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SUMMARY

Wood decomposition through fungal activity is essential to the natural carbon cycle. There are three pri-
mary patterns of wood decay: white rot, brown rot, and soft rot. However, geological records of wood
decay mainly originate from fossil woods, which exclusively describe white rot before the Cenozoic.
Fossilized charcoal is another excellent medium for preserving pre-charring decay structures. In this study,
we collected numerous charcoals from the upper Permian and observed multiple microstructures indica-
tive of wood decay. The distinctive characteristics closely resemble the symptoms of contemporary wood-
rotting types, including the removal of the middle lamella and channel-like lysis seen in white rot, shot-like
holes and wavy cell walls in brown rot, and cavities within the secondary walls in soft rot. This study
documents the early occurrences of multiple wood-rotting types during the Late Paleozoic and provides
insights into the range of fungal metabolic strategies employed during this period.

INTRODUCTION

Microorganisms such as bacteria and fungi are major biomass decomposers in nature and play a critical role in maintaining global nutrient
cycles. In particular, fungal decomposition of woody biomass is essential for the continuity of life on Earth,' as most microorganisms are un-
able to decompose lignified tissues in plants, except for white rot fungi, some Ascomycotina, and fungi imperfecti.”

Typical woody cell walls have complex structures with varying compositions that confer resistance of pathogens and physical protection.
From the exterior to the inside of a typical gymnospermous tracheid, the cell wall comprises a middle lamella (mainly composed of pectin and
lignin), a primary wall (made up of hemicellulose, pectin, and subordinately lignin and cellulose), and a three-layered secondary wall (with
increasing cellulose, decreasing hemicellulose and pectin, and subordinately lignin).> Fungi have evolved various degradation mechanisms
targeting specific substrates, which lead to distinct morphological and anatomical structures in decay wood.*> Three principal wood-decay
patterns (i.e., white rot, brown rot, and soft rot) have been identified based on the causative fungi and specific decay structures.'* Among
these rot types, white rot is mainly caused by basidiomycetes and some ascomycetes, which can produce various enzymes to degrade lignin,
cellulose, and hemicellulose.”** White rot is known for a wide variety of wood-decay patterns, all of which produce a white color in the wood
due to substantial lignin modification or removal from the cells and cellulose bleaching. White rot can be subdivided into two types: prefer-
ential delignification, wherein lignin is degraded before polysaccharides,’ and simultaneous rot, wherein all cell wall components are
degraded at the same rate.” The former is represented by Heterobasidion annosum, Ceriporiopsis subvermispora, Dichomitus squalens,
etc., whereas common fungi that cause simultaneous white rot include Fomes fomentarius, Phellinus igniarius, P. robustus, and so on, in
standing trees and stored hardwoods.'** Brown rot is caused by specialized basidiomycetes that lack lignin-degrading enzymes and selec-
tively and completely remove cellulose and hemicelluloses from woody cell walls while leaving behind modified lignin,"** which is brown in
color, hence the name. As a result of cellulose depolymerization, brown-rotted wood has a high lignin content but little residual strength.® Soft
rot is caused by ascomycetes and deuteromycetes, which preferentially degrade cellulose and hemicellulose while consuming a limited
amount of lignin."** Macroscopically, soft rot is characterized by the softening of wood due to cellulose destruction, which distinguishes
it from white rot and brown rot.

Previous insights into the patterns of wood deterioration throughout geological history have mainly been derived from silicified wood re-
mains.” Notably, nearly all documented records of fossil fungal wood decay from the Paleozoic and Mesozoic describe white rot, whereas
other rot types are rarely documented. Fossilized charcoal represents another beneficial source of information on various paleoecological
and paleoenvironmental parameters dating back to the Paleozoic.” Compared to the slice observation of petrified wood, fossil charcoal
provides three-dimensional views of microstructures and can thus serve as an excellent carrier for preserving fungal remains and wood-decay
structures. Analysis of archaeological charcoal samples has indicated that fungal infestation and decay features can persist after burning,
displaying visible micromorphological details of mycelia and cell wall alterations.’” However, in pre-Quaterary charcoals, despite the
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prevalence of evidence for microbiologically mediated decay, only a few materials have been studied in detail with regard to pre-charring
decay by fungi."'~"® El Atfy et al. (2019) provided the first overview of cell wall alterations associated with pre-charring degradation that
have been seen in pre-Quaternary charcoals dating from the Permian to the Paleogene, demonstrating the possibility of recognizing pre-
burning microbial activities that are comparable to three major wood rots. Uhl et al. (2020) described various traces of pre-charring decay
from the Late Oligocene of Norken and discussed similar plant-microorganism interactions. These studies highlight the considerable poten-
tial of fossil charcoal for investigating intricate pre-charring deterioration, which helps further distinguish specific wood-rotting types.

In this study, we collected large amounts of fossil charcoals from the upper Permian strata of Southwest China, Northwest China, and
southern Mongolia (see Figures S1 and S2). These charcoals are products of paleo-wildfires during the Late Permian. The details of the char-
coals including anatomical structures, reflectance, and stratigraphic distribution have been systematically documented.'*'> Notably, the
charcoals preserved a large amount of evidence for microbiologically mediated decay, including erosions, shoot-like holes, and cavities within
cell walls. We identified distinctive decay symptoms corresponding to the three contemporary wood-rot types from these ancient charcoals
after comparing them to distinct wood-decay patterns and cell wall modifications in contemporary woods and those recorded from the
geological past. These materials, which exhibit a range of wood-decay patterns, provide evidence indicating that all three wood-rotting types
existed during the Late Paleozoic. Moreover, they provide insights into the various fungal metabolic strategies that were developed specif-
ically for the destruction of woody tissues during this period.

RESULTS
White rot

White rot can result in various morphological deterioration patterns in wood with different fungal species, wood types, and physiological con-
ditions.*"'® Charcoals from the upper Permian, particularly those collected from the Lengginggou section, frequently exhibited linear cavities
between the walls of neighboring tracheids in transverse views (Figure 1A). The presence of such a division is anomalous because high tem-
peratures homogenize neighboring tracheid walls during charcoalification. Because of the fracture mechanism of charcoal, these structures
are more commonly identified in the longitudinal view, which indicates a sequence of distinctive stages. In the early stages of decay, many
small cavities with different diameters were formed and aligned between the neighboring tracheid walls (Figure 1B). Similar small cavities at
the position of the former middle lamella have been documented in Cretaceous charred wood in Egypt and Germany.'" In the progressive
stage, these cavities fused to form larger cavities, ultimately resulting in the total separation of individual tracheids (Figure 1C). Such advanced
signs have been widely documented from fossil woods throughout the geological past,'’~*°
individual tracheids, i.e., “apposition.” These features are generally interpreted as the result of the complete removal of the lignin-rich middle
lamella, which is in accordance with the preferential delignification of white rot.”> Unfortunately, these symptoms were not observed in our
lab-burned samples, probably because the cultured strain did not show an affinity for lignin.

In addition to preferential delignification, signs of simultaneous rot have been frequently identified in Permian specimens. Simultaneous
rot degrades all the main wood components from the cell lumen outwards, with gradual erosion of the surrounding cell wall by the lumen-
based hyphae. Morphologically, the rot manifests as pit erosion and lysis grooves in the early stages and ultimately results in progressively
thinner cell walls. In Permian charcoals, simultaneous rot is characterized by frequent, rounded notches around the edge of the tracheid lu-
mens in transverse views (Figure 1D); in certain cases, the notches can completely penetrate the walls. More notable features were observed in
the longitudinal views, such as crater-like pit erosions at various depths and of different diameters on the smooth surface of the cell walls (Fig-
ure 1E), channel-like lysis tracks with sinuous profiles, and several bifurcations (Figure 1F). These decay structures indicate simultaneous dete-
rioration of all cell wall constituents, a capability attributed exclusively to white-rot basidiomycetes.”’ The decay patterns were similar to those
observed in the laboratory-charcoalified specimens. In charcoals of white-rotted Phoebe nanmu, identical crater-like erosions were observed
in ray cells and adjacent tracheids (Figure 1G). Sinuous lysis troughs of fungal hyphae were slenderer than those in Permian charcoal and oc-
casionally extended into holes caused by major pit erosion (Figures TH and 11). These pit erosions generally exhibit more advanced stages of
decay because they are deeper and almost completely penetrating the walls. However, they could be distinguished from the shot-like holes of
brown rot by the irregular outline and remnant tissues in the holes after incomplete enzymolysis (Figures 1H and 11).

which are usually documented as isolations of

Brown rot

According to previous studies, brown rot is considered difficult to confirm via microstructure examination because the primary structure of cell
walls remains unaltered, even in advanced stages of deterioration. The typical symptoms of brown rot are the characteristic wavy appearance
of cell walls owing to the lack of strength and shrinkage-induced cubical fractures.®” Subsequent studies suggested that cell walls infected by
brown rot fungi would transform into a porous structure,®*? and shot-like holes in fossil charcoals are considered evidence for pre-charring
brown rot.""* Brown rot fungi are thought to have limited hole-boring abilities; however, their hyphae can directly invade the cell wall via a
non-enzymatic oxidation process known as the Fenton reaction.”” After penetrating cell walls, they secrete enzymes into the secondary wall to
rapidly depolymerize the carbohydrate cellulose and hemicelluloses.” Brown rot does not cause decorations such as lysis grooves or conspic-
uous cavities but does result in shot-like holes in cell walls, “wavy” cell walls resulting from loss of rigidity, and cubical fractures resulting from
shrinkage.

Analogous shot-like holes were frequently observed in the upper Permian charcoal. These had a smooth edge, were perfectly rounded,
and ranged in diameter from 2 to 10 um (Figures 2A and 2B), which may be related to the variable sizes of the various fungal species. Cross-
sectional examination showed that the holes were cone shaped and completely penetrated the cell walls (Figure 2C). In some cases, collapsed
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Figure 1. Scanning electron microscope (SEM) images of the charcoals showing symptoms of white rot

(A) Linear cavities between the neighboring tracheid cells (arrows), indicating the dissolution of middle lamellae; Permian charcoal; (B) small cavities aligned
between the neighboring tracheid walls (arrows), indicative of the early signs of decay of the middle lamella; Permian charcoal; (C) isolations of individual
cells (arrows), indicating a progressing stage of preferential delignification with complete decomposition of the middle lamella; Permian charcoal;
(D) frequent pit erosions and lysis tracks (arrows) of fungal hyphae around the edge of tracheid lumens; Permian charcoal; (E) dense pit erosions on the
tracheid walls and indicating the simultaneous rot; Permian charcoal; (F) channel-like lysis tracks (arrows) on the tracheid walls, indicating simultaneous rot;
Permian charcoal; (G) similar dense pit erosions on the ray cell walls; charcoalified white-rotted Phoebe nanmu; (H) severe pit erosions with remnant tissues
in holes (shanked arrows); charcoalified white-rotted Phoebe nanmu; (1) irregular outlines of boreholes with occasionally lysis tracking them (shanked arrows);
charcoalified white-rotted Phoebe nanmu.

hyphae were observed in these holes (Figure 2D). In transverse views of the tracheids, the infected cell walls appeared severely distorted,
being wavy and compressed (Figure 2E), indicating a loss of mechanical stability due to carbohydrate degradation. In some cases, dense cu-
bic cracks were observed (Figure 2F), which were different from those created during the burning process, and provided hints about the
cubical fracture found in brown rot wood resulting from the shrinkage of the cells.'** These decay structures were consistent with the afore-
mentioned symptoms of typical brown rot, which were confirmed in our lab-burnt charcoals of brown-rotted wood. The comparable deteri-
oration results in identical shot-like holes with smooth edges of different diameters (Figures 2G and 2H), frequent hyphal penetration (Fig-
ure 2l), and the typical wavy appearance of the degraded cell walls in the transverse view (Figure 2J). However, these symptoms were
rarer in lab-burned charcoal than in Permian specimens, and cubical fractures were not observed in brown-rotted Phoebe nanmu. This
discrepancy may be attributable to the different decay stages or the species of infected fungi and host woody plants.
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Figure 2. Scanning electron microscope (SEM) images of the charcoals with signs of brown rot

(A and B) Frequent shot-like holes (arrows) of various diameters through the cell walls; Permian charcoals; (C) close-up of a radial cut of the tracheid wall, showing
the shot-like hole completely penetrating the wall (arrows); Permian charcoal; (D) a charred fungal hypha penetrating the wall through a shot-like hole (arrows);
Permian charcoal; (E) cross-sectional view showing “wavy” cell walls and compressed tracheids, indicative of brown rot; Permian charcoal; (F) tracheids with dense
cubic cracks after shrinkage due to drying; Permian charcoal; (G, H) similar shot-like holes (shanked arrows) of various diameters through the cell walls;
charcoalified brown-rotted Phoebe nanmu; (I) shot-like holes with charred fungal hyphae penetrating through them (shanked arrows); charcoalified brown-
rotted Phoebe nanmu; (J) cross-sectional view of infected tracheids showing wavy cell walls (shanked arrows); charcoalified brown-rotted Phoebe nanmu.

Soft rot
Soft rot is caused by ascomycetes and deuteromycetes, which show a preference for cellulose and hemicellulose and consume a limited
amount of lignin."** Microscopically, soft rot generates two morphologically distinct decay patterns: type | (cavity formation) and type Il
(cell wall erosion).” Microfungi of type | have specialized hyphae (~0.5 um in diameter) to drill in the cell wall and characteristically grow along
the microfibrils in the secondary wall.>“ In this case, the most diagnostic microscopic traits of type | soft rot are distinctive biconical and cy-
lindrical cavities within the secondary (52) cell wall layers, which are associated with cellulolytic microfibrillar orientation.”>?® Type Il soft rot is
similar to simultaneous white rot and can degrade the entire secondary wall while retaining the middle lamellae. This form of degradation is
typically observed in low-lignin hardwoods, particularly in environments with high moisture levels.®

The Permian charcoal showed representative characteristics of type | soft rot. In charcoal fragments from the Dalongkou section of North-
west China, dense cavities with conical ends within the S2 cell wall layers were identified at high magnification in the longitudinal sections of
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Figure 3. Scanning electron microscope (SEM) images of the charcoals showing signs of soft rot

(A) Close-up of a radial cut of the tracheid wall, highlighting cavities with conically shaped ends within the S2 cell wall layer (arrows), indicative of soft rot; Permian
charcoal; (B) cross-sectional view showing abundant cavities and erosions (arrows) within the S2 cell wall layers; Permian charcoal; (C) dense, small, and shallow
boreholes (arrows) in the secondary/tertiary cell walls; Permian charcoal; (D) numerous irregular cavities in the S2 cell wall layers with intact middle lamella;
charcoalified soft-rotted Cinnamomum camphora; (E) rotten tracheids showing degradation of entire S2 cell wall layers, leaving papery S3 layers (shanked
arrows); charcoalified soft-rotted Cinnamomum camphora; (F) the longitudinal view showing the papery S3 layers that crimp and desquamate; charcoalified
soft-rotted Cinnamomum camphora.

the cell walls (Figure 3A), which were identical to the descriptions and illustrations provided in previous studies. Similar miniscule cavities in-
side the S2 cell wall layers were more frequently observed in transverse views of charcoals from the Lengqginggou area of Southwest China,
although these cavities exhibited more circular shapes (Figure 3B). Erosion channels caused by proboscis hyphae within the S2 cell wall layers
were also observed in the transverse views (Figure 3B). Furthermore, the longitudinal degradation features of the tertiary (S3) cell wall layers
could be examined because of the three-dimensional preservation of charcoal. The longitudinal view of the soft-rotted tracheids showed
dense small (<1 um diameter) but shallow boreholes in the secondary and/or tertiary cell walls (Figure 3C). These were reminiscent of the
specialized hyphae of soft rot that bore into the S2 cell wall layers from the tracheid lumens. Such decay structures were even more common
in Permian charcoals from Southwest China.

In the lab-burned charcoals, similar soft rot deterioration patterns were frequently observed, particularly in transverse views, where they
appeared as numerous circulars, irregular to crescentic cavities in the S2 cell wall layers, whereas areas of the middle lamella remained intact
(Figure 3D). These cavities were much larger than those observed in Permian charcoal, which is likely related to different fungal species or
advanced stages of decay. Some rotten tracheids showed degradation of entire S2 cell wall layers, resulting in papery S3 layers (Figure 3E).
This was also observed in the longitudinal views, where the papery S3 layers were generally crimped and desquamated (Figure 3F). Therefore,
the small and shallow boreholes on the cell walls, which may be signs of early-stage decay, were rarely observed in the laboratory soft-rotted
charcoal.

DISCUSSION

Since the emergence of forests, the accumulation and decomposition of woody biomass have been in dynamic equilibrium in natural eco-
systems, which may have influenced coal burial in geological history.””*® Initially, it was thought that the substantial accumulation of organic
carbon (Cq,g) during the Permo-Carboniferous occurred partly because the fungi capable of effectively breaking down lignin had not evolved
or diversified.”” Similarly, molecular clock analyses have suggested that the origin of lignin degradation may have coincided with an abrupt
decline in the rate of C,q burial at the end of the Carboniferous.”” However, these hypotheses were contradicted by later investigations,
which showed that lignin-degrading fungi may have been present before the Carboniferous and that a large proportion of Carboniferous
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Figure 4. The compilation of potential origins for different wood-decay types based on phylogenomic and fossil data in geological history

(A) Phylogenomic data showing the evolution of major fungal groups, modified from Floudas et al. (2012)”” and Hibbett et al. (2016)*%; (B) the range of rot types
based on documented fossil evidence, including evident and suspected records; (C and D) the co-occurrence of signs of white rot (yellow arrows), brown rot (red
arrows), and small cavities or shallow holes in secondary cell walls that are indicative of soft rot (blue arrows) on the same specimen.

coals were dominated by unlignified plant tissues.”®*° Nevertheless, phylogenomic investigations have revealed that the ability to decom-
pose cellulose and hemicellulose dates back to the Cambrian Period; however, ligninolytic systems comparable to modern white rot emerged
more recently within Agaricomycetes, possibly during the Permo-Carboniferous (Figure 4A).

Nonetheless, direct fossil evidence of plant-fungus interactions is scarce in the geological record, particularly that representing the current
range of recognized patterns of wood rot (Figure 4B). The earliest record of white rot, as well as the oldest example of wood decay caused by
fungi, was documented in progymnosperm woods from the Upper Devonian in North America, which exhibited an altered structure with
extensive cell wall lysis and distinct erosion troughs, with the occurrence of septate hyphae resembling those of basidiomycetes and asco-
mycetes.” Additionally, similar evidence of white rot, as well as white pocket rot, has been frequently documented from petrified woods
throughout geological history.”>*'~** However, it is intriguing to note that white rot is the only type of rot that has been definitively identified
in fossil records of fungal wood deterioration dating back to the Paleozoic and Mesozoic. In contrast, the first geological records of brown rot
date back to the late Oligocene, based on charcoal evidence showing shot-like holes and “wavy” cell walls.'" Similar boreholes in charcoals
have been reported from the Late Carboniferous™; however, this evidence is insufficient to assign them to symptoms of brown rot because
white-rot fungi can also penetrate cell walls. Soft rot can be traced back to the early Miocene," although plausible soft rot decay of Antarctic
woods from the Eocene has been identified® and some granular alterations with suspected morphological similarities to soft rot symptoms
have been observed in fossil wood from the upper Permian.””

In present-day ecosystems, white-rot fungi generally colonize hardwood, whereas brown-rot fungi are more likely to infect softwood.***’
Considering the absence of hardwood and the prevalence of white rot in softwood during the Paleozoic, it appears that fungal preferences for
decayed hosts changed significantly with floral evolution. However, from a different perspective, spore-bearing plants have been shown to
contain an unusually high lignin content compared with the seed plants,”” and hardwoods in broad terms contain different lignin monomers
and lower lignin content than softwoods.*® In this context, it is reasonable to assume that white rot was the earliest and most prevalent wood-
decay type in the Paleozoic, as it is the only decay type that effectively degrades lignin. However, the ancient white rot could be different from
the current form because of the difference in lignin monomers in spore-bearing plants and modern hardwoods. This interpretation aligns with
the molecular data, which indicated that ligninolytic systems similar to modern white rot appeared during the Late Paleozoic. It is likely that
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brown rot and soft rot, which mainly metabolize cellulose and hemicelluloses, were specialized and adaptive strategies for wood-decay fungi
after the prevalence of seed plants during the Late Paleozoic. In the decay process, brown rot combines non-enzymatic and enzymatic degra-
dation mechanisms, rapidly colonizes an unexploited substrate, and more effectively degrades cellulose and hemicellulose, even when the
hyphae and the wood cell wall are not in close proximity to each other.” Soft rot exhibits greater adaptability to occupy ecological niches
under extreme conditions, including aquatic environments, which are unfavorable for other types of decay.

Phylogenomic analyses indicate that major fungal groups were already represented by the end of the Paleozoic,”’*® including most fam-
ilies of Basidiomycetes, which can cause white rot and brown rot (Figure 4A). Although molecular data and plausible evidence suggest that
fungi have evolved the capacity to decay different cell wall components of plants via multiple decay strategies over the Late Paleozoic,”>?"*® it
is nonetheless remarkable to observe the direct preservation of all wood-rot patterns within the contemporaneous charcoal assemblages
from the Permian. This evidence suggests that the wood-decay strategies in the preferred substrate and adaptation to extreme environments
had already begun to diverge by the Late Paleozoic. The lack of brown rot and soft rot in fossil records may not be attributable to their absence
during this period but to the variable nature of the decay and the resultant wood texture. For instance, brown-rotted wood does not preserve
and fossilize easily owing to its delicate and brittle nature, and soft-rotted wood typically appears in restricted environments with very wet or
dry conditions, making it less well represented than other rot types and less likely to petrify or encounter wildfires.

Notably, some Permian specimens from Southwest China exhibited characteristics of two or three rot patterns, including shot-like holes
that completely passed through the cell walls, small boreholes penetrating into the secondary walls, and sinuous erosion troughs cutting
through the entire walls (Figures 4C and 4D). This mirrors the conditions in present-day ecosystems, where multiple fungi infect and colonize
the same wood simultaneously or successively.”®*” The competition and interaction between different fungi can accelerate wood degrada-
tion, facilitating rapid colonization of unexploited or easily degradable substrates, and can lead to thorough wood degradation based on
complementary enzymatic capacities for different substrates. Another explanation for the co-occurrence of multiple rot patterns is that
some fungi can switch between different patterns of decay under certain environmental conditions. For instance, white-rot fungi have
been documented to cause facultative soft rot in wood from the Miocene,®' and some modern fungi have been found using such decay stra-
tegies to circumvent plant defenses.*’ In our laboratory, Phoebe nanmu inoculated with Trametes versicolor, a white-rot fungus, occasionally
displayed signs typically associated with brown rot, such as similar shot-like holes and wavy cell walls. This is reminiscent of a genomic analysis,
which suggests that the white-rot and brown-rot patterns of wood degradation are more of a continuum than a dichotomy,”" although this is
beyond the scope of this study. Additionally, different rot types sometimes represent strategies to adapt to diverse environmental conditions,
such as the typical occurrence of soft rot under very wet/dry or low-oxygen conditions.’ The presence of typical soft rot and the rare occur-
rence of white rot and brown rot in Northwest China probably reflect the challenging environmental conditions for the growth of most fungi. In
contrast, the co-occurrence of multiple decay symptoms may indicate changes in certain environmental conditions such as the transport of
pre-charred wood into aquatic environments. Among the three charcoal-bearing areas, the largest amount of charcoal exhibiting signs of
biodeterioration was observed in the Lengginggou section of Southwest China, which was a swamp rainforest during the Late Permian.
This corresponds to current conditions, in which warm temperatures and high moisture levels are favorable for fungal growth. Moreover,
the abundant plant substrates and diversity of local environmental conditions enabled different wood-decay fungi to develop all of the afore-
mentioned strategies. These cases indicate a high degree of ecological complexity between diverse wood-decay strategies and flourishing
plant communities in Late Paleozoic terrestrial ecosystems.

Limitations of the study

Current wood-rotting fungi show a significant preference for hosts such as hardwood and softwood; thus it is challenging to locate a coun-
terpart study for the current situation based on charcoal fragments that are exclusively derived from gymnosperms. Since the charcoal spec-
imens are composed entirely of carbon only, Fourier transform infrared spectroscopy cannot be used to identify the consumed components
that help distinguish between different types of wood rot. The present study mainly provides morphological evidence of multiple wood-
rotting strategies during the Late Paleozoic; thus, further studies are needed to fully understand the decay process and the evolution of these
strategies.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Trametes versicolor Research Institute for Sustainable N/A
Humanosphere in Kyoto University

Fomitopsis palustris Research Institute for Sustainable N/A
Humanosphere in Kyoto University

Biological samples

Phoebe nanmu Wood collection of Nanjing Forestry University NFUw77149

Cinnamomum camphora Wood collection of Nanjing Forestry University NFUw79617

Critical commercial assays

Hydrochloric Acid JiuYi Reagent 81013

Hydrofluoric Acid Jiuyi Reagent 81016

Deposited data

Samples of fossil charcoals

Samples of charred decay-wood

SEM photographs of decay- symptom
on the charcoals

This paper, Nanjing Institute of
Geology and Palaeontology, CAS
This paper, Nanjing Institute of
Geology and Palaeontology, CAS
This paper

DLK-16/LQG-17/TT-18

WR-23/BR-23/SR-23

N/A

Experimental models: Organisms/strains

Japanese Fungal Inoculation Standard

Standard process of charcoal extraction

Japanese Standards Association
This paper, Nanjing Institute of
Geology and Palaeontology, CAS

JIS K. 1571: 2004
N/A

Software and algorithms

CorelDRAW Graphics Suite 2023
Adobe Photoshop

Corel Corporation

Adobe Inc.

https://www.coreldraw.com/cn/#

https://www.adobe.com/hk_zh/
products/photoshop.html

Other

Quantitative data and anatomical structures
of the Permian charcoals

Cai et al. (2021a, 2021b)'*"%; This paper

https://www.sciencedirect.com/
science/article/pii/S0012825221001719
https://www.frontiersin.org/articles/
10.3389/feart.2021.615841/full

RESOURCE AVAILABILITY
Lead contact

Further requests for the r resources should be directed to the lead contact, Hua Zhang (hzhang@nigpas.ac.cn).

Materials availability

Fossil charcoal materials were deposited at the Nanjing Institute of Geology and Palaeontology, Chinese Academy of Sciences.

Data and code availability

e All data reported in this paper will be shared by the lead contact upon request.

e This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Geological context and the fossil materials

The fossil materials examined in this study were collected from the Permian-Triassic transitional strata of the Lengginggou Section in South-
west China, the Dalongkou Section in Northwest China, and the Tsaagan Tolgoy Section in southern Mongolia (see Figure S1).

The Lengqginggou Section (104° 20' 13" E; 27° 15’ 46" N) is in Hezhang County of Bijie City, western Guizhou Province. During the Permian,
this area was situated near the equatorial zone and possessed the distinctive Cathaysian Gigantopteris flora of tropical peatlands.”” Thou-
sands of mesoscopic to macroscopic charcoal particles have been collected from the upper Permian Xuanwei Formation, which were re-
garded as direct evidence of paleo-wildfires induced by drought climate®***
anatomical structures and the quantification of charcoal abundance have been documented in Cai et al. (2021a).'" On these charcoals, wood-
decay structures are commonly observed and diverse.

The Dalongkou Section (88° 46" 48" E; 43° 49" 12" N) is in the Xinjiang Uygur Autonomous Region in Northwest China. This area was within
the Kazakhstan-Junggar plate in the northern mid-latitudes during the Permian-Triassic, and experienced a floral change from Angara to sub-
Angara due to the drought climate.*® Charcoal fragments were common and interpreted as the product of frequent paleo-wildfires in this
section. Detailed sizes, anatomical structures, and the distribution of the charcoals have been described in Cai et al. (2021b)."> Among these

and local volcanisms.'“*> Detailed description of the charcoal

charcoals, wood-decay structures and fungal remains are rarely observed but crucial.

The Tsaagan Tolgoy Section (105°27/26.3" E; 42°52'52.8" N) is situated in the South Gobi Basin, south-central Mongolia.47 This area was
situated in the eastern margin of the mid-latitude Angara and developed the typical Angara Flora during the Late Permian. Evidence from
fossil woods indicated a seasonal, temperate, and wet climate.*®*? Similarly, charcoals were common in this sequence. The detailed analysis
of these charcoals is prepared for an unpublished manuscript. Fungal remains and wood-decay structures are frequently observed in both
charcoals and fossil woods.

Modern decay wood with different rot patterns

In order to compare the decay traits of Permian charcoals with contemporary rot patterns, three distinct groups of rotten wood, each decayed
by specific fungal strains, were obtained from Nanjing Forestry University. The experiments of wood decay were previously conducted in the
Research Institute for Sustainable Humanosphere in Kyoto University, with standard wood-decay fungal strains (Trametes versicolor, Fomi-
topsis palustris) from the Institute and wood samples (Phoebe nanmu, NFUw77149; Cinnamomum camphora, NFUw79617) from the
Wood collection of Nanjing Forestry University. The charcoalification of the rotten wood samples and further SEM observation and compar-
ison based on morphological similarities were conducted in Nanjing Institute of Geology and Palaeontology, Chinese Academy of Sciences.

METHOD DETAILS

Extraction of the permian charcoals

The primary procedures of charcoal extraction are revised from Belcher et al. (2005)*° and Scott (2010).°" The charcoal fragments were ex-
tracted by acid maceration as follows (see Figure S3): bulk samples were broken up and immersed in hydrochloric acid (10%) for 24 h to re-
move carbonates; after rinsing, they were digested with concentrated hydrofluoric acid (40%) for 1 week to remove silicates. The remaining
matrix was rinsed again, filtrated using a 30-um sieve, and boiled in concentrated hydrochloric acid for 20 min to prevent the precipitation of
calcium fluoride. The product was then rinsed again, drained, and dried at approximately 70°C in a laboratory oven. Subsequently, charcoal
fragments showing features such as black color and silky luster were selected from the acid-treated residue under an Olympus SZX7 stereo-
microscope using preparation needles, lancets, script liners, and tweezers. The well-preserved charcoal pieces were subsequently mounted
on standard stubs with adhesive tabs for morpho-anatomical observation under a LEO1530VP scanning electron microscope (SEM) after
applying a gold coating.

Decay experiments of modern woods

The preparation for modern decay woods followed the Japanese Fungal Inoculation Standard of JIS K. 1571: 2004.% Three groups of wood
samples were prepared and each consisted of several wooden blocks with dimensions of 20 mm x 20 mm x 10 mm. Due to the preferences of
modern decaying fungi, different wood species were used. After disinfection, two groups consisting of Phoebe nanmu were inoculated
with white rot fungi Trametes versicolor and brown rot fungi Fomitopsis palustris. Then they were sealed in the glass bottles to avoid pollution
from other fungi. The third group composed of Cinnamomum camphora was treated under high-moisture conditions to spontaneously inoc-
ulate soft rot fungi. All groups were cultured at the appropriate temperature for 12 weeks to achieve advanced stages of decay (see
Figures S4A-S4C).

Charcoalification of modern decay woods

After decay, three groups of rotten wood exhibiting major fungal degradation were prepared for conversion to charcoal. The procedure of
charcoalification of decay wood is modified after Moskal-del Hoyo et al. (2010).° After the removal of fungal mycelia from the surface of the
specimens, the rotten wood samples exhibited specific macroscopic appearances (see Figures SAD-S4F). The infected samples were subse-
quently cleaned, wrapped in aluminum foil, and placed in capped crucibles to reduce the oxygen supply. All samples were burned at 450°C
for 3 h using a muffle furnace. After natural cooling, the laboratory-charcoalified samples were examined under a reflected light microscope
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and manually broken. Three sections (transverse, longitudinal-tangential, and longitudinal-radial) were selected and mounted on standard
stubs using adhesive tabs. Subsequently, the samples were coated with gold/palladium and later observed under an SU3500 SEM at the Nanj-
ing Institute of Geology and Palaeontology, Chinese Academy of Sciences.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical treatment of fossil charcoals from three Permian—Triassic sections were manually performed. From the Lengginggou Section, a
total of 92 rock samples (9 from the coal beds and 83 from the clasolite) were collected to conduct the acid maceration and charcoal fragments
were too many to count. In the Dalongkou Section, 89 rock samples were collected mainly from the Guodikeng Formation. As a result, more
than 584 pieces of mesoscopic to macroscopic charcoal were obtained. In the Tsaagan Tolgoy Section, totally 86 rock samples were sampled
for charcoal extraction and 940 scattered charcoal particles were acquired. The stratigraphical distribution of these charcoal occurrences and
the locations of charcoals with wood-decay structures or fungal remains are shown in Figure S2.
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