applications. In K. Grice (Ed.), Principles and practice of
analytical techniques in geosciences (pp. 171-208). Royal Society of
Chemistry. https://doi.org/10.1039/9781782625025-00171

Nabbefeld, B., Grice, K., Schimmelmann, A., Summons, R. E., Troitzsch,
U., & Twitchett, R. J. (2010). A comparison of thermal maturity
parameters between freely extracted hydrocarbons (bitumen 1)
and a second extract (bitumen 1) from within the kerogen matrix
of Permian and Triassic sedimentary rocks. Organic Geochemistry,
41(2), 78-87. https://doi.org/10.1016/j.orggeochem.2009.08.004

Nelsen, M. P., DiMichele, W. A., Peters, S. E., & Boyce, C. K. (2016).
Delayed fungal evolution did not cause the Paleozoic peak in coal
production. Proceedings of the National Academy of Sciences of the
United States of America, 113(9), 2442-2447. https://doi.org/10.
1073/pnas.1517943113

Niklas, K. J., & Pratt, L. M. (1980). Evidence for lignin-like constituents in
early Silurian (Llandoverian) plant fossils. Science, 209(4454), 396~
397. https://doi.org/10.1126/science.209.4454.396

Nilsson, T., Daniel, G., Kirk, T. K., & Obst, J. R. (1989). Chemistry
and microscopy of wood decay by some higher ascomycetes.
Holzforschung, 43(43), 11-18. https://doi.org/10.1515/hfsg.1989.
43.1.11

Novo-Uzal, E., Pomar, F.,, Gémez Ros, L. V., Espifeira, J. M., & Ros
Barcelo, A. (2012). Evolutionary history of lignins. In L. Jouanin &
C. Lapierre (Eds.), Advances in botanical research volume 61 - Lignins
biosynthesis, biodegradation and bioengineering (Vol. 61, pp. 309-
350). Academic Press. https://doi.org/10.1016/B978-0-12-41602
3-1.00009-4

O'Malley, V. P, Burke, R. A., & Schlotzhauer, W. S. (1997). Using GC-MS/
combustion/IRMS to determine the 13C/12C ratios of individual
hydrocarbons produced from the combustion of biomass materi-
als—Application to biomass burning. Organic Geochemistry, 27(7-8),
567-581. https://doi.org/10.1016/5S0146-6380(97)00087-9

Parnell, J., Akinsanpe, T. O., Armstrong, J. G. T., Boyce, A. J,, Still, J. W,,
Bowden, S. A., Clases, D., Gonzalez de Vega, R., & Feldmann, J.

(2022). Trace element geochemistry in the earliest terrestrial eco-
system, the Rhynie Chert. Geochemistry, Geophysics, Geosystems,
23(12), €2022GC010647. https://doi.org/10.1029/2022GC010647

Plet, C., Grice, K., Pageés, A., Verrall, M., Coolen, M. J. L., Ruebsam, W.,
Rickard, W. D. A., & Schwark, L. (2017). Palaeobiology of red and
white blood cell-like structures, collagen and cholesterol in an ich-
thyosaur bone. Scientific Reports, 7(1), 13776. https://doi.org/10.
1038/s41598-017-13873-4

Powell, C. L., Trewin, N. H., & Edwards, D. (2000). Palaeoecology and
plant succession in a borehole through the Rhynie cherts, Lower
Old Red Sandstone, Scotland. Geological Society, London, Special
Publications, 180(1), 439-457. https://doi.org/10.1144/GSL.SP.
2000.180.01.23

Preston, L. J., & Genge, M. J. (2010). The Rhynie Chert, Scotland, and the
search for life on Mars. Astrobiology, 10(5), 549-560. https://doi.
org/10.1089/ast.2008.0321

Raven, J. A. (2018). Evolution and palaeophysiology of the vascular
system and other means of long-distance transport. Philosophical
Transactions of the Royal Society B: Biological Sciences, 373(1739),
20160497. https://doi.org/10.1098/rstb.2016.0497

Remy, W., Gensel, P. G., & Hass, H. (1993). The gametophyte generation
of some Early Devonian land plants. International Journal of Plant
Sciences, 154(1), 35-58. https://doi.org/10.1086/297089

Rencoret, J.,, Gutiérrez, A., Marques, G., del Rio, J. C., Tobimatsu, Y., Lam,
P.Y., Pérez-Boada, M., Ruiz-Duenas, F. J., Barrasa, J. M., & Martinez,
A.T.(2021). New insights on structures forming the lignin-like frac-
tions of ancestral plants. Frontiers in Plant Science, 12, €740923.
https://doi.org/10.3389/fpls.2021.740923

Rice, C. M., Ashcroft, W. A., Batten, D. J., Boyce, A. J., Caulfield, J. B.
D., Fallick, A. E., Hole, M. J., Jones, E., Pearson, M. J,, Rogers, G.,
Saxton, J. M., Stuart, F. M., Trewin, N. H., & Turner, G. (1995). A
Devonian auriferous hot spring system, Rhynie, Scotland. Journal of
the Geological Society, London, 152(2), 229-250. https://doi.org/10.
1144/gsjgs.152.2.0229

Rice, C. M., Trewin, N. H., & Anderson, L. I. (2002). Geological setting
of the early Devonian Rhynie cherts, Aberdeenshire, Scotland: An
early terrestrial hot spring system. Journal of the Geological Society,
London, 159(2), 203-214. https://doi.org/10.1144/0016-76490
0-181

Robinson, J. M. (1990). Lignin, land plants, and fungi: Biological evolution
affecting Phanerozoic oxygen balance. Geology, 18(7), 607-610.
https://doi.org/10.1130/0091-7613(1990)018<0607:LLPAFB>2.3.
CO;2

Schwarze, F. W. M. R. (2007). Wood decay under the microscope. Fungal
Biology Reviews, 21(4), 133-170. https://doi.org/10.1016/j.fbr.
2007.09.001

Siljestrém, S., Neubeck, A., & Steele, A. (2022). Detection of porphy-
rins in vertebrate fossils from the Messel and implications for or-
ganic preservation in the fossil record. PLoS One, 17(6), €0269568.
https://doi.org/10.1371/journal.pone.0269568

Siljestrém, S., Volk, H., George, S. C., Lausmaa, J., Sjovall, P., Dutkiewicz,
A., & Hode, T. (2013). Analysis of single oil-bearing fluid inclusions
in mid-Proterozoic sandstones (Roper Group, Australia). Geochimica
et Cosmochimica Acta, 122, 448-463. https://doi.org/10.1016/j.
gca.2013.08.010

Stein, S. E., & Fahr, A. (1985). High-temperature stabilities of hydrocar-
bons. The Journal of Physical Chemistry, 89(17), 3714-3725. https://
doi.org/10.1021/j100263a027

Stierle, A. C., Caddlina, J. H., & Strobel, G. A. (1989). Phytotoxins from
Alternaria alternata, a pathogen of spotted knapweed. Journal of
Natural Products, 52(1), 42-47. https://doi.org/10.1021/np500
61a003

Strullu-Derrien, C., Goral, T., Spencer, A.R. T., Kenrick, P., Catherine Aime,
M., Gaya, E., & Hawksworth, D. L. (2023). A fungal plant pathogen

95UdDIT sUOWWO)) dANeal) a|qediidde ayy Aq pautanob aie sapile YO @sn Jo sa|nJ 1oy Aeiqi] auljuQ A3]Ip\ Uo (suonipuod
-pue-suual/wodAs|imAielqiauljuo//:sdiy) suonipuo) pue swud) 8y 39S “[7z0z/21/LL] uo Atesqri auljuo Aapim ‘Kreqry Ausisaun uiin) Ag -919z1°196/11L10L/1op/wodAs|imAleiqijauljuo//:sdily woiy papeojumoq ‘v ‘7202 ‘6997 2Lyl



HOLMAN ET AL.

discovered in the Devonian Rhynie Chert. Nature Communications,
14(1), 7932. https://doi.org/10.1038/s41467-023-43276-1

Strullu-Derrien, C., Kenrick, P., & Knoll, A. H. (2019). The Rhynie Chert.
Current Biology, 29(23), R1218-R1223. https://doi.org/10.1016/j.
cub.2019.10.030

Strullu-Derrien, C., Kenrick, P., Pressel, S., Duckett, J. G., Rioult, J.-P.,
& Strullu, D.-G. (2014). Fungal associations in Horneophyton lign-
eri from the Rhynie Chert (c. 407 million year old) closely resem-
ble those in extant lower land plants: Novel insights into ancestral
plant-fungus symbioses. New Phytologist, 203(3), 964-979. https://
doi.org/10.1111/nph.12805

Suzuki, N., Yessalina, S., & Kikuchi, T. (2010). Probable fungal origin of
perylene in Late Cretaceous to Paleogene terrestrial sedimentary
rocks of northeastern Japan as indicated from stable carbon iso-
topes. Organic Geochemistry, 41(3), 234-241. https://doi.org/10.
1016/j.orggeochem.2009.11.010

Szwedo, J., Lapeyrie, J., & Nel, A. (2015). Rooting down the aphid's tree
- The oldest record of the Aphidomorpha lineage from Palaeozoic
(Insecta: Hemiptera). Systematic Entomology, 40(1), 207-213.
https://doi.org/10.1111/syen.12099

Taylor, T. N., Hass, H., Kerp, H., Krings, M., & Hanlin, R. T. (2005).
Perithecial ascomycetes from the 400 million year old Rhynie chert:
An example of ancestral polymorphism. Mycologia, 97(1), 269-285.
https://doi.org/10.1080/15572536.2006.11832862

Taylor, T. N., Klavins, S. D., Krings, M., Taylor, E. L., Kerp, H., & Hass, H.
(2003). Fungi from the Rhynie chert: A view from the dark side.
Transactions of the Royal Society of Edinburgh: Earth Sciences, 94(4),
457-473. https://doi.org/10.1017/5026359330000081X

Taylor, T. N., & Taylor, E. L. (2000). The Rhynie chert ecosystem: A model
for understanding fungal interactions. In C. W. Bacon & J. White
(Eds.), Microbial endophytes (pp. 31-47). CRC Press. https://doi.org/
10.1201/9781482277302

Telnova, O. P., Gomankov, A. V., Kocheva, L. S., & Karmanov, A. P. (2023).
Results of morphological and physico-chemical investigations
of compressions of ancient coal-forming plants. Paleontological
Journal, 57(6), 704-713. https://doi.org/10.1134/S003103012
3060102

Telnova, O. P., Marshall, J. E. A., Kocheva, L. S., & Karmanov, A. P.
(2022). Lignin of ancient plant fossils. Paleontological Journal,
56(9), 1055-1066. https://doi.org/10.1134/S003103012
2090076

Tewari, A., Lepot, K., Dutta, S., Cascales-Mifnana, B., & Riboulleau, A.
(2020). Molecular signatures of kerogens and bitumens from the
Lower Devonian Rhynie chert: Insights into the botanical affinity
of the earliest land plants. EGU General Assembly 2020. https://
meetingorganizer.copernicus.org/EGU2020/EGU2020-18997.
html

Thiel, V., & Sj6vall, P. (2014). Time-of-flight secondary ion mass spectrom-
etry (TOF-SIMS): Principles and practice in the biogeosciences. In
K. Grice (Ed.), Principles and practice of analytical techniques in geo-
sciences (pp. 122-170). The Royal Society of Chemistry. https://doi.
org/10.1039/9781782625025-00122

Thomas, D. W., & Blumer, M. (1964). The organic chemistry of a fos-
sil—Ill. The hydrocarbons and their geochemistry. Geochimica et
Cosmochimica Acta, 28(9), 1467-1477. https://doi.org/10.1016/
0016-7037(64)90162-0

Trewin, N. H. (1993). Depositional environment and preservation of
biota in the Lower Devonian hot-springs of Rhynie, Aberdeenshire,
Scotland. Earth and Environmental Science Transactions of the Royal
Society of Edinburgh, 84(3-4), 433-442. https://doi.org/10.1017/
S0263593300006234

Trewin, N. H. (1996). The Rhynie cherts: An early Devonian ecosystem
preserved by hydrothermal activity. In G. R. Bock & J. A. Goode
(Eds.), Evolution of hydrothermal ecosystems on Earth (and Mars?):

11 0f 12
Gebiology e a BT R

Evolution of hydrothermal ecosystems on Earth (and Mars?): Ciba foun-
dation symposium 202 (Vol. 202, pp. 131-149). John Wiley & Sons.
https://doi.org/10.1002/9780470514986.ch8

Trewin, N. H., & Fayers, S. R. (2016). Macro to micro aspects of the plant
preservation in the early Devonian Rhynie cherts, Aberdeenshire,
Scotland. Earth and Environmental Science Transactions of the Royal
Society of Edinburgh, 106(2), 67-80. https://doi.org/10.1017/S1755
691016000025

Trewin, N. H., Fayers, S. R, & Kelman, R. (2003). Subaqueous silicification
of the contents of small ponds in an early Devonian hot-spring com-
plex, Rhynie, Scotland. Canadian Journal of Earth Sciences, 40(11),
1697-1712. https://doi.org/10.1139/e03-065

Trewin, N. H., & Kerp, H. (2017). The Rhynie and Windyfield cherts, Early
Devonian, Rhynie, Scotland. In N. C. Fraser & H. D. Sues (Eds.),
Terrestrial conservation Lagerstdtten. Windows into the evolution of
life on land (pp. 1-38). Dunedin Academic Press.

Trewin, N. H., & Wilson, E. (2004). Correlation of the Early Devonian
Rhynie chert beds between three boreholes at Rhynie,
Aberdeenshire. Scottish Journal of Geology, 40(1), 73-81. https://
doi.org/10.1144/sjg40010073

Tripp, M. (2023). Processes leading to exceptional soft-tissue preser-
vation in Mazon Creek (carboniferous) concretions: A combined
palaeontological, organic and inorganic geochemical approach
[Doctoral thesis], Curtin University, Perth. https://espace.curtin.
edu.au/handle/20.500.11937/92483

Tulipani, S., Grice, K., Greenwood, P. F., Haines, P. W., Sauer, P. E.,
Schimmelmann, A., Summons, R. E., Foster, C. B., Béttcher, M. E.,
Playton, T., & Schwark, L. (2015). Changes of palaeoenvironmen-
tal conditions recorded in Late Devonian reef systems from the
Canning Basin, Western Australia: A biomarker and stable isotope
approach. Gondwana Research, 28(4), 1500-1515. https://doi.org/
10.1016/j.gr.2014.10.003

van der Heijden, E., & Boon, J. J. (1994). A combined pyrolysis
mass spectrometric and light microscopic study of peatified
Calluna wood isolated from raised bog peat deposits. Organic
Geochemistry, 22(6), 903-919. https://doi.org/10.1016/0146-
6380(94)90028-0

Vanholme, R., Demedts, B., Morreel, K., Ralph, J., & Boerjan, W. (2010).
Lignin biosynthesis and structure. Plant Physiology, 153(3), 895-
905. https://doi.org/10.1104/pp.110.155119

Venkatesan, M. 1., & Dahl, J. (1989). Organic geochemical evidence for
global fires at the cretaceous/tertiary boundary. Nature, 338(6210),
57-60. https://doi.org/10.1038/338057a0

Wellman, C. H., Kerp, H., & Hass, H. (2006). Spores of the Rhynie chert
plant Aglaophyton (Rhynia) major (Kidston and Lang) D.S. Edwards,
1986. Review of Palaeobotany and Palynology, 142(3), 229-250.
https://doi.org/10.1016/j.revpalbo.2006.04.009

Weng, J.-K., & Chapple, C. (2010). The origin and evolution of lignin bio-
synthesis. New Phytologist, 187(2), 273-285. https://doi.org/10.
1111/j.1469-8137.2010.03327.x

Weng, J.-K., Li, X., Stout, J., & Chapple, C. (2008). Independent origins
of syringyl lignin in vascular plants. Proceedings of the National
Academy of Sciences of the United States of America, 105(22), 7887~
7892. https://doi.org/10.1073/pnas.0801696105

Wolkenstein, K. (2015). Persistent and widespread occurrence of bio-
active quinone pigments during post-Paleozoic crinoid diversifica-
tion. Proceedings of the National Academy of Sciences of the United
States of America, 112(9), 2794-2799. https://doi.org/10.1073/
pnas.1417262112

Wolkenstein, K. (2019). Characterization of polycyclic aromatic hydro-
carbons and their phenanthroperylene quinone precursors in fossil
crinoids using liquid chromatography-atmospheric pressure photo-
ionization mass spectrometry. Organic Geochemistry, 136, 103892.
https://doi.org/10.1016/j.orggeochem.2019.07.001

95UdDIT sUOWWO)) dANeal) a|qediidde ayy Aq pautanob aie sapile YO @sn Jo sa|nJ 1oy Aeiqi] auljuQ A3]Ip\ Uo (suonipuod
-pue-suual/wodAs|imAielqiauljuo//:sdiy) suonipuo) pue swud) 8y 39S “[7z0z/21/LL] uo Atesqri auljuo Aapim ‘Kreqry Ausisaun uiin) Ag -919z1°196/11L10L/1op/wodAs|imAleiqijauljuo//:sdily woiy papeojumoq ‘v ‘7202 ‘6997 2Lyl



HOLMAN ET AL.

12 of 12
202 | wiLey- e

Zdravkov, A., Bechtel, A., Sachsenhofer, R. F., & Kortenski, J. (2017).
Palaeoenvironmental implications of coal formation in Dobrudzha
Basin, Bulgaria: Insights from organic petrological and geochemical
properties. International Journal of Coal Geology, 180, 1-17. https://
doi.org/10.1016/j.coal.2017.07.004

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Holman, A. I., Poropat, S. F.,
Greenwood, P. F., Bhandari, R., Tripp, M., Hopper, P.,
Schimmelmann, A., Brosnan, L., Rickard, W. D. A.,
Wolkenstein, K., & Grice, K. (2024). Significance of lignin and
fungal markers in the Devonian (407 Ma) Rhynie Chert.
Geobiology, 22, €12616. https://doi.org/10.1111/gbi.12616

95UdDIT sUOWWO)) dANeal) a|qediidde ayy Aq pautanob aie sapile YO @sn Jo sa|nJ 1oy Aeiqi] auljuQ A3]Ip\ Uo (suonipuod
-pue-suual/wodAs|imAielqiauljuo//:sdiy) suonipuo) pue swud) 8y 39S “[7z0z/21/LL] uo Atesqri auljuo Aapim ‘Kreqry Ausisaun uiin) Ag -919z1°196/11L10L/1op/wodAs|imAleiqijauljuo//:sdily woiy papeojumoq ‘v ‘7202 ‘6997 2Lyl



