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Cross-kingdom comparative genomics 
reveal the metabolic potential of fungi for 
lignin turnover in deadwood
 

Teeratas Kijpornyongpan1, Eugene Kuatsjah1,4, Evan Komp1, James E. Evans2, 
Francisco Javier Ruiz-Dueñas    3 & Davinia Salvachúa    1 

Deadwood is a major carbon source in forests, and yet the fate of this 
carbon remains a gap in our understanding of global carbon cycling. Lignin, 
the most recalcitrant biopolymer in wood, is mainly decayed through 
extracellular enzymatic and chemical processes initiated by white-rot 
fungi. However, the intracellular conversion of lignin decay products has 
been overlooked in the fungal kingdom. Here we integrate comparative 
genomic and phylogenetic analyses to understand the distribution and 
evolution of enzymes responsible for modifying lignin-related aromatic 
compounds—such as decarboxylases, hydroxylases, dioxygenases and 
other downstream ring-cleavage enzymes—that funnel carbon to central 
metabolism across the bacterial and the fungal kingdoms. We demonstrate 
that specific fungal lineages conserve these enzyme families, and that the 
abilities to enzymatically depolymerize lignin and catabolize lignin-related 
aromatic compounds are not necessarily coupled. Our analyses also reveal 
an expanded substrate specificity of aromatic ring-cleavage enzymes during 
fungal evolution, as well as a clade of extracellular enzymes among them, 
broadening the spatial range of these biochemical capabilities. Together, 
our results highlight a large diversity of fungal enzymes and hosts that 
warrant further investigation for inclusion into carbon cycling models and 
biotechnological applications for the conversion of aromatic compounds.

Wood decay plays a critical role in global carbon cycling. Approxi-
mately 28% of the carbon in terrestrial ecosystems is attributed to plant 
biomass1,2, of which 8% (73 ± 6 Pg) resides in deadwood3,4. Lignin is 
the second most abundant plant biopolymer5 and is a major source 
of long-lasting carbon in deadwood. In forests, lignin decay is largely 
initiated by ligninolytic enzymes (for example, lignin-oxidizing peroxi-
dases and laccases) secreted by white-rot fungi (WRF)6,7. The emergence 
of this unique capability in WRF occurred ~295 million years ago and 
possibly contributed to the end of the Carboniferous period6. WRF 

peroxidases, the key lignin-degrading enzymes, continued to evolve 
since then, which has been correlated to increasing lignin complexity 
in plants8. In addition, the pool of enzymes secreted by wood decay 
fungi—including WRF and other non-lignin-degrading fungi7,9—has 
evolved over time to target specific plant species10–12. Together, these 
insights have advanced our understanding of the biological processes 
involved in wood turnover in forests.

The lignin polymer is heterogeneous and composed of dimeth-
oxylated (syringyl (S)-type), monomethoxylated (guaiacyl (G)-type), 
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pathways for S-type units is generally restricted to bacteria17; however, 
recent findings suggest that fungi may use extracellular polyphenol 
oxidases to demethoxylate S-type substrates22. Despite substantial 
pathway diversity, there are common enzyme reactions involved in 
processing monomeric aromatic compounds, including decarboxy-
lation, hydroxylation, aromatic O-demethylation and ring cleavage23 
(Fig. 1). Our understanding of the distribution and evolution of these 
aromatic catabolic pathways and enzymes remains limited, especially 
in the fungal kingdom. This knowledge gap highlights the need to assess 
the metabolic potential of fungi for both lignin breakdown and down-
stream turnover, which plays an important role in carbon sequestration 
as fungal biomass and CO2 release during wood decay in forests4,24,25.

Here, we integrate comparative genomics and phylogenetics to 
analyse the distribution, prevalence and evolution of crucial enzymes 
involved in the catabolism of H-, G- and S-type lignin-related aromatic 
compounds in the fungal and bacterial kingdoms. Although emphasis 
is placed on results from the Agaricomycetes class in fungi, which 

non-methoxylated (p-hydroxyphenyl (H)-type) phenylpropanoid 
units5, along with other recently discovered monomers13, and its decay 
can produce monomeric aromatic compounds14,15 (Fig. 1). While intra-
cellular conversion and use of aromatic compounds as carbon sources 
has been extensively documented for bacteria14,16, research on this 
capability is limited in fungi17. Indeed, the ability of WRF to catabo-
lize lignin-related aromatic compounds (that is, by Trametes versi-
color and Ceriporiopsis (Gelatoporia) subvermispora)18 and lignin (by  
Agaricus bisporus)19 as carbon sources was only recently described. 
The intracellular catabolic pathways involved in the conversion of 
aromatic compounds to central carbon metabolism are diverse (Fig. 1). 
The β-ketoadipate (βKA) pathway is a well-established catabolic route 
for H- and G-type aromatic compounds20, whereas the hydroxyquinol 
pathway (Fig. 1) has been only reported in few bacteria and in fungi21. 
We also note that the latter pathway was recently validated in one 
WRF through gene-function studies, specifically for the catabolism 
of H-type aromatic compounds21. Knowledge of intracellular catabolic 
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Fig. 1 | Simplified scheme of pathways and enzymes involved in the conversion 
of lignin-related aromatic compounds in fungi and/or bacteria towards 
central carbon metabolism. Catabolic pathways are shown for common 
lignin-related aromatic compounds: non-methoxylated p-coumaric acid and 
4-hydroxybenzoic acid (derived from H-type lignin), monomethoxylated 
ferulate and vanillate (derived from G-type lignin) and dimethoxylated 
syringic acid (derived from S-type lignin). Reference enzymes included in this 
study are indicated at each biochemical step and the enzymes lacking proxy 
IPR domains are marked with an asterisk. Reference enzymes involved in the 
conversion of phenylpropanoids74, salicylic acid75 and benzoic acid76, which 

are aromatic compounds derived from plants, were also included in this study 
(Supplementary Tables 6–9) but are not shown in this scheme to facilitate 
the visualization. IPR ID and IPR description for all the reference enzymes are 
included in Table 1. Additional details about these reference enzymes, including 
enzyme description, substrate specificity, associated microbial species, 
identified domains and the source publications, can be found in Supplementary 
Tables 6–10 and 12. Black boxes highlight the metabolites in the hydroxyquinol 
pathway, a recently proposed18 and validated pathway (down to βKA)21 for the 
catabolism of 4-hydroxybenzoic acid in WRF. Dashed lines indicate several 
reactions that are not considered in this study.
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comprises most wood-degrading fungi (including WRF), parallel 
analyses within kingdoms provide more comprehensive insights into 
enzyme origins. Overall, this work establishes a foundation for a deeper 
understanding of carbon flow from lignin degradation products in 
forests and the discovery of diverse biocatalysts, either microbial or 
enzymatic, in the emerging field of lignin valorization26.

Results
Genome sampling and enzyme selection for lignin catabolism
To study the distribution and evolution of enzymes that catabolize 
lignin-related aromatic compounds in the bacterial and fungal king-
doms, we used the workflow in Supplementary Fig. 1. We sampled 
255 bacterial and 317 fungal genomes (Supplementary Tables 1–4), 
across different lineages and nutritional modes (phylogenetic trees 
in Supplementary Figs. 2 and 3 and Supplementary Data 1, which 
includes high-resolution figures from the main text and Supplemen-
tary Information). In the fungal kingdom, 73 genomes belong to the 
class Agaricomycetes. This class encompasses most wood decay 
fungi, including WRF (cellulose, hemicellulose and lignin degraders), 
brown-rot fungi (cellulose and hemicellulose degraders) and grey-rot 
fungi (uncertain classification between WRF and brown-rot fungi)9 
(Supplementary Table 5). Soft-rot fungi can decay wood polysac-
charides7 and are included in various groups, including the Pezizo-
mycotina subphylum. Then, we selected ‘reference enzymes’ known 
experimentally to modify lignin-related aromatic compounds (Sup-
plementary Tables 6–10). Overall, 32 decarboxylases (28 non-oxidative 
and 4 oxidative), 25 hydroxylases, 6 O-demethylases and 46 aromatic 
ring-cleavage dioxygenases (17 intradiol and 29 extradiol) were selected 
(Fig. 1 and Table 1). Given the limited information on the hydroxyquinol 
pathway and its existence in WRF18,21 (Fig. 1 and Table 1), we chose 16 
enzymes downstream hydroxyquinol ring cleavage towards central 
metabolism (hereafter called ‘downstream ring-cleavage enzymes’), 
including maleylacetate reductases, βKA succinyl-CoA transferases 
and β-ketoadipyl CoA thiolases (Fig. 1 and Table 1). To explore associa-
tions between lignin decay (depolymerization) and the catabolism of 
lignin-related compounds, we also selected 17 lignin-oxidizing enzymes 
(Supplementary Table 11), including peroxidases and laccases7.

The protein sequences of all the ‘reference enzymes’ were then 
examined for domain composition through InterProScan27 (known 
as IPR (InterPro) domains) (Supplementary Tables 6–11). The IPR 
domains were mapped to show gene abundance in bacteria, fungi 
and Agaricomycetes (Supplementary Figs. 4–6 for dioxygenases, Sup-
plementary Figs. 7–9 for decarboxylases, Supplementary Figs. 10–12 
for hydroxylases, Supplementary Figs. 13–15 for O-demethylases and 
Supplementary Figs. 16–18 for downstream ring-cleavage enzymes). 
Some of these IPR domains lack description related to enzyme activi-
ties on lignin-related aromatic compounds and were highly conserved 
with high gene copy numbers in fungi and bacteria (that is, IPR domains 
corresponding to oxidative decarboxylases and O-demethylases; 
Supplementary Tables 7, 9 and 12 and Supplementary Figs. 7–9 and 
13–15). This suggested the lack of specificity of these IPR domains in 
the catabolism of lignin-related compounds. Thus, we further down 
selected IPR domains (hereafter proxy IPR domains) that represent spe-
cific catabolic activities (Table 1 and Methods) to continue the analyses.

Proxy IPR domains are conserved in the fungal kingdom
Proxy IPR domains were used to assess the distribution (prevalence 
and abundance) of putative enzymes involved in the conversion of 
lignin-related aromatic compounds across the fungal and bacterial 
kingdoms (Table 1, Fig. 2 and Supplementary Table 12). Certain domains 
are conserved in over 50% of fungal genomes (Fig. 2a) and Agaricomy-
cetes (Supplementary Fig. 19), but not in bacteria (Fig. 2b), including 
putative hydroxylases (with IPR012941), dioxygenases (with IPR000627, 
IPR007535 and IPR004183) and downstream ring-cleavage enzymes 
(with IPR012791). In bacteria, only UbiD–UbiX-type non-oxidative 

decarboxylases (with IPR002830 and IPR004507) were conserved 
in over 50% of the genomes. Conversely, some proxy IPR domains are 
prevalent in few bacterial lineages (Alphaproteobacteria, Betapro-
teobacteria, Gammaproteobacteria and Actinobacteria) and absent 
in fungi such as certain intradiol and extradiol dioxygenases (with 
IPR024756 and IPR011986), hydroxylases (with IPR000391 and 
IPR012733) and the last enzyme in the hydroxyquinol pathway (with 
IPR012793, a β-ketoadipyl CoA thiolase) (Fig. 1 and Table 1). Notably, 
the absence of certain domains in the sampled fungal genomes does 
not necessarily indicate the lack of the corresponding enzyme activity. 
For instance, protocatechuate 3,4-dioxygenase has been character-
ized in some Ascomycetes (for example, Aspergillus niger)28 despite 
lacking the domain IPR024756 (Table 1)—instead, these fungal dioxy-
genases contain IPR domains not specific to protocatechuate, such as 
IPR000627 and IPR007535 (Table 1). Another example is β-ketoadipyl 
CoA thiolases from fungi, of which IPRs are too general to serve as 
proxy domains (Table 1). Considering this potential limitation, and to 
correlate IPR domains with substrate specificity, we further integrate 
genomic with phylogenetic analyses (including selected enzymes with 
validated activities from fungi and/or bacteria). In general, this dataset 
suggests that while bacteria appear to exhibit a broader variety of proxy 
IPR domains related to lignin-related aromatic compound catabolism 
compared to fungi, the fungal kingdom shows higher conservation of 
these domains (when present) than do bacteria.

Proxy IPR domain distribution associates with fungal lineage
We then investigated whether the distribution of proxy IPR domains is 
correlated with microbial lineages and aimed to identify genomes with 
high domain abundance (Fig. 2a,b). While gene abundance does not 
directly correlate with the capacity to catabolize lignin-related aromatic 
compounds, it provides a means to discover enzymes and microbes for 
their conversion. In bacteria, we observed that proxy IPR domains are 
predominantly found in Alphaproteobacteria, Betaproteobacteria, 
Gammaproteobacteria and Actinobacteria (Fig. 2b and Supplemen-
tary Table 13) and that the genomes with the highest abundance of 
intradiol dioxygenases (10 genes), extradiol dioxygenases (11 genes), 
non-oxidative decarboxylases (12 genes) and hydroxylases (38 genes) 
corresponded to Rhodococcus spp. (Actinobacteria), Sphingobium 
sp. SYK-6 (Alphaproteobacteria), Aromatoleum aromaticum EbN1 
(Betaproteobacteria) and Sphingobium wittichii RW1 (Alphaproteo-
bacteria), respectively (Supplementary Table 14). Multivariate analyses 
revealed that the association between bacterial lineages and domain 
distribution is weak (Supplementary Fig. 20), indicating that proxy IPR 
domains are not primarily affected by bacterial lineages. However, the 
phylogenetic tree revealed that the domains were often conserved at 
the genus level (Fig. 2b and Supplementary Data 2).

In the fungal kingdom, proxy IPR domains are conserved in most 
filamentous fungi (Pezizomycotina and Agaricomycotina) but less 
so in yeast-like lineages (Saccharomycotina, Taphrinomycotina and 
Ustilaginomycotina) and early-diverging fungi (Fig. 2a and Supplemen-
tary Table 15). Some of these enzymes (for example, dioxygenases and 
hydroxylases) require oxygen, which partly explains their absence in 
clades that include anaerobic fungi (early-diverging fungi)29. Ascomy-
cota generally exhibit a higher abundance of enzymes with proxy IPR 
domains than do Basidiomycota. In addition, the proxy IPR domains for 
non-oxidative decarboxylases IPR002830 and IPR004507 (UbiD–UbiX 
type) are mostly found in Ascomycota (Fig. 2a and Supplementary 
Table 15). Genomes with the highest abundance of intradiol dioxy-
genases (14 genes), extradiol dioxygenases (14 genes), non-oxidative 
decarboxylases (9 genes) and hydroxylases (18 genes), were Armillaria 
spp. (Agaricomycotina), Cadophora sp. DSE1049 (Pezizomycotina), 
Fusarium verticillioides (Pezizomycotina) and Nectria haematococca 
(Pezizomycotina), respectively. Conversely to bacteria, multivariate 
analyses revealed strong association between lineages and the distribu-
tion of the proxy IPR domains (Supplementary Fig. 20), indicating that 
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the aromatic catabolic enzyme suite is coupled with lineage divergence. 
The phylogenetic tree also confirms a tight linkage of phylogenetic 
relatedness with the profiles of proxy IPR domains throughout the 
fungal kingdom (Fig. 2a). We also examined whether the distribution 
of proxy IPR domains is correlated with nutritional modes in bacteria, 
fungi and Agaricomycotina (Supplementary Fig. 20, Supplementary 
Tables 17–19, Supplementary Text 1 and Supplementary Data 2). Mul-
tivariate analyses indicated a weak association between IPR domain 
distribution and nutritional modes. These results show that while there 
are notable differences in gene count among nutritional modes, the 
enzyme types remain independent of nutritional modes.

Correlation between lignin depolymerization and catabolism
WRF are the primary microbes responsible for lignin depolymeriza-
tion in forests; however, bacteria also exhibit a limited capacity to 
degrade lignified plant cell walls30. Thus, we examined the distribu-
tion of lignin-oxidizing enzymes (lignin peroxidases (LiP), manganese 
peroxidases (MnP), versatile peroxidases (VP), dye-decolourizing per-
oxidases (DyP) and laccases) to determine whether enzymes involved 
in lignin depolymerization and catabolism of lignin-related aromatic 
compounds co-occur (Supplementary Table 11, Supplementary 
Figs. 21–23 and Methods). In bacteria, only laccases and DyPs were 
identified—the latter being the most abundant and prevalent in 

Table 1 | Proxy IPR domains of enzymes related to the catabolism of lignin-related aromatic compounds

IPR ID IPR description Type of enzyme Reference enzymea Number of genomes with 
IPR domain (average gene 

number with that IPR domain)

Bacteria Fungi

IPR000391 Ring-hydroxylating dioxygenase beta 
subunit

Hydroxylase B: HcaA2 (=HcaF) 43 (2.91) 0

IPR000627 Intradiol dioxygenase, C-terminal Intradiol dioxygenase B: CatA, ChqB, PnpC, PcaGH, TsdC, 
SACTE_2871
F: AN4532, AN8566, Hdq1, Hdq2, 
Tv28066, Cs116134, Ro01857, NRRL3-
04787, NRRL3-01405, NRRL3-02644, 
NRRL3-05330

77 (2.74) 229 (4.05)

IPR001663 Aromatic ring-hydroxylating 
dioxygenase, alpha subunit

Hydroxylase B: HcaA1 (=HcaE) 79 (3.29) 105 (2.02)

IPR002830 UbiD domain Non-oxidative 
decarboxylase

B: AroY, BsdC, EcdC, KpdC, LpdC, 
VdcC, YclC
F: Fdc1

138 (1.22) 54 (1.70)

IPR002938b FAD-binding 3 Oxidative decarboxylase/
hydroxylase

B: MobA, PobA, PraI, ro01860
F: Mnx1, Mnx3, PhhY, VhyA, Tv58730c, 
Cs82057c, Cs120062c

199 (4.96) 304 (28.26)

IPR004183 Extradiol dioxygenase subunit B Extradiol dioxygenase B: LigB, PmdB, GalA DesB, PraA, DesZ, 
HpcD

109 (1.71) 267 (1.73)

IPR004507 Flavin prenyltransferase UbiX-like family Non-oxidative 
decarboxylase

B: BsdB, EcdB, KpdB, LpdB, VdcB, YclB 139 (1.12) 52 (1.50)

IPR005708 Homogentisate-1,2-dioxygenase Extradiol dioxygenase F: MhdA, PcHGD1, PcHGD2 62 (1.06) 221 (1.96)

IPR007535 Catechol dioxygenase, N-terminal Intradiol dioxygenase B: CatA, ChqB, PnpC, TsdC
F: AN4532, AN8566, Hdq1, Hdq2, 
Tv28066, Cs116134

33 (2.21) 219 (2.55)

IPR008729 Phenolic acid decarboxylase Non-oxidative 
decarboxylase

B: PadC
F: Pad

13 (1.00) 69 (1.09)

IPR011986 Extradiol ring-cleavage dioxygenase 
LigAB, LigA subunit

Extradiol dioxygenase B: LigA, PmdA, GalA DesB 22 (1.45) 0

IPR012733 4-Hydroxybenzoate 3-monooxygenase Hydroxylase B: PraI, PobA 36 (1.03) 0

IPR012791 3-Oxoacid CoA transferase subunit B Downstream ring-cleavage 
enzyme

B: CatJ, PcaJ
F: Osc1, NRRL3_01886, AN10495

107 (1.50) 245 (1.68)

IPR012792 3-Oxoacid CoA transferase subunit A Downstream ring-cleavage 
enzyme

B: PcaI, CatI 105 (1.56) 199 (1.46)

IPR012793 β-Ketoadipyl CoA thiolase family Downstream ring-cleavage 
enzyme

B: PcaF,
Fd

53 (1.38) 0

IPR012941 Phenol hydroxylase domain Hydroxylase F: Mnx3, PhhY, Tv58730c, Cs82057c 5 (1.20) 232 (3.96)

IPR024756 Protocatechuate 3,4-dioxygenase beta 
subunit, N-terminal

Intradiol dioxygenase B: PcaH 42 (1.07) 0

IPR034786 Maleylacetate reductase family Downstream ring-cleavage 
enzyme

B: HapF, MacA 19 (1.79) 111 (1.22)

This table includes IPR IDs, IPR descriptions and the source of reference enzymes (fungal (F) or bacterial (B)) organized by IPR ID number. The biochemical activities of these reference enzymes 
are illustrated in Fig. 1. Additional details about these enzymes, including enzyme description, substrate specificity, associated microbial species, identified domains and the source publication 
can be found in Supplementary Tables 6–10. This table also indicates the number of bacterial and fungal genomes (out of 255 and 317 genomes, respectively) that contain at least 1 gene 
with each IPR domain and, in parentheses, the average number of genes in these genomes that contain that IPR domain. aB, bacteria; F, fungi. bThis IPR domain was not classified as ‘proxy 
IPR domain’ based on the IPR down selection pipeline (Methods). However, this domain belongs to three enzymes involved in the catabolism of lignin-related compounds recently validated 
oxidative decarboxylases and hydroxylases21, which are also shown in Fig. 1. cEnzymes from WRF validated via biochemical analyses21. dFungal enzymes with β-ketoadipyl CoA thiolase activity 
have been previously characterized. However, their IPR descriptions are very general and do not correspond to IPR012793. As a result, they are not included in Table 1 but are presented in Fig. 1 
and Supplementary Table 10.
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Gammaproteobacteria and Actinobacteria—although their capacity 
is known to be limited compared to fungal ones31. In fungi, domains 
for the selected lignin-oxidizing enzymes were primarily found in Pezi-
zomycotina (filamentous Ascomycota)—mainly laccases and DyPs 
(other hemoperoxidases identified (IPR001621) are non-ligninolytic 
generic peroxidases as revealed by the absence of catalytic sites fea-
tured in LiPs, MnPs and VP, after manual revision of their amino acid 
sequences)—and Agaricomycotina (filamentous Basidiomycota)—
including all types of lignin-oxidizing enzymes (Supplementary Figs. 21 
and 22). Among Agaricomycetes, these domains are mostly found 
in WRF (Supplementary Fig. 23). Correlation analyses between the 
abundance of proxy IPR domains and lignin-oxidizing enzymes in 
bacteria and fungi (Supplementary Figs. 24 and 25) showed strong 
correlations (Spearman r > 0.7) among dioxygenases, precleavage 
enzymes (hydroxylases and decarboxylases) and enzymes downstream 
ring cleavage in fungi. These sets of enzymes were also positively cor-
related, albeit more weakly (r < 0.7), with the genomic occurrence of 
lignin-oxidizing enzymes. However, weak or non-existent correlations 
were found among enzyme types within Agaricomycetes that rep-
resent different wood-decaying strategies (Supplementary Fig. 26). 
Positive but moderate correlations (r < 0.7) were observed among all 
sets of enzymes in the bacterial dataset. These findings suggest that 

the microbial ability for lignin depolymerization and the catabolism 
of lignin-related aromatic compounds are either uncoupled or only 
weakly coupled in wood-degrading fungi.

Specificity of intradiol dioxygenases is shaped by multiple 
evolutionary processes
We initiated gene tree phylogenetic reconstruction, among putative 
enzymes involved in the catabolism of aromatic compounds, with 
aromatic ring-cleavage enzymes (Fig. 3a,b, Supplementary Text 2 
and Supplementary Table 21). While it is known that intradiol and 
extradiol dioxygenases have different origins32, the evolutionary 
processes within each group and between kingdoms are less under-
stood. Intradiol dioxygenases are involved in the cleavage of aromatic 
catabolic intermediates (for example, catechol, protocatechuate and 
hydroxyquinol; Fig. 1 and Table 1) derived from the conversion of G- and 
H-lignin units. We identified three major clades, all containing the proxy 
domain IPR000627 (Fig. 3a). The first clade (Fig. 3a, purple outer arc) 
includes enzymes that only contain the proxy domain IPR000627. This 
clade featured a single reference enzyme, the intradiol dioxygenase 
SACTE_2871 from the bacterium Streptomyces sp. SirexAA-E, known 
to have activity on catechol33 (Figs. 1 and 3a). Most enzymes in this 
clade contain a signal peptide (97% for bacterial enzymes and 65% for 
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Fig. 2 | Distribution of proxy IPR domains of putative enzymes associated  
with the conversion of lignin-related compounds in fungi and bacteria.  
a,b, The distributions of proxy IPR domains for fungi (a) and bacteria (b) are 
shown. The colours in the heatmap cells indicate log2 abundance of annotated 
proteins that contain the proxy IPR domain. Rows represent each independent 
fungal or bacterial genome and the colour keys indicate the nutritional mode. 

Columns include each proxy IPR domain and colour keys indicate the type of 
activity. Bacterial and fungal lineages are shown on the left of the heatmaps in a 
and b; phylogenetic maps for bacteria or fungi are shown on the right. The list of 
genomes as well as their abbreviations can be found in Supplementary  
Tables 1 and 2. A figure with higher resolution and labels for the bacterial and 
fungal genomes can be found in Supplementary Data 1.
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fungal enzymes). Specifically, 422 proteins (372 from fungi and 50 
from bacteria) contain a signal peptide while 13 of them (3 from fungi 
and 10 from bacteria) have one transmembrane helix with the catalytic 
site on the extracellular leaflet (Supplementary Data 2), suggesting 
an extracellular function. In addition, these extracellular intradiol 
dioxygenases (EIDs) were detected in the extracellular proteomes of 
Pleurotus eryngii ( Joint Genome Institute ( JGI) ID 20454)34 and Pleurotus 
ostreatus ( JGI ID 1102184)35. EIDs are rarely found in bacteria (27 out of 
255 genomes; Supplementary Fig. 27) but are common in fungi (169 out 
of 317 genomes; Supplementary Fig. 28) including WRF (Fig. 4) and their 
function is unknown. There is also a small distinct clade of fungal intra-
diol dioxygenases that contain only IPR000627 but lack signal peptides 
(a magenta outer arc in Fig. 3a; Supplementary Fig. 29). In fungi, these 
dioxygenases have an eggNOG assignment for bacterial orthogroups 
(0626B@bactNOG), which suggests that these are enzymes derived 
from bacteria through horizontal gene transfer.

The second clade of intradiol dioxygenases (Fig. 3a, yellow outer 
arc) includes exclusively bacterial protocatechuate 3,4-dioxygenases. 
Branching patterns indicate the distinction of alpha and beta subunits, 
corresponding to PcaG and PcaH in Pseudomonas putida (Supple-
mentary Fig. 27). The beta subunit always contains the proxy domain 
IPR024756, while the alpha subunit may contain the domain IPR012786 
(Supplementary Table 6 and Supplementary Fig. 27). Topologies of 
both subclades show a pairing relationship between subunits (Fig. 3a 
and Supplementary Fig. 27). Lastly, the third clade (Fig. 3a, black outer 
arc) contains catechol-like dioxygenases and harbours the proxy 
domains IPR000627 and IPR007535. Bacterial enzymes are placed as 
basal to fungal enzymes in the tree (Fig. 3a) and are divided into two 
subclades on the basis of substrate preference (for catechol and chloro-
catechol (pink shading) and for hydroxyquinol (green shading)). Fungal 
enzymes are distributed in three subclades (Fig. 3a and Supplemen-
tary Fig. 29). The first subclade includes hydroxyquinol dioxygenases 

(Fig. 3a, green shading), which is conserved in Ascomycota and Basidi-
omycota. On the basis of the distribution of reference enzymes in this 
subclade, hydroxyquinol seem to be a common catabolic aromatic 
intermediate in fungi, and mainly in wood decay fungi (Fig. 4). The 
second and third subclades contain 3,4-protocatechuate dioxyge-
nases and catechol 1,2-dioxygenases (Fig. 3a, yellow and blue shadings, 
respectively). Interestingly, 3,4-protocatechuate dioxygenases are only 
found in Ascomycota, suggesting that ring cleavage of protocatechuate 
and downstream conversion to βKA is absent in Basidiomycota unless 
protocatechuate conversion proceeds via oxidative decarboxylation 
towards the hydroxyquinol pathway (Fig. 1). Based on these results 
and tree topology, we propose that fungal and bacterial 1,2-catechol 
dioxygenases have independent origins, and that fungal protocat-
echuate 3,4-dioxygenases later emerged from Ascomycota-specific 
catechol dioxygenases (Fig. 3a). This indicates that fungal and bacterial 
protocatechuate dioxygenases had different origins which is reflected 
by the number of enzyme subunits (two heterosubunits in bacteria and 
only one in fungi). Differently, hydroxyquinol dioxygenases share the 
same origin in bacteria and fungi. Some of these evolutionary processes 
were suggested in a study that included intradiol dioxygenases from 
the fungi A. niger and their enzyme homologues36. The current analysis 
demonstrates these evolutionary processes at the bacterial and fungal 
kingdom levels.

Fungal EIDs resemble bacterial hydroxyquinol-cleaving EID
Phylogenetic reconstruction of intradiol dioxygenases exposed a large 
clade of putative EIDs with undescribed functions in wood decay fungi. 
Therefore, we conducted experimental and computational analyses 
to compare the reference bacterial enzyme SACTE_2871 (Fig. 3) with 
one from the WRF P. ostreatus (0PIXU_PleosPC15_1) from that clade 
(Fig. 5, Supplementary Fig. 28 and Supplementary Data 2). We also 
included another intracellular intradiol dioxygenase (CatA1, which 
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Fig. 3 | Gene tree phylogeny and evolutionary relationships of putative and 
characterized intradiol dioxygenases and LigB-type extradiol dioxygenases 
in bacteria and fungi. a, Gene COGs for bacteria (@bactNOG) and fungi 
(@fuNOG) that contain the IPR domain IPR000627 (intradiol dioxygenase 
C-terminal) and reference enzymes for intradiol dioxygenases from bacteria 
and fungi (Supplementary Table 6) are included in the analysis. b, Gene COGs 
for bacteria (@bactNOG) and fungi (@fuNOG) that contain the IPR domain 
IPR004183 (extradiol dioxygenase subunit B) and reference enzymes for LigB-
type extradiol dioxygenases in bacteria (Supplementary Table 6) are included 
in the analysis. Circles on nodes indicate bootstrap support values. Inner arcs 

indicate origins of tip sequences (bacterial or fungal). Outer arcs highlight 
enzyme clades with predicted activities/substrate specificities based on the 
presence of reference enzymes in the clades. The figure with higher resolution 
and labels for the bacterial/fungal sequences can be found in Supplementary 
Data 1. Sequence names are the combination of orthogroup ID (Supplementary 
Table 20), paralogue number (if applicable) and species abbreviation 
(Supplementary Tables 1 and 3). Full species names not mentioned in the main 
text: Aspergillus nidulans, Candida albicans, Nocardioides simplex, Pseudomonas 
pseudoalcaligenes, Rhodococcus opacus.
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cleaves catechol, from P. putida KT2440) to strengthen the analyses. 
The purification of 0PIXU was unsuccessful. Purified SACTE_2871 
was active on catechol, protocatechuate and caffeate (as previously 
reported)33. However, we also identified hydroxyquinol ring cleavage 
via oxygen consumption assays (Fig. 5a) and identification products via 
an enzymatic chain reaction (βKA from hydroxyquinol) (Fig. 5b). This 
reaction was positive at pH 7 for both SACTE_2871 and CatA1—relevant 

pH for intracellular enzymes—and at pH 5 for SACTE_2871—relevant pH 
for extracellular enzymes in wood decay environments.

Further structural analyses comparing the docked structures of 
CatA1, SACTE_2871 and 0PIXU were performed to better rationalize the 
substrate specificity of 0PIXU. 0PIXU structurally matches SACTE_2871 
(PDB 4ILT, root mean square deviation of 1.453 Å; Fig. 5c) with an abso-
lute conservation of the intradiol-type ferric ion core which is cradled 
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Fig. 4 | Summarized IPR domain conservation of putative enzymes associated 
to the catabolism of lignin-related aromatic compounds in species of 
bacteria, fungi and Agaricomycetes fungi. Agaricomycetes include wood decay 
fungi (WRF, brown-rot fungi and uncertain (that is, wood decay fungi without 
a consensus in the nutritional mode; Supplementary Table 5). Colours in cells 
indicate the level of enzyme conservation based on (1) the presence of proxy 
IPR domains (Fig. 2), (2) gene orthology (identical @bactNOG and @fuNOG) 
with the reference enzymes from literature (Supplementary Tables 6–10) and 
(3) phylogenetic placement from gene tree analyses (Fig. 4 and Supplementary 
Figs. 27–46). Value n indicates the number of genomes included in the analyses 
for each lineage/nutritional mode. Superscripts are as follows: aProtocatechuate 
3,4-dioxygenases have different origins between bacteria and fungi. Bacterial 

enzymes have two different subunits (alpha subunit with IPR000627 and beta 
subunit with IPR000627 + IPR024756), while fungal enzymes have one subunit 
(IPR000627 + IPR007535). bInference is only based on gene homology with 
reference enzymes, not the presence of the proxy IPR domains. cThere are two 
groups of BenA-type enzymes that harbour IPR001663 in bacteria. The first 
group pairs with BenB-type enzymes that harbour IPR000391. The second 
group does not have a pairing with BenB-type enzymes. There is no BenB-type 
enzyme in fungi. dIn bacteria, the prevalence is determined by the presence of 
a domain for the β-ketoadipyl CoA thiolase family (IPR012793). In fungi, the 
prevalence is determined by the presence of orthologues (0PHTR@fuNOG) for 
the β-ketoadipyl CoA thiolase Oct1, characterized in C. parapsilosis.
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by two-His and two-Tyr metal-binding ligands (Fig. 5d). Evaluation 
of these models suggests smaller substrates such as catechol and 
hydroxyquinol can readily be bound productively in the active sites 
of CatA1, SACTE_2871 and 0PIXU (Fig. 5e–g). In contrast, the result of 
the docking exercise was not as conclusive for larger substrates such 
as protocatechuate or caffeate (Fig. 5g). Taken together, 0PIXU can 
be expected to function similarly to SACTE_2871 specifically towards 

smaller catecholic substrates considering that both are secreted pro-
teins with similar overall architecture and active site.

To get further insights into the origin and evolution of EIDs in 
wood-degrading fungi, we conducted a computational analysis of 
gene family evolution (CAFE) in 52 species of Agaricomycetes. Out 
of 87 enzyme families examined (that is, including EIDs, extracellular 
enzymes for plant cell wall degradation and enzymes for amino acid 
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Fig. 5 | Experimental and computational analyses of intracellular and 
EIDs. a, Specific activity measurements of SACTE_2871 from Streptomyces 
sp. SirexAA-E (magenta) and CatA1 from P. putida KT2440 (blue) on catechol, 
protocatechuate, caffeate and hydroxyquinol following oxygen consumption in 
0.1 M potassium phosphate at pH 7 (darker shade) and pH 5 (lighter shade). Bar 
graphs represent the average of three biological replicates and the error bars 
show standard deviation from these replicates. Dot plots display the individual 
datapoints. b, Conversion of hydroxyquinol (HXQ) to βKA at pH 5 and 7 via a 
chain enzymatic reaction with the dioxygenase SACTE_2871 or CatA1 and a 
subsequent reductase TsdD (TsdD reported previously21). TsdC is a functional 
dioxygenase on HXQ and used as a positive control. BSA is bovine serum albumin 
and used as negative control. Bar graphs represent the average of three biological 
replicates and the error bars show standard deviation from these replicates. Dot 

plots display the individual datapoints. c,d, Overall enzyme structure shown 
as ribbon representation (c) and metal-binding coordination shown as licorice 
representation (d) of an AlphaFold model of 0PIXU from P. ostreatus (blue) and 
SACTE_2871 (Protein Data Bank (PDB) 4ILV, magenta). e,f, NeuralPLexer-based 
docking of HXQ (yellow) with 0PIXU (blue) (e) and SACTE_2871 (magenta) (f).  
g, Comparison of best-docked substrate-bound complexes. The docked complexes 
were generated de novo using NeuralPLexer using the primary sequences of 
CatA1 (white), SACTE_2871 (magenta) and 0PIXU (blue) in combination with the 
simplified molecular input line entry system (SMILES) codes of catechol (purple), 
protocatechuate (cyan), caffeate (green) and HXQ (yellow). The crystal structures 
of catechol in complex with CatA1 from Acinetobacter sp. ADP1 (PDB 1DLT, grey) 
and apo-structure of SACTE_2871 (PDB 4ILT, magenta) are shown for comparisons. 
Source data for a and b are shown in Supplementary Data 3.
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metabolism), only 10 exhibited a significantly high evolutionary rate, 
including EIDs (Supplementary Fig. 30). No correlations were found 
between Agaricomycete lifestyles and EIDs. The common ancestor of 
the 52 analysed species had 2 EIDs and the subsequent evolutionary 
paths varied among fungal groups. Generally, EIDs were lost during 
the evolution of Polyporales and in the ancestor of Boletales. However, 
Agaricales (which include 0PIXU from P. ostreatus) showed greater 
diversity, with a remarkable increased EID number throughout the 
evolution of the Physalacriaceae family (Supplementary Fig. 30). It is 
noteworthy that many Agaricales species containing EIDs lack intracel-
lular intradiol dioxygenases (Supplementary Fig. 30). Interestingly, it 
appears that the lack of EIDs in Agaricomycetes is compensated by the 
presence of intracellular intradiol dioxygenases.

Extradiol dioxygenases are insufficiently characterized in 
fungi
We continued with gene tree phylogeny reconstruction for extra-
diol dioxygenases. Extradiol ring cleavage is well documented in 
bacteria but limited in fungi. To our knowledge, the only recently 
characterized extradiol dioxygenases in fungi associated with the 
catabolism of lignin-related compounds catalyse the cleavage of 
2-methoxyhydroquinone37,38 by MhdA in A. niger and the cleavage of 
2-methoxyhydroquinone and dimethoxyhydroquinone by PcHGD1 
and PcHGD2 in Phanerochaete chrysosporium38. This reaction enables 
ring cleavage without prior demethylation in downstream catabolic 
pathways of G- and S-type lignin-related compounds (Fig. 1). These 
fungal enzymes contain the domain IPR005708 (homogentisate-1, 
2-dioxygenase), which is highly conserved in Pezizomycotina and 
Agaricomycotina—including in WRF—while being less conserved 
in bacteria (Table 1 and Figs. 2 and 4). Gene tree phylogeny of 
IPR005708-containing enzymes reveals that these enzymes are dupli-
cated in several species of both Pezizomycotina and Agaricomycotina, 
but their duplication patterns are distinct (Supplementary Fig. 31). 
Multicopy homogentisate-type dioxygenases in Agaricomycotina spe-
cies result from recent duplication (as seen in P. chrysosporium). How-
ever, multicopy enzymes in many Pezizomycotina species are found 
in multiple clades (as seen in A. niger), suggesting ancient duplication 
and functional divergence (Supplementary Fig. 31). In bacterial path-
ways, extradiol dioxygenases are critical for the catabolism of aromatic 
compounds derived from S-type lignin units (Fig. 1 and Table 1) and 
there are three major types: LigB domain-containing, vicinal oxygen 
chelate (VOC) and cupin-fold39. Apart from the well-known bacterial 
clades (Fig. 3b, Supplementary Text 3, and Supplementary Figs. 32 and 
33), we only identified a clade of LigB-type extradiol dioxygenases in 
fungi (annotated as DOPA-type extradiol dioxygenases; Fig. 3b, black 
outer arc), which may represent the ancestral state before the diver-
gence of LigB-type enzymes (Figs. 3b and 5 and Supplementary Fig. 33). 
DOPA-type dioxygenases are known to be involved in the biosynthesis 
of secondary metabolites40 and are conserved in WRF and other wood 
decay fungi (Fig. 4). Related to VOC and cupin-fold dioxygenases (Sup-
plementary Text 3 and Supplementary Table 20), large clades without 
reference enzymes were identified (Supplementary Figs. 34 and 35), 
representing an opportunity to explore meta-cleavage of lignin-related 
compounds.

Bacterial-type non-oxidative decarboxylation and 
demethylation is not conserved in wood decay fungi
Decarboxylation, hydroxylation and demethylation are critical reac-
tions that modify aromatic lignin-related compounds before ring 
cleavage23 (Fig. 1). Only a few non-oxidative decarboxylases can be 
found in fungi and their presence is not widespread compared to bac-
teria (Fig. 4, Supplementary Figs. 36–38, Supplementary Data 1 and 
Supplementary Text 4). An example of these enzymes is the ferulic 
acid decarboxylase Fdc1 from Saccharomyces cerevisiae, which is the 
only UbiD-containing decarboxylase characterized41 and converts the 

carboxylic acid group into vinyl derivates (Fig. 1). Oxidative decar-
boxylases have been recently biochemically characterized in WRF21 and 
these enzymes (as well as some hydroxylases) contain the FAD-binding 
domain 3 (IPR002938), which is not considered a proxy IPR domain 
(Table 1 and Supplementary Table 20). However, on the basis of domain 
composition and phylogenetic placements, we have identified closely 
related putative decarboxylases and hydroxylases that warrant inves-
tigation to continue elucidating fungal aromatic catabolic pathways 
(Supplementary Figs. 39–41 and Supplementary Text 5). Lastly, we did 
not detect orthologous enzymes of bacterial O-demethylases in fungi 
(Fig. 4, Supplementary Figs. 42–45 and Supplementary Text 6). This 
suggests that O-demethylation requires a different set of enzymes (for 
example, cytochrome P450s)42 or that methoxylated aromatic com-
pounds are catabolized through an alternative pathway (ring cleavage 
without demethylation), as described above37,38,37.

Gaps in the downstream pathway from hydroxyquinol 
cleavage in wood decay fungi
Downstream biochemical reactions from hydroxyquinol ring cleavage 
towards central carbon metabolism include enzymes such as maley-
lacetate reductases, 3-oxoacid CoA transferases and β-ketoadipyl CoA 
thiolases (Fig. 1 and Table 1). In general, these enzymes are interspersed 
across the bacterial and fungal trees (Supplementary Figs. 46–48). 
However, β-ketoadipyl CoA thiolases are currently not detected in 
early-diverging fungi and Agaricomycotina, suggesting that enzymes 
with still unknown domains/orthologues may conduct this catabolic 
step in WRF (Supplementary Text 7).

Discussion
Here, we integrate genomic and phylogenetic analyses to gain 
insight into the metabolic capacity of bacteria and fungi to catabo-
lize lignin-derived aromatic compounds, with a particular focus on 
wood decay fungi in the Agaricomycetes class. Evolution has favoured 
a limited number of enzymes (such as peroxidases and laccases) and 
organisms (such as WRF) for the efficient degradation of lignin. In 
contrast to lignin depolymerization capabilities, this study reveals that 
the capacity to modify and/or catabolize monomeric lignin-related 
aromatic compounds is widely distributed across both the fungal and 
bacterial kingdoms and involves a diverse enzyme array which contrib-
utes to deadwood carbon turnover and/or carbon sequestration as 
microbial biomass. Additionally, our results show that bacteria have a 
broader diversity of IPR domains associated with aromatic catabolism 
while fungi exhibit fewer but more highly conserved domains. Regard-
ing lignin composition, G-type lignin is typically more resistant than 
S-type lignin to decay43,44. Considering that WRF are known to mineral-
ize lignin to CO2 and H2O (ref. 45) and given that extradiol ring cleavage 
is probably necessary for the catabolism of S-type lignin monomers 
(Fig. 1), we hypothesize that WRF may have evolved various pathways 
for the catabolism of this particular lignin unit. For instance, fungal 
extradiol dioxygenases may directly cleave dimethoxylated aromatic 
compounds (that is, dimethoxyhydroquinone), as recently described38; 
however, the preceding and necessary oxidative decarboxylation of 
S-type units remains to be elucidated. In addition, this study highlights 
fungal enzyme families, such as DOPA-type and VOC-type extradiol 
dioxygenases (Fig. 4b), which warrant further investigation to under-
stand S-type lignin catabolism.

WRF, the main clade of lignin-degrading fungi, are the most recent 
common ancestor in the Agaricomycetes class6 and currently account 
for 94% of the 1,600–1,700 species of wood-rotting fungi in North Amer-
ica alone46. Brown-rot fungi, which are highly efficient at using plant 
polysaccharides, evolved from ancestral WRF and lost the capability to 
appreciably degrade lignin47. Even though the nutritional mode in the 
Agaricomycetes class was not correlated with the distribution of puta-
tive aromatic catabolic enzymes (Supplementary Fig. 20), brown-rot 
fungi showed, in general, a lower level of gene conservation for intradiol 
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dioxygenases, decarboxylases and downstream ring-cleavage enzymes 
compared to WRF (Fig. 4). In fact, brown-rot fungi lack certain domains 
relative to WRF corresponding to catechol dioxygenases, phenolic 
acid decarboxylases and ring-hydroxylating decarboxylases. These 
results suggest that brown-rot fungi may also have a reduced capacity 
to modify aromatic compounds compared to WRF. However, based 
on the presence of hydroxyquinol dioxygenases and downstream 
ring-cleavage enzymes (Fig. 4), we hypothesize that brown-rot fungi 
may use certain aromatic compounds as carbon sources, which has 
not yet been experimentally demonstrated.

Understanding the substrate specificity of intradiol and extra-
diol dioxygenases is crucial for identifying upstream and down-
stream ring-cleavage pathways towards central carbon metabolism48 
(Fig. 1). This study highlights the expanded substrate specificity of 
aromatic ring-cleavage enzymes during fungal evolution, suggesting 
an enhanced metabolic capacity for the intracellular catabolism of 
lignin-related compounds—and, therefore, the use of lignin as a carbon 
source—contributing to carbon sequestration in forests as fungal bio-
mass. The significance of hydroxyquinol as a key catabolic intermedi-
ate during lignin decay is also underscored. This is evidenced by the 
widespread distribution and high gene copy number of intracellular 
hydroxyquinol 1,2-dioxygenases in the fungal kingdom, particularly 
among wood decay fungi (Fig. 4). Notably, this pathway requires one 
fewer enzyme to reach βKA from hydroxyquinol compared to the 
canonical βKA pathway20,21 from protocatechuate and catechol. Fur-
thermore, this study reveals a diversity of EIDs in fungi (including some 
from WRF) that are probably involved in hydroxyquinol cleavage, which 
broadens the spatial location of ring-cleavage reactions and products 
in wood decay environments.

Moving forward, addressing limitations of this study (Supplemen-
tary Text 8 and Supplementary Table 21), developing high-throughput 
enzyme production methods (for example, cell-free expression) and 
screening fungal enzymes from the clades highlighted in this study 
on the lignin-related compounds shown in this study and additional 
lignin decay products will be key to advancing gene-function assign-
ment and improving fungal genome annotation. Evaluating these 
enzymes in the context of fungal secondary metabolites with aromatic 
structures is also recommended. Additionally, identifying enzymes 
and fungal hosts capable of funnelling a variety of lignin-related 
compounds into single value-added products is crucial for advanc-
ing the use of lignin-rich biorefinery streams and strengthening the 
bioeconomy26,49. Furthermore, linking fungi to the biochemical reac-
tions studied here and the forests they inhabit will be crucial to enhance 
our understanding in global carbon cycling and carbon sequestration  
in soils.

Methods
Selection of reference enzymes
We retrieved reference enzymes related to aromatic catabolic path-
ways and lignin degradation from literature and the selection crite-
ria included demonstration and validation of biochemical activities 
and closed homology to characterized enzymes. Reference enzymes 
included aromatic ring-modifying activities such as decarboxy-
lases (oxidative and non-oxidative), hydroxylases, O-demethylases 
and dioxygenases (intradiol and extradiol) as well as downstream 
ring-cleavage activities belonging to the hydroxyquinol pathway 
(maleylacetate reductases, β-ketoadipate (βKA) succinyl-CoA trans-
ferases and β-ketoadipyl CoA thiolases) (Fig. 1). Within the dioxygenase 
family, we identified another subtype of dioxygenases referred to as 
cupin-fold dioxygenases, which are also considered extradiol dioxy-
genases in some literature39 and we selected seven of these. Details for 
all these reference enzymes are shown in Supplementary Tables 6–10. 
Lignin-oxidizing enzymes were also included in the analyses, such as 
LiPs, MnPs, VPs, dye-colourizing peroxidases and laccases. Details for 
these enzymes are included in Supplementary Table 11.

Taxon sampling
We sampled 225 bacterial (Supplementary Tables 1 and 2) and 317 fungal 
genomes (Supplementary Tables 3 and 4). Protein models have been 
used as a representation for genomic data. Protein model sequences 
for most bacterial genomes were downloaded from the National Center 
for Biotechnology Information (NCBI) genome database. The database 
from the JGI, integrated microbial genomes and microbiomes, was 
used to retrieve protein models for additional bacterial genomes50 
and the JGI MycoCosm database to retrieve protein models for fungal 
genomes51.

For bacterial genomes, we followed the sampling array from a 
previous bacterial pan-genome study52 and we randomly selected 
one or two representative genomes from each bacterial genus. For 
lineage and nutritional assignment, we adopted the description from 
the genome homepage. The lineages were categorized by bacterial 
phyla (Supplementary Table 1). The nutritional modes were catego-
rized into five groups (Supplementary Table 2): aromatic saprotrophs 
(which use aromatic compounds as a carbon source), autotroph (which 
use inorganic carbon sources), animal-associated bacteria (mutual-
ist, commensal or parasite having an animal host), plant-associated 
bacteria (mutualist, commensal or parasite having a plant host) and 
environmental saprotroph (saprotrophs that are not known to use 
aromatic compounds).

For fungal genomes, we attempted to sample at least one genome 
from each fungal family wherever a reference genome was available 
(Supplementary Table 3). Lineage and nutritional assignments for each 
genome were assigned according to the description from the genome 
homepage. The coarse lineages were categorized into three groups: 
early-diverging fungi, Ascomycota and Basidiomycota. Fine-scale lin-
eages were subclassified from the three major lineages: Chytrids-like 
fungi and Zygos-like fungi for early-diverging fungi, Taphrinomycotina, 
Saccharomycotina and Pezizomycotina for Ascomycota and Aga-
ricomycotina, Pucciniomycotina and Ustilaginomycotina for Basidi-
omycota. The nutritional modes were categorized into three groups: 
animal-associated fungi (mutualist, commensal or parasite having an 
animal host), plant-associated fungi (mutualist, commensal or parasite 
having a plant host) and environmental saprotroph (Supplementary 
Table 4). Of 317 fungal genomes, 73 genomes belong to Agaricomy-
cetes, which is a lineage known to include wood-decaying fungi. We 
assigned nutritional modes to the fungi included in Agaricomycetes 
by using a consensus from several publications6,9,12,53–55. The nutritional 
modes were categorized into five groups: WRF, brown-rot fungi, uncer-
tain wood-degrading fungi (including ‘grey’ rot fungi or no consensus 
from literature), mycorrhizal fungi and saprotrophs (which do not 
include wood-degrading fungi) (Supplementary Table 5).

Genome-wide protein domain and gene orthology searches
Protein models of the analysed genomes and protein sequences of the 
reference enzymes were subjected to protein domain searches through 
InterProScan 5.44-79 (ref. 56). Only IPR identifiers were retained for 
subsequent analyses. Gene orthology was determined using eggNOG 
mapper 1.0.3 and eggNOG 4.5.1 (ref. 57). Only clusters of orthogroup 
(COGs) for bacteria and fungi, COG/bactNOG and fuNOG respectively, 
were used for further analyses.

Organismal phylogeny
For bacterial phylogeny, we used a bacterial core gene set for phylog-
enomics from a recent publication58. Prokaryotic COGs identifiers 
from the core gene set were used to retrieve single-copy orthologues 
from the 225 bacterial genomes. Ninety-two core genes were included 
in phylogenomic analyses. We used MAFFT 6.903 for protein sequence 
alignment of each gene59. The alignments were trimmed for informa-
tive sites with GBLOCKS 0.91 (ref. 60). The trimmed alignments of 
all the 92 core genes were subsequently concatenated, resulting in 
10,082 informative sites for phylogenetic reconstruction. RAxML 
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v.8.2.9 (ref. 61) was used for maximum-likelihood tree estimation with 
PROTGAMMAILG as a protein substitution model and 1,000-replicate 
bootstrapping (Supplementary Fig. 2).

Fungal genomes often present issues related to the annotation 
of intron–exon junctions which causes a substantial loss of informa-
tion for protein sequence alignments in numerous fungal species. We 
attempted to process the fungal data under the same pipeline as that 
used for the bacterial dataset, but less than 1,000 informative sites 
in a concatenated sequence were found, which is not adequate for 
reconstructing a tree of 317 genomes. Therefore, we used gene pres-
ence/absence patterns as input data for phylogenetic reconstruction. 
According to eggNOG annotation, 34,542 assigned fuNOG orthogroups 
were found among our sampled genomes. We transformed these data 
into a gene presence/absence (PA) matrix, with rows as a list of fungal 
genomes and columns as a list of orthogroups. Any genomes contain-
ing at least one gene copy of an orthgroup are assigned as presence 
(valued as 1), otherwise assigned as absence (valued as 0). Then, the 
PA matrix was used as binary data to reconstruct a species tree using 
RAxML 8.2.9 with BINCAT as a binary data model and 1,000-replicate 
bootstrapping (Supplementary Fig. 3).

Selection of proxy IPR domains
Unique IPR identifiers found in each type of enzymes were reported 
(Supplementary Tables 6–10) and used to construct heatmaps across 
bacterial and fungal genomes (Supplementary Figs. 4–18) to visualize 
the abundance of each IPR domain in each studied genome. We used 
a customized Perlscript to parse the data from genome-wide protein 
domain searches into the IPR distribution table (Supplementary Data 2).  
Tables include IPR identifiers, bacterial or fungal genomes and num-
ber of proteins with detected IPR identifiers in each genome. The IPR 
distribution for each type of enzyme is visualized as a heatmap with 
rearranged rows according to phylogenetic relatedness. The heatmap 
was generated through pheatmap v.1.0.12 (ref. 62) and phytools v.0.7.47 
(ref. 63), run under R 3.6.2 and RStudio 1.2.5033 platforms.

We then down selected IPR unique identifiers for each enzyme 
to generate Fig. 2, which we denominate proxy domains. Specifically, 
(1) we maintained IPR identifiers with descriptions related to the 
catabolism of aromatic compounds (as proxies for aromatic catabolic 
enzymes), (2) we selected IPR identifiers classified as ‘domain’ type 
when two or more IPR IDs had similar descriptions, (3) we excluded IPR 
identifiers when an IPR domain had low prevalence (<10%) in the overall 
list of bacterial and fungal genomes (in less than 22 bacterial genomes 
and 31 fungal genomes) (Supplementary Table 12). The selected proxy 
IPR domains for each type of enzyme are shown in Table 1. We note 
that, even though some of the IPR descriptions from our validated 
enzymes in WRF are not specific or related to aromatic compounds 
(IPR002938), these domains are included in Table 1 because these 
results are also discussed. Because the IPR domain of β-ketoadipyl CoA 
thiolase (key enzyme in downstream ring cleavage) was absent in fungi, 
we used homology-based evidence to identify putative β-ketoadipyl 
CoA thiolases in fungi (the cluster of orthogroup 0PHTR@fuNOG 
from eggNOG database) based on a previous study that identified a 
β-ketoadipyl CoA thiolase from Candida parapsilosis64.

For lignin-degrading enzymes, we selected proxy domains on the 
basis of the specific description of the enzyme of interest (Supplemen-
tary Table 11). The proxy IPR domains for each type of enzyme are as 
follows: IPR001621 (fungal ligninase) for LiP, MnP and VP; IPR006314 
(DyP-type peroxidase family) for DyP; and IPR011707 (multicopper 
oxidase-like, N-terminal) for laccases. Heatmaps showing the distribu-
tion of IPR domains for lignin-degrading enzymes across bacterial and 
fungal genomes can be found in Supplementary Figs. 21–23.

Associations with microbial lineages and nutritional modes
First, we examined the overall distribution of the proxy IPR domains 
among different lineages and nutritional modes of bacteria and fungi. 

The abundance data of each proxy domain were combined in a single 
heatmap with rearranged rows according to phylogenetic relatedness 
of bacteria and fungi, columns representing the proxy domains and 
colour keys indicating nutritional modes (Fig. 2). The presence/absence 
patterns of the proxy domains are summarized for bacterial and fungal 
lineages in Supplementary Tables 13 and 15.

The association between nutritional modes and/or lineages and 
the distribution of the selected enzymes was also evaluated. Only 
proxy IPR domains were selected for this study and genomes without 
any proxy IPR domain were discarded from the analyses. For each 
proxy IPR domain, we ran a negative binomial generalized linear model 
with the assigned formula ‘IPR count ~ nutritional mode’, meaning 
that an enzyme count with an IPR of interest is dependent on a nutri-
tional mode. The multcomp v.1.4-14 package65 was used for statistical 
analyses, as well as the Tukey’s post hoc comparison through the ‘glht’ 
function. The distribution of proxy domains was also visualized by 
non-metric multidimensional scaling (NMDS) plots and tested for asso-
ciation with lineages/nutritional modes by the Adonis test performed 
in vegan v.2.5.6 (ref. 66).

Finally, the correlation between proxy domains belonging to aro-
matic catabolic enzymes and ligninolytic enzymes was also tested. For 
this analysis, we categorized enzymes into four groups: ring-cleavage 
dioxygenases (intradiol and extradiol dioxygenases), pre-ring-cleavage 
enzymes (non-oxidative decarboxylases and hydroxylases), down-
stream ring-cleavage enzymes and ligninolytic enzymes. The abun-
dances of enzymes having proxy IPR domains were used for scatterplots 
(Supplementary Figs. 24–26). Spearman’s rank correlation was tested 
for each pair of enzyme groups.

Gene tree phylogeny and sequence analyses
We retrieved gene orthologues of the proxy IPR domains to recon-
struct the gene tree phylogeny (Supplementary Table 20 and Supple-
mentary Data 2): IPR000627, IPR007535 and IPR024756 for intradiol 
dioxygenase (Fig. 4a and Supplementary Figs. 27–29), IPR005708 for 
homogentisate-type extradiol dioxygenase (Supplementary Fig. 31), 
IPR004183 and IPR011986 for LigAB-type extradiol dioxygenase (Fig. 4b 
and Supplementary Figs. 32 and 33), IPR002830 and IPR004507 for 
UbiD–UbiX-type non-oxidative decarboxylase (Supplementary 
Fig. 36), IPR008729 for Pad-type phenolic acid non-oxidative decar-
boxylase (Supplementary Fig. 37), IPR012733 for 4-hydroxybenzoate 
3-monooxygenase (Supplementary Fig. 40), IPR012941 for phenol 
hydroxylase (Supplementary Fig. 41), IPR001663 and IPR000391 
for Rieske-type ring-hydroxylating dioxygenases (Supplementary 
Fig. 43), IPR034786 for maleylacetate reductase (Supplementary 
Fig. 46), IPR012791 and IPR012792 for 3-oxoacid CoA transferase 
(Supplementary Fig. 47), and IPR012793 for β-ketoadipyl CoA thi-
olase (Supplementary Fig. 48). As the domain for β-ketoadipyl CoA 
thiolase (IPR012793) was not detected in fungi, we used the protein 
orthologues (0PHTR@fuNOG) of the β-ketoadipyl CoA thiolase Oct1 in  
C. parapsilosis64 for gene tree phylogeny. We checked the annotation of 
each gene orthologue identifier assigned from eggNOG mapper. Any 
orthologue identifier that had different annotations from what it was 
described for an IPR domain were discarded for subsequent analyses 
(Supplementary Table 21).

Gene tree phylogeny was reconstructed separately for each type of 
enzyme. To achieve this, all orthologous protein sequences, together 
with the reference enzymes, were aligned using the MUSCLE algorithm 
performed in MEGA-X67. The alignments were then visually inspected 
for trimming. Any protein sequence with a length of less than 50% of the 
average length of all the reference enzymes were removed. Extra hinges 
at both N terminus and C terminus regions were also trimmed off. 
After that, the alignments were used for the maximum-likelihood tree 
reconstruction using RAxML 8.2.9 with PROTGAMMAILG as a protein 
substitution model and 500-replicate bootstrapping. We attempted to 
include both bacterial and fungal sequences in one analysis. However, 
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some cases, such as intradiol dioxygenases and LigB-type extradiol 
dioxygenases, presented over 1,000 sequences at the same time, which 
complicates sequence alignment and phylogenetic analyses. In these 
cases, we ran the analyses separately for fungal sequences. Then, we 
sampled representative sequences from each clade from the gene 
tree phylogeny (when using only fungal sequences), combined them 
with the bacterial sequences and the reference enzymes and re-ran 
the analyses. Gene trees were visualized in MEGA-X and graphical 
representation was created through Inkscape 0.92.

We also conducted phylogenetic analyses for aromatic cata-
bolic enzymes that do not have the proxy IPR domains but other 
IPR domains belonging to the reference enzymes (Supplementary 
Tables 6–9). Exemplars of these enzymes are VOC domain-containing 
extradiol dioxygenases (Supplementary Fig. 34), cupin-fold extra-
diol dioxygenases (Supplementary Fig. 35), aminohydrolase-type 
non-oxidative decarboxylases (Supplementary Fig. 38), FAD-binding 
domain 3-containing proteins for oxidative decarboxylases and 
hydroxylases (Supplementary Fig. 39), Rieske domain-containing 
O-demethylases (Supplementary Figs. 42 and 44) and aminomethyl-
transferase folate-binding domain-containing O-demethylases (Sup-
plementary Fig. 45). In these cases, we selected only gene COGs for 
bacteria (@bactNOG) and fungi (@fuNOG) that have the same ortho-
group IDs with each reference enzyme for phylogenetic analyses. For 
VOC domain-containing proteins, FAD-binding domain 3-containing 
proteins, Rieske domain-containing proteins and aminomethyltrans-
ferase folate-binding domain-containing proteins, we also included 
several sequences from each orthogroup ID for the analyses. For the 
orthogroups that are not similar to the reference enzymes, we sampled 
representative sequences by selecting bactNOG from species that are 
known to catabolize aromatic compounds and selecting fuNOG from 
species that are known as genetic models.

To predict localization of aromatic catabolic enzymes, we analysed 
protein sequences for signal peptides using SignalP-5.068. In case there 
is a signal peptide in a protein of interest, we further analysed for trans-
membrane domains using TMHMM 2.0 (https://services.healthtech.
dtu.dk/services/TMHMM-2.0/).

Gene family evolution analysis
The CAFE v.4.1 program69 was used to analyse expansions and con-
tractions in the family of EIDs throughout evolution in the context of 
the Agaricomycetes lifestyles. For that, the time-calibrated tree of 52 
Agaricomycetes species and the EID gene numbers identified in these 
species were used as input data, together with the gene numbers of 
62 additional plant cell wall degrading enzyme families, CBM1 and 24 
families participating in amino acid metabolism as background gene 
set10. The gene copy numbers of the EID enzymes at ancestral nodes 
reconstructed with CAFE are presented in Supplementary Fig. 30. 
The maximum likelihood value of the birth and death parameter (k) 
describing the probability that any gene will be gained or lost, over 
a time interval, was estimated for the whole tree. Gene families with 
a family-wide P < 0.05 were considered to have a significantly higher 
rate of evolution. These included the EID family. Then, a Viterbi P < 0.05 
was used to determine the branches in the species tree in which this 
fast-evolving family underwent notable contractions or expansions.

Modelling and docking of EIDs
The structures for CatA1 and SACTE_2871 were generated in silico 
and docked using AlphaFold2, respectively, in conjunction with a 
generative algorithm model, NeuralPLexer. The resulting docked 
structures were manually curated to account for both productive 
metal-binding ligand coordination as well as the bi-dentate binding 
of the catecholic substrate to the ferric ion. Specifically, NeuralPlexer 
was used to generate in silico binding poses70. The original implemen-
tation was forked to conduct a minor bug fix, and can be accessed 
at https://github.com/EvanKomp/NeuralPlexer and Zenodo71. The 

program was given crystal or AlphaFold2 Apo protein structures as 
templates, and ligands represented as SMILES strings. The following 
additional optional parameters were used: ‘--task=batched_struc-
ture_sampling --n-samples 10-- chunk-size 1 --num-steps 100 --cuda 
--sampler=langevin_simulated_annealing --use-template‘ resulting in 
an ensemble of 10 holo protein-ligand predicted poses, each the result 
of 100 diffusion denoising steps. The resulting ensembles were curated 
manually to avoid steric clashes and improbable poses, producing 
structures shown in Fig. 5.

Chemicals
All chemicals used in this work are of analytical grade or higher and 
used without further purification.

Cloning of EIDs
DNA manipulation and propagation were performed using stand-
ard protocols. Plasmid for heterologous expression of SACTE_2871 
(pEUK159) was subcloned from pAJB016 into pET15b using Gibson 
Assembly master mix (NEB) and inserted between NdeI and BamHI 
sites using the following primer pairs GCCGCGCGGCAGCCATATGCC 
GCTCGTGGCAGGG and GTTAGCAGCCGGATCCCTAACCCCGCTCC 
CACAGTGCC. The fidelity of the construct was evaluated by Sanger 
sequencing (Azenta).

Protein production and purification
The codon optimized sequences of 0PIXU_PleosPC15_1, CatA1_from_
pEE083 and SACTE_2871_from_pAJB025 are shown in Supplementary 
Table 22. SACTE_2871 and CatA1 were produced heterologously in 
Escherichia coli BL21(DE3) transformed with pEUK159 or pEE083. 
The cell was grown in lysogeny broth (LB Miller) supplemented with 
100 mg l−1 of ampicillin. Freshly transformed cells were used to inocu-
late a starter culture (40 ml of media in 125-ml flask) and grown to 
saturation at 37 °C at 200 r.p.m. overnight. The starter culture was used 
to seed the main culture (1 l of media in 2.5-l flask) at 1% (v/v) which is 
grown at 37 °C at 200 r.p.m. Upon reaching optical density OD600 of 
0.7, the culture was induced by the addition of 1 mM IPTG and 0.2 mM 
of ferrous ammonium sulfate. The induced culture was grown for an 
additional 16 h at 18 °C. The resulting biomass was harvested by cen-
trifugation and frozen at −80 °C until further processing.

Protein purification was performed by two chromatography steps: 
immobilized-metal affinity and anion exchange chromatography. The 
thawed biomass was resuspended in Buffer A (20 mM HEPES, 100 mM 
NaCl, pH 7.5; 10 ml per 5 g of wet biomass) with trace amount of DNase I. 
The cell was lysed by French Press and clarified using the combination 
of centrifugation and passaging through a 0.45-μm filter. The clarified 
lysate was applied to high-density NiNTA beads (GoldBio) and washed 
with Buffer A containing up to 40 mM imidazole. The protein was eluted 
using Buffer A with 300 mM imidazole. The eluate was concentrated 
and diluted with imidazole-free Buffer A and applied to Source-15Q 
resin (Cytiva) operated using ÄKTA Pure fast protein chromatography 
system. The protein was eluted with a gradient of Buffer A containing 
1 M NaCl. Fractions of interest, identified by ultraviolet traces and con-
firmed by SDS–polyacrylamide gel electrophoresis, were pooled and 
concentrated using centrifugal spin filter with 10 kDA cut-off (Millipore 
Sigma) frozen over a bath of liquid N2. Frozen proteins were stored at 
−80 °C until further use.

Enzyme specific activity measurements
Enzymatic activity of purified SACTE_2871 and CatA1 were evaluated 
by monitoring the consumption of O2 using OXYG1+ oxygraph (Hansat-
ech). The instrument was calibrated daily following the manufacturer 
instruction using air-saturated water and sodium dithionite. The meas-
urements were performed using 0.1 M potassium phosphate at pH 5 
and 7 at 25 °C. Typical reaction contains 0.5 mM aromatic substrates 
(stock concentration of 100 mM in dimethylsulfoxide) and initiated 
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by the addition of the purified dioxygenase. One exception is that 
0.1 µM of CatA1 was used when in conjunction with catechol due to 
the upper limit of the oxygraph. The observed initial velocities were 
collected over at least one minute and corrected by the background 
rates before the enzyme addition. Enzyme assays were conducted in 
triplicate (biological replicates) and standard deviation is reported as 
error bars in graphs.

Identification of products from enzyme reactions
Samples for high-performance liquid chromatography (HPLC)-based 
analysis were prepared as described for specific activity measurements 
with the addition of TsdD from Rhodococcus jostii RHA1 and NADPH to 
couple the production of ring-opened product of hydroxyquinol to the 
production of βKA as reported before21. The reaction setup follows the 
one described above for specific activity measurements and the reac-
tion was incubated for 16 h at room temperature. βKA was analysed via 
HPLC72 following the next steps. βKA was converted to levulinic acid 
by adding 10 μl of 10 N H2SO4 to 1 ml of sample volume. The sample 
was heated at 50 °C for at least 8 h. Quantitation of levulinic acid was 
conducted using an Agilent 1200 Series system (Agilent Technologies) 
equipped with a refractive index detector. Separations were performed 
on a HPX-87H 7.8 × 300 mm internal diameter, 9-μm column (BioRad) 
with an isocratic flow of 5 mM H2SO4 at 0.6 ml min−1 for a total run time 
of 27 min. Standards and samples were injected onto the column at a 
volume of 20 μl, while the temperature of the column and detector 
were maintained at 55 °C. Enzyme assays were conducted in triplicate 
(biological replicates) and standard deviation is reported as error 
bars in graphs.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data are available in the article, Supplementary Information and 
Supplementary Data 1–3. The protein sequences of bacterial and fun-
gal genomes used in this study were retrieved from public databases 
including DOE-JGI MycoCosm and NCBI Genome database. Reference 
genomes and respective publications are detailed in Supplementary 
Information. Raw protein sequences of studied genomes, raw protein 
sequences of studied enzymes, genome-wide results of InterProScan 
and eggNOG mapper, selected sequences for phylogenetic analyses, 
as well as other customized scripts (in Perl and R) for data retrieval 
and data analyses are available on figshare at https://doi.org/10.6084/
m9.figshare.28541660.v1 (ref. 73). Source data are provided with  
this paper.

Code availability
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in silico binding poses and the original implementation was forked to 
conduct a minor bug fix, which is available on Zenodo at https://doi.
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