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Abstract

Fusidane-type antibiotics represented by fusidic acid, helvolic acid, and cephalosporin P1 have very similar core structures, but they are

produced by fungi belonging to different taxonomic groups. The origin and evolution of fusidane-type antibiotics biosynthetic gene

clusters (BGCs) in different antibiotics producing strains remained an enigma. In this study, we investigated the distribution and

evolutionof thefusidaneBGCs in1,284fungalgenomes.We identified12helvolicacidBGCs,4 fusidicacidBGCs,and1cephalosporin

P1 BGCinPezizomycotina fungi. Phylogeneticanalyses indicated sixhorizontalgene transfer (HGT)events in theevolutionary trajectory

of the BGCs, including 1) three transfers across Eurotiomycetes and Sordariomycetes classes; 2) one transfer between genera under

Sordariomycetes class; and 3) two transfers within Aspergillus genus under Eurotiomycetes classes. Finally, we proposed that the

ancestorof fusidaneBGCswouldbeoriginatedfromtheZoopagomycotabyancientHGTeventsaccordingtothephylogenetic treesof

keyenzymes infusidaneBGCs(OSCandP450genes).Ourresultsextensivelyclarify theevolutionarytrajectoryoffusidaneBGCsbyHGT

among distantly related fungi and provide new insights into the evolutionary mechanisms of metabolic pathways in fungi.
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Introduction
Fusidane-type antibiotics are a class of fungal metabolites be-

long to triterpenes. They exhibit potent bacteriostatic activity

against Gram-positive bacteria and have drawn renewed at-

tention due to little cross-resistance with other clinically used

antibiotics (Daehne et al. 1979; Fernandes 2016). Eighteen

naturally occurring fusidane-type antibiotics, represented by

fusidic acid, helvolic acid, and cephalosporin P1 have been

reported (Zhao et al. 2013). Most of them are produced by

fungi of Pezizomycotina subphylum. Fusidic acid was first iso-

lated from Fusidium coccineum (class Sordariomycetes) by

Godtfredsen (Godtfredsen et al. 1962); Helvolic acid was iso-

lated from Aspergillus fumigatus (class Eurotiomycetes) during

World War II (Chain et al. 1943); Cephalosporin P1 was
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discovered from the culture fluid of Acremonium chrysoge-

num (class Sordariomycetes) in 1951 (Burton and Abraham

1951). Despite the long history of fusidane-type antibiotics,

the biosynthetic route leading to fusidane skeleton remained

largely undefined until heterologous reconstitution of the hel-

volic acid biosynthetic pathway in yeast by Hisashi et al.

(2009). The corresponding gene cluster composed of an oxi-

dosqualene cyclase, four cytochrome P450 enzymes, two

acyltransferases, and two dehydrogenases was then identified

(Hisashi et al. 2009). Until recently, the clusters for biosynthe-

sizing fusidic acid, helvolic acid and cephalosporin P1 have

been elucidated (Lv et al. 2017; Cao et al. 2019, 2020).

However, little is known about the evolutionary dynamics of

these gene clusters shared by different fungal species.

Several hypotheses including horizontal gene transfer

(HGT), gene loss combined with vertical transmission have

been proposed to explain the evolution of fungal biosynthetic

gene clusters (BGCs) (Fitzpatrick 2012; Wisecaver et al. 2014).

Considering the discontinuous distribution of producers

among fungal taxa, interfungal HGT with overlapping ecolog-

ical niches is suggested as the most plausible scenario (Khaldi

et al. 2008). In the last decade, wholesale horizontal transfers

have been found in the evolution of various metabolic gene

clusters (Slot and Rokas 2011; Campbell et al. 2013; Sbaraini

et al. 2016; Reynolds et al. 2018), suggests that widespread

HGT processes played an important role in the diversification

of fungal metabolism. However, the relevance of HGT in

shaping fusidane BGCs remains unclear.

To clarify the origin, divergence and expansion of fusidane

BGCs among fungi, we first sequenced the genome of the

efficient fusidic acid producer F. coccineum and identified the

BGCs responsible for the production of fusidic acid, helvolic

acid and cephalosporin P1 from the genomes of F. coccineum,

A. fumigatus (Nierman et al. 2005), and A. chrysogenum

(Terfehr et al. 2014). We then performed a comprehensive

comparative analysis of these three fusidane BGCs in all fun-

gal genomes collected in NCBI, and found a discrepancy be-

tween fusidane BGCs and fungal phylogenies. The detection

of HGTs was then assessed comprehensively and manually by

reconciliation, microsynteny, and evolutionary rate and fur-

ther described with a scenario of the transfer events. Finally,

we carried out phylogenetic analyses of all gene members and

suggested a complex evolutionary history of the fusidane

BGCs in fungi. This comprehensive study prompts new

insights into the evolutionary mechanisms of the biosynthesis

of these antibiotics.

Materials and Methods

Fusidium coccineum Whole-Genome Sequencing and
Analysis

Genomic DNA of F. coccineum ATCC 14700 was extracted

using the TaKaRa MiniBEST genomic DNA extraction kit

(TaKaRa Biomedical Technology, Dalian, China), following

the manufacturer’s instructions. The genome of

F. coccineum ATCC 14700 was massively parallel sequencing

using Illumina HiSeq 2000 system at Biomarker Technology

Co., Ltd. (Beijing, China). Sequence assembly was performed

with SOAPdenovo v2.04 (http://soap.genomics.org.cn/soap-

denovo.html) to yield 688 scaffolds covering �34.8 M, and

the scaffold N50 length is�906,813 bp. Prediction of protein-

coding gene was performed with Augustus software and a

total of 10,399 genes were retrieved. Gene functional anno-

tation was based on Blastp searches of COG, KEGG, GO,

Swissprot, and NR databases.

Fusidic Acid and Cephalosporin P1 BGC Prediction

The F. coccineum genome survey predicted 122 putative

BGCs with the antiSMASH fungal version (Blin et al. 2017).

Out of which, a BGC in scaffold 395 including 11 genes is

homologous to known helvolic acid BGC (55% of genes

show similarity, ClusterFinder probability: 0.9661). To refine

the BGC boundaries, the predicted backbone genes were

subjected to CASSIS and microsynteny searches based on

the referenced helvolic acid BGC in A. fumigatus.

Eventually, the inferred fusidic acid BGC contains eight genes

physically linked across �12 kb. Using a similar strategy, we

inferred cephalosporin P1 BGC containing nine genes dis-

persed across �13 kb in A. chrysogenum.

Predicting Fusidane BGCs in All Pezizomycotina

We inferred homologous fusidane BGCs in all Pezizomycotina

annotated genomes by using a series of custom Perl scripts

that rely on BLASTp similarity searches (E-value < 1e-10,

query coverage> 50% and identity> 50%) and their gene

order data from NCBI database. We downloaded all fungal

genome assemblies in GenBank and used TBlastN to retrieve

more fungal species containing putative fusidane BGCs. The

genes of four unannotated genomes (G. tumulicola,

P. hepialid, P. ipomoeae, and S. oryzae) were predicted by

AUGUSTUS (gene-finding parameters for A. fumigatus).

Phylogenetic Analysis of Fusidane Fungi and BGCs

In our previous search, all 17 fungal resources for fusidane

BGCs belonged to two classes, Eurotiomycetes and

Sordariomycetes. Therefore, to reflect their clear phylogenetic

relationships, we picked other 65 related annotated genomes

as well as an outgroup Saccharomyces cerevisiae

(Saccharomycotina subphylum). Totally 108 single-copy ho-

mologous protein clusters were identified by using

OrthoMCL v2.0 (clustering thresholds: E-value < 1e-05 and

identity� 50%). Next, 83 of these candidate protein clusters

were identified as orthologous using BUSCO v3.0.2 against

the Ascomycota odb9 data set with 1,315 gene models

(Sim~ao et al. 2015). Orthologous amino acid sequences

were aligned separately with MAFFT v7.394 using default
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parameters, and ambiguously aligned characters were subse-

quently removed from the resulting alignment with TrimAl

v1.4 using the automated algorithm (Li 2003; Capella-

Gutierrez et al. 2009; Katoh and Standley 2013). The

concatenated amino acid supermatrix included 52,577

aligned residues and 4,239,117 nogap characters. A maxi-

mum likelihood supermatrix analysis of the concatenated all

83 protein alignments was performed with IQ-TREE v1.6.12,

using the JTT model selected by ModelFinder according to

Bayesian information criterion; ultrafast bootstrap (BS) analy-

sis with 1,000 replicates estimated branch support in the ML

tree (Nguyen et al. 2015; Kalyaanamoorthy et al. 2017). For

consensus-based analyses, individual protein trees were also

constructed using IQ-TREE with identical settings as above.

The resultant trees were subjected to consensus tree recon-

struction using ASTRAL v5.7.1 with default parameters.

The whole-proteome information-based tree (“proteome

tree”) of 83 fungal species was inferred using an alignment-

free method, Feature Frequency Profile (FFP) method (Choi

and Kim 2017). Briefly, the FFP of each proteome was calcu-

lated with a feature-length (l-mer) of 13. Then, the Jensen–

Shannon divergence (JSD) between each two given FFPs was

calculated and constructed the divergence matrix for all fun-

gal pairs in this study. This divergence matrix was then used to

build a proteome tree using a Neighbor-Joining method called

BIOJ. All these processes were performed using the FFP pro-

grams (https://github.com/jaejinchoi/FFP). Both the ML species

tree and proteome tree were rooted using S. cerevisiae and

visualized using the iTOL website (Letunic and Bork 2019).

For the phylogeny of the fusidane BGCs, the amino acid

sequences of all 11 BGC genes were searched against the

NCBI non-redundant sequence database (NR), separately.

The outgroup sequence regarding each BGC gene was picked

with a fractional identity of�50%. The phylogenetic analyses

were also performed using the same MAFFT þ TrimAl þ IQ-

TREE pipeline as above. Each ML gene tree was rooted using

the outgroup and visualized using the ggtree package in the R

program language. The rooted ML BGC tree was inferred

based on a consensus tree of the six common gene trees

(AT-1, OSC, P450-1, P450-2, P450-3, and SDR) without out-

groups using ASTRAL.

HGT Analysis

To detect putative transfer (T) events by reconciling rooted

gene trees and BGC tree against rooted species tree, and to

distinguish HGT events from gene duplication (D) and loss (L)

events, RANGER-DTL-Fast (v2.0) was used with default costs

D¼ 2, T¼ 3, and L¼ 1 (Bansal et al. 2012). The visualization

of all inferred transfer events on the species tree was created

by using iTOL online service.

The individual events with the largest support values in

different event cost assignments were manually inspected.

Synteny conservation of the fusidane BGC regions among

Aspergillus and Metarhizium species was estimated by the

BlastN search and drawn with the R package genoPlotR

(Guy et al. 2010). Besides, for each gene family between

two fusidane species, we first aligned the protein sequences

using MAFFT and then back-translated using the pal2nal

script (Suyama et al. 2006). The pairwise synonymous substi-

tution rate (dS) was adopted to estimate the relative diver-

gence time of two homologous genes (Hasegawa et al. 1985;

Gojobori et al. 1990; Berbee and Taylor 2010). Based on the

assumption that the synonymous codon mutation was neutral

and followed a rough molecular clock. Accordingly, the ho-

mologous genes between two species with extremely low dS

have a relatively weak divergence with respect to other homo-

logs whereas the latter have likely diverged faster or for a

longer period. The dS value between every two homologous

genes was calculated by using the yn00 module in PAML v4.9

(Yang 2007). The pairwise dS > 10 regarding too fast di-

verged gene families were removed. The dS results of two

fusidane species were displayed as box plots with the ggplot2

package in R (Wickham 2016).

The Origin and Evolution of Genes in Fusidane BGCs

To analyze the origin and evolution of genes in fusidane

BGCs, we first found the homologs of all genes in fusidane

BGCs, including OSC, P450, AT, SDR, KSTD, and GRE2 genes,

by BLAST searching to all fungi proteins in NCBI NR database.

Except AT genes, other genes required the homologs with

identity >30%. Then, all homologs were classified with an

identity threshold of 80% or 90%, and each class only

retained one gene with the highest consistency based on

the multiple sequence alignment. Finally, by removing some

too short or too long homologs, we obtained 283 OSC homo-

logs, 510 P450 homologs, 52 AT homologs, 21 SDR homo-

logs, 78 KSTD homologs, and 874 GRE2 homologs in fungi

for phylogenetic analyses. The phylogenetic analyses were

performed using the MAFFT þ TrimAl þ IQ-TREE as above.

All ML trees were visualized using iTOL.

Functional Characterization of OSC in Yeast

The OSC candidate sequence g4945 was PCR-amplified from

the F. coccineum genome DNA and the closest homologs

(PIA15429.1 and ORX70593.1) from Coemansia reversa and

Linderina pennispora are codon-optimized and synthesized by

Genscript Biotech Co., Ltd. (Nanjing, China). The DNA frag-

ments were respectively cloned into constitutive-expression

vector YCplac33-PE which harboring the PGK1 promoter

and CYC1 terminator with Gibson assembly method (Liu

et al. 2018). The recombinant plasmids and the empty vector

were transformed into mutant yeast strain GIL77 by the lith-

ium acetate method. Transformants were screened on the

complete medium plates minus uracil (CM-Ura) at 30 �C.

The expression method was optimized according to previous

research described by Kushiro et al. (Hisashi et al. 2009). The
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transformant yeast was grown in 200 ml liquid CM-Ura me-

dium supplemented with 20mg/ml ergosterol, 13mg/ml he-

min, and 1 ml Tween 80 with shaking at 220 rpm, 30 �C.

After 5 days, cells were collected and resuspended in 0.1 M

potassium phosphate, pH 7.0, supplemented with 2% glu-

cose and 13mg/ml hemin, then cultured for 2 days at 30 �C.

Chemical Analysis

Cells were collected from fermentation culture and refluxed

with 20 ml 20% KOH/50% EtOH as described before for

15 min (Kushiro et al.). After extraction with the same volume

of n-hexane for three times, the organic phase was evapo-

rated to dryness and concentrated and redissolved into 1 ml n-

hexane. The samples were then centrifuged at 10,000� g for

10 min, and 300ll of supernatant was analyzed by GC–MS.

GC–MS analysis was performed on Agilent technologies 7200

Q-TOF equipped with a DB-5 ms

(30 m� 0.25 mm� 0.25lm) GC column. The compound

separation was achieved with an Inlet heater temperature

of 250 �C, and a 20 min temperature gradient program for

GC-separation starting at 240 �C for 2 min followed by heat-

ing the column to 330 �C at 10 �C min-1 and a final constant

hold at 330 �C for 9 min. For the MS detection of Protosta-

17(20) Z, 24-dien-3b-ol, m/z 426.38 was extracted from the

full scan mode.

Results

Distribution of Fusidane BGCs among Fungi

To investigate the BGCs responsible for the biosynthesis of

representative fusidane-type antibiotics in the genomes of

their typical fungal producers, we first sequenced the genome

of F. coccineum (synonym Ramularia coccinea; NCBI accession

number: GCA_004155245.1) and retrieved the reported

genomes of A. fumigatus (NCBI accession numbers:

GCA_000769265.1 and GCA_005768625.2) and

A. chrysogenum to examine the BGCs for fusidic acid, helvolic

acid and cephalosporin P1, respectively. Six core genes encod-

ing an oxidosqualene cyclase (OSC), three cytochrome P450

enzymes (P450-1, P450-2, and P450-3), a short-chain reduc-

tase (SDR) and an acyltransferase (AT-1), are conserved

among all fusidane BGCs in the sequence similarity compar-

ison (fig. 1A). As the recent report suggested, the six con-

served enzymes are involved in catalyzing the early stage

biosynthetic steps to generate the common intermediate (1)

from (3S)-2,3-oxidosqualene, and then bifurcated to give rise

to different fusidane-type antibiotics with post modification

specialized by the remaining genes present in the BGCs

(fig. 1B) (Lv et al. 2017; Cao et al. 2019, 2020).

In a large-scale survey of the three fusidane BGCs against

1,284 fungal genome from NCBI GenBank database with

both microsynteny and antiSMASH searches, we retrieved in

addition of 14 fusidane species, which represent the species

including the fusidane BGCs (table 1). Among them, 11 spe-

cies have been reported to produce the fusidane-type anti-

biotics (Microsporum canis and Nannizzia gypsea produce

fusidic acid, other nine species produce helvolic acids)

(Tschen et al. 1997; Turnidge 1999; Cole et al. 2003; Lee

et al. 2008; Rank et al. 2010; Tamiya et al. 2015).

Additionally, the three putative fusidane-type antibiotics fun-

gal species, Gliomastix tumulicola, Paecilomyces hepialid, and

Periglandula ipomoeae were first reported here (note: we

have not found any chemical evidences that these three fungi

can produce fusidane-type antibiotics). Notably, all the 17

fusidane species belonged to Pezizomycotina subphylum.

Phylogenetic Analyses of Fusidane Species among
Pezizomycotina

To acquire accurate taxonomic positions of these fusidane

species, we inferred the phylogenetic relationships of the 17

fusidane species with other 65 Pezizomycotina subphylum

fungi through consensus-based, supermatrix and whole-

proteome species tree approaches (fig. 2A and supplementary

fig. S1, Supplementary Material online) (Wickett et al. 2014;

Choi and Kim 2017). Overall, the topologies of all three phylo-

grams almost agreed except for branching patterns of some

lineages (e.g., Sarocladium oryzae and Fusarium fujikuroi).

Additionally, the three phylogenies were largely consistent

with a recent phylogenetic overview and revision of fungi

within the order Hypocreales based on ribosomal small sub-

unit sequences (SSU) and large subunit (LSU) sequences, and

some other relative researches (James et al. 2006; Summerbell

et al. 2011; Steenwyk et al. 2019). According to these refer-

ences, only the consensus-based tree recovered the same to-

pology of the clade, including F. fujikuroi, S. oryzae,

G. tumulicola, F. coccineum, and A. chrysogenum.

Therefore, we regarded the consensus-based tree as the

most robust species tree for further phylogenetic analyses.

The 17 fusidane species were sparsely distributed on the

tree indicating that their distant phylogenetic relationships.

There are more fusidane species distributed in the class

Sordariomycetes, which included all three classes of fusidane

species, than that in the class Eurotiomycetes.

Next, we reconstructed rooted ML trees for all genes in

fusidane BGC (fig. 2B and supplementary fig. S2,

Supplementary Material online). Except for the genes from

S. oryzae, G. tumulicola, and A. chrysogenum, the gene trees

of six core genes displayed approximately consistent topolo-

gies (fig. 2B), which included about three clades: 1) five

Metarhizium fungi and P. ipomoeae; 2) four fusidic acid-

type fungi (F. coccineum, P. hepialid, M. canis, and

N. gypsea); and 3) four Aspergillus fungi. By comparing the

BGC gene tree with the species tree, the four fusidic acid

BGCs were all monophyletic for all six gene trees, but the

phylogenetic relationships between F. coccineum,

P. hepialid, M. canis, and N. gypsea were very distant. This
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was an obvious evolutionary conflict between the fusidic acid

BGCs and their host species. Moreover, the phylogenetic rela-

tionships of the helvolic acid BGCs in the genus Aspergillus

were also not consistent with the species tree. The obvious

topological conflict between BGCs and species phylogenies

implied a complex evolution of the fusidane BGCs.

HGT Contributing to the Spreading of Fusidane BGCs

Generally, interfungal HGT could be used to explain the dis-

crepancy between fusidane BGCs and fungal species phylog-

enies (Fitzpatrick 2012). To validate the hypothesis, we

adopted a phylogenetic reconciliation method to infer the

evolutionary scenario of the fusidane fungi (Materials and

Methods). Each BGC gene tree of six core genes was individ-

ually reconciled against the consensus-based species tree to

infer HGT scenario by using the Ranger-DTL program (Bansal

et al. 2018) (fig. 3). We also reconciled the consensus-based

BGC tree based on all six common gene trees against the

species tree (supplementary fig. S3, Supplementary Material

online). All reconciliation results described a consensus evolu-

tionary scenario including six interspecies HGT events (fig. 4A).

Firstly, F. coccineum transferred the fusidic acid BGC to

M. canis (H1), which then transferred to N. gypsea (H2) and

P. hepialid (H3), separately. Accordingly, we inferred that the

fusidic acid BGC in F. coccineum was the most common an-

cestor (MCA) regarding the other three fusidic acid BGCs

distributed within the two different fungal classes. Secondly,

FIG. 1.—Comparisons of three typical fusidane BGCs in fungi. (A) Synteny plots of BGCs for helvolic acid, cephalosporin P1, and fusidic acid in Aspergillus

fumigatus, Acremonium chrysogenum, and Fusidium coccineum. Homologs are shown as identically colored regions linked across BGCs, whereas the

percentages indicate the sequence similarity between homologs. (B) Schematic diagram of the inferred biosynthetic pathways for three fusidane-type

antibiotics.
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P. ipomoeae transferred the helvolic acid BGC to the MCA of

Metarhizium anisopliae, Metarhizium robertsii, Metarhizium

majus, Metarhizium guizhouense, and Metarhizium brun-

neum (H4); and thirdly, both Aspergillus novofumigatus and

the MCA of A. fumigatus and Aspergillus fischeri received the

helvolic acid BGC from Aspergillus udagawae (H5 and H6),

separately.

To validate and refine the HGT inferences from the recon-

ciliation analyses, both the microsynteny and synonymous

substitution rate (dS) were analyzed. Examination of the

Table 1

Chemical and Genomic Evidence of Fusidane Biosynthesis among 17 Fungi

Fungal Species Class Subphylum Fusidane Type Genomic Evidence Chemical Evidence

Aspergillus fischeri Eurotiomycetes Pezizomycotina Helvolic acid �
Aspergillus fumigatus Eurotiomycetes Pezizomycotina Helvolic acid � Chain et al. (1943)

Aspergillus novofumigatus Eurotiomycetes Pezizomycotina Helvolic acid � Rank et al. (2010)

Aspergillus udagawae Eurotiomycetes Pezizomycotina Helvolic acid � Tamiya et al. (2015)

Metarhizium anisopliae Sordariomycetes Pezizomycotina Helvolic acid � Lee et al. (2008)

Metarhizium brunneum Sordariomycetes Pezizomycotina Helvolic acid � Cole et al. (2003)

Metarhizium guizhouense Sordariomycetes Pezizomycotina Helvolic acid � Cole et al. (2003)

Metarhizium majus Sordariomycetes Pezizomycotina Helvolic acid � Cole et al. (2003)

Metarhizium robertsii Sordariomycetes Pezizomycotina Helvolic acid � Cole et al. (2003)

Sarocladium oryzae Sordariomycetes Pezizomycotina Helvolic acid � Tschen et al. (1997)

Gliomastix tumulicola Sordariomycetes Pezizomycotina Helvolic acid � —

Periglandula ipomoeae Sordariomycetes Pezizomycotina Helvolic acid � —

Paecilomyces hepialid Sordariomycetes Pezizomycotina Fusidic acid � —

Fusidium coccineum Sordariomycetes Pezizomycotina Fusidic acid � Godtfredsen et al. (1962)

Microsporum canis Eurotiomycetes Pezizomycotina Fusidic acid � Turnidge (1999)

Nannizzia gypsea Eurotiomycetes Pezizomycotina Fusidic acid � Turnidge (1999)

Acremonium chrysogenum Sordariomycetes Pezizomycotina Cephalosporin P1 � Burton and Abraham (1951)

FIG. 2.—Maximum likelihood phylograms of fusidane BGCs and their host species. (A) The taxonomic status of the 17 fusidane species and their

relatives. The rooted tree was determined from the protein sequence of 83 BUSCOs. Saccharomyces cerevisiae was set as outgroup and pruned subse-

quently. The scale bar indicates the mean expected substitutions per site. (B) Rooted phylogenetic trees of OSC, AT-1, P450-1, P450-2, P450-3, and SDR

genes. Outgroups were used to root these trees: ORX70593.1 and ORX69994.1 from Linderina pennispora for OSC and AT-1; KEY83654.1 from Aspergillus

fumigatus for P450-1; XP_751354.1 and XP_751350.1 from A. fumigatus for P450-2 and P450-3; and KZZ87816.1 from Moelleriella libera for SDR,

respectively. The best evolutionary model for the construction of these gene trees were chosen by Bayesian information criterion (BIC): LGþG4 for OSC,

P450-2, P450-3, and SDR; JTTþG4 for AT-1; and LGþIþG4 for P450-1. The types of fusidane BGCs were marked with different colors in the nodes. The

trees were visualized using ggtree package in R, and were drawn to scale, with branch lengths measured in the number of substitutions per site. Numbers at

nodes indicate the bootstrap support from 1,000 ultrafast bootstrap replicates from IQ-TREE.
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FIG. 3.—Inferred horizontal gene transfer (HGT) events of (A) OSC, (B) AT-1, (C) P450-1, (D) P450-2, (E) P450-3, and (F) SDR genes. The gene trees from

supplementary figure S2, Supplementary Material online were reconciled the consensus species tree and the inconsistency of the tree topology was used to

infer possible HGT events. Arrows denoted the inferred transfer directions. The branch lengths for all the branches in the tree were ignored.
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genomic regions around the fusidane BGCs in four Aspergillus

species showed that only A. fischeri and A. fumigatus shared

the conservation of microsynteny in the flanking regions of

BGCs (fig. 4B). Thus, the acquisition of the BGCs within the

Aspergillus lineages was the result of two separate HGT

events (H5 and H6), instead of through vertically inheriting

from their MCA. A similar microsynteny result was also found

between M. canis and N. gypsea suggesting that their fusidic

BGCs were not inherited from their MCA but transferred in-

dependently (H1 and H2). In contrast, the microsynteny of

both the BGCs and their flanking regions were found within

whole Metarhizium lineages indicating that the BGC was ac-

quired at the MCA of these five Metarhizium species and

vertically passed to Metarhizium species (H4). Furthermore,

the dS values were compared between fusidane species (sup-

plementary fig. S4, Supplementary Material online). The pair-

wise dS results showed that: 1) the dS values of the BGC

orthologs between N. gypsea and P. hepialid (median dS ¼
0.97) were lower than most of the other orthologs (median

dS ¼ 4.1); 2) the similar trend was also found between

M. canis and P. hepialid (median dS ¼ 0.83 of BGC orthologs

vs. dS¼ 4.1 of other orthologs), indicated that the fusidic acid

BGCs were recently transferred among M. canis, N. gypsea,

and P. hepialid (H2 and H3) after the speciation. Together,

these results fully support the HGT events of the BGCs among

these fusidane species.

The Origin and Evolution of OSC and P450 Genes in
Fusidane BGCs

The origin of fusidane-type OSC genes, which cyclized 2,3-

oxidosqualene to fusidane triterpene skeleton, are the first

step for the origin and evolution of fusidane BGCs. To inves-

tigate the origin and evolution of fusidane-type OSC genes,

we first identified all OSC genes in 1,284 fungal genomes

based on BLAST search (Materials and Methods). A total of

922 full-length OSC homologs were found and subsequently

used to analyze their phylogenetic relationship (fig. 5A). We

found that most of the fungi only contain an OSC gene,

which was annotated to encode a lanosterol synthase, except

for the 17 fusidane species in Pezizomycotina, which contain

both lanosterol synthase and fusidane-type OSC genes.

Interestingly, the phylogenetic relationship of all OSC genes

showed that the fusidane-type OSC genes have the closest

relationship with the OSC genes from Zoopagomycota

(fig. 5A, aa identity > 50%). The results suggested that the

fusidane-type OSC gene may originate from the

Zoopagomycota by an ancient HGT event.

In fusidane BGCs, there are five P450 genes (i.e., P450-1,

P450-2, P450-3, P450-4, and P450-5) encoded fusidane-type

C-4, C-20, C-16, C-6, and C-11 carboxylases or hydroxylases,

which play important roles in the biosynthesis of different

fusidane-type antibiotics. We analyzed the origin and evolu-

tion of the five P450 genes by a similar strategy applied to

FIG. 4.—Schematic representation of horizontal transfers of fusidane BGCs between fungi. (A) The purple lines representing all inferred horizontal

transfers of fusidane BGCs were mapped on the consensus-based species tree. Arrows denoted the inferred transfer directions. The branch lengths for all the

branches in the tree were ignored. (B) Microsynteny of the genomic region containing the fusidane biosynthetic gene cluster in four Aspergillus species, five

Metarhizium species, Nannizzia gypsea, and Microsporum canis. Alignment blocks correspond to DNA fragments exhibiting significant identity when the

genomic regions comprising the gene clusters.
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OSC genes. Phylogenetic analyses of the five P450 genes and

other fungi P450 genes showed that P450-1, P450-2, P450-3,

and P450-4 belong to a P450 gene family CYP5081 (Moktali

et al. 2012), which also have the closest relationship with the

P450 genes from Zoopagomycota (fig. 5B). However, the

P450-5 in the fusidic acid BGC belong to an unknown P450

family, which had the closest relationship with the P450 genes

from Pezizomycotina. The results demonstrated that the an-

cestor of P450-1, P450-2, P450-3, and P450-4 may also orig-

inate from the Zoopagomycota by an ancient HGT event.

Distinct from the four P450 genes, P450-5 is likely derived

from the Pezizomycotina after transfer of the ancestor of

OSC and four P450 genes.

Discussion

Recent identification of fusidane BGCs has significantly im-

proved our understanding about the biosynthesis of fusidane-

type antibiotics (Lv et al. 2017; Cao et al. 2019). Here, by

implementing a large-scale genomic survey, we found there

were 17 species containing the fusidane BGCs among all

available fungal genomes. We compared these fusidane

BGCs and concluded that there are six core genes shared

by three fusidane BGCs to generate the common precursor

of fusidane-type antibiotics (Lv et al. 2017; Cao et al. 2019).

Besides, all members of fusidane BGCs only existed within

Pezizomycotina subphylum, in which the secondary metabo-

lites are particularly abundant compared with other fungal

taxa (Keller 2019), suggested that fusidane-type antibiotics

are the Pezizomycotina-specific secondary metabolites.

Furthermore, by integrating the results of phylogenetic rec-

onciliation, microsynteny, and evolutionary rate computation,

we identified six well-supported HGT events for BGCs among

17 fusidane species. Thus, the HGT phenomenon has contrib-

uted significantly to the expansion of the fusidane BGCs in

fungi. Several recent studies also reported transfers of BGCs

across fungi. For example, Campbell et al. reported an exten-

sive pattern of cross-classes HGT between Fusarium and

Botrytis cinerea (Campbell et al. 2012). Daren W. Brown

et al. recently investigated the distribution and evolution of

the DEP cluster in 585 fungal genomes, suggested 6–10 HGTs

of the cluster (Reynolds et al. 2017). A previous study reported

coincubation of different isolates can lead to the transfer of

entire chromosomes in fungi, suggesting that niche overlap

might be sufficient to facilitate HGT events (Oliveira et al.

2016; Bonham et al. 2017). Like Aspergillus species, other

fusidane fungi occupy a similar opportunistic saprotroph

niche, and secondary metabolites appear to be involved in

antagonistic interactions between these distantly related fungi

(Wilson et al. 2002; James et al. 2006; Espagne et al. 2008).

Therefore, it could provide a putative motive and mechanism

for the spreading of fusidane BGCs.

FIG. 5.—Phylogenetic trees of OSC and P50 genes in fungi. (A) ML tree of 283 OSC genes in fungi. The best evolutionary model LGþIþG4 in IQ-TREE

was used to construct this tree. Each color of branches represented a fungi phylum or subphylum. The yellow branches represented fusidane-type OSC

genes. (B) ML tree of 510 P450 genes in fungi. The best evolutionary model LGþFþIþG4 in IQ-TREE was used to construct this tree. The branches with five

different red colors represented the fusidane-type P450-1, P450-2, P450-3, P450-4, and P450-5, respectively. The screen of OSC and P450 genes was shown

in Materials and Methods in more detail. The scale of branch lengths measured in the number of substitutions per site and the numbers at nodes indicated

the bootstrap support from 1,000 ultrafast bootstrap replicates.
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Finally, our study suggested that the OSC and four P450

genes in fusidane BGCs may originate from the

Zoopagomycota by an ancient HGT event. Although some

OSC genes in Zoopagomycota share greater than 50% iden-

tity with the OSC genes in fusidane BGC, the two closest OSC

genes from Zoopagomycota cannot cyclize 2,3-oxidosqua-

lene to fusidane triterpene skeleton (supplementary fig. S5,

Supplementary Material online). The result implied that the

function of cyclizing 2,3-oxidosqualene to fusidane triterpene

skeleton may evolve after the ancient HGT event. The similar

phylogenetic analyses were also performed on the acetyl-

transferases (AT-1 and AT-2), and three kinds of dehydrogen-

ases (SDR, KSTD, and GRE2) (supplementary figs. S6–S9,

Supplementary Material online). The result showed that the

core genes in fusidane BGCs, such as AT-1 and SDR, originat-

ing from the Zoopagomycota by the ancient HGT event.

However, the other genes used to bifurcate to product differ-

ent fusidane-type antibiotics, such as P450-5, KSTD, and

GRE2, were exist exclusively within Pezizomycotina

subphylum.

In summary, our study proposes a possible evolutionary

scenario of the fusidane BGCs. Firstly, the six core genes in

the fusidane BGCs transferred from the Zoopagomycota to

Pezizomycotina by an ancient HGT event; secondly, the

remaining genes in fusidane BGCs were originated from

gene duplications within Pezizomycotina subphylum; finally,

the fusidane BGCs expanded in Pezizomycotina by six HGT

events.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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