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Abstract 

Background:  Mannosylerythritol lipids (MELs) belong to the class of glycolipid biosurfactants and are produced by 
members of the Ustilago and Moesziomyces genera. Production of MELs is regulated by a biosynthetic gene cluster 
(MEL BGC). Extracellular lipase activity is also associated with MEL production. Most microbial glycolipid-producers 
are isolated from oil-contaminated environments. MEL-producing yeast that are capable of metabolizing crude oil 
are understudied, and there is very limited data on indigenous strains from tropical climates. Analysis of the MEL BGC 
and lipase genes in Trinidad M. antarcticus strains, using a gene-targeted approach, revealed a correlation between 
their intrinsic capability to degrade crude oil and their adaptation to survive in a chronically polluted terrestrial 
environment.

Results:  M. antarcticus was isolated from naturally-occurring crude oil seeps and an asphaltic mud volcano in Trini-
dad; these are habitats that have not been previously reported for this species. Genus identification was confirmed by 
the large-subunit (LSU) and the small-subunit (SSU) sequence comparisons and species identification was confirmed 
by ITS sequence comparisons and phylogenetic inference. The essential genes (Emt1, Mac1, Mac2, Mmf1) of the MEL 
BGC were detected with gene-specific primers. Emt1p, Mac1p and Mmf1p sequence analyses confirmed that the 
Trinidad strains harboured novel synonymous amino acid (aa) substitutions and structural comparisons revealed dif-
ferent regions of disorder, specifically for the Emt1p sequence. Functionality of each protein sequence was confirmed 
through motif mining and mutation prediction. Phylogenetic relatedness was inferred for Emt1p, Mac1p and Mmf1p 
sequences. The Trinidad strains clustered with other M. antarcticus sequences, however, the representative Trinidad M. 
antarcticus sequences consistently formed a separate, highly supported branch for each protein. Similar phylogenetic 
placement was indicated for LipA and LipB nucleotide and protein sequences. The Trinidad strains also demonstrated 
lipolytic activity in culture, with an ability to utilize different carbon sources. Comparative evolution of MEL BGC and 
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Background
Different microbes are capable of producing extracellu-
lar amphipathic compounds that serve as biosurfactants. 
These surface-active compounds are structurally diverse, 
and their core functions are to reduce interfacial ten-
sion, increase the solubility and surface area contact to 
increase the rate of phase transfer and bioavailability of 
insoluble compounds [1, 2]. Biosurfactants increase the 
availability of hydrophobic nutrients to microbes thereby 
improving their competitiveness and survival outcome 
in saturated non-polar environments. This is especially 
important to degradation of petroleum hydrocarbons 
which are degraded slowly because they are extremely 
recalcitrant hydrophobic compounds [1]. There are phys-
ical, chemical and biological approaches to remediation 
of oil-contaminated soil, however, only microbial biore-
mediation utilizes renewable organic resources and low 
cost technology [3, 4]. Microbial biosurfactants offer 
select advantages compared to their chemical counter-
parts, e.g. low toxicity, environmentally compatible, bio-
degradable, higher stability in different environmental 
conditions, and are non-hazardous [5–8]. The combined 
action of microbial biodegradation with biosurfactant 
activity can be twice as efficient as either effect alone 
[9]. Biosurfactants produced by yeast and fungi are less 
known compared to those of bacterial origin. Biosur-
factants, as tensio-active molecules, are useful in a range 
of industrial applications including bioremediation, agri-
culture, detergent, medical, pharmaceutical, food, textile, 
paint, leather, paper, mining, nanotechnology, and bio-
processing industries [3].

Moesziomyces antarctica was originally isolated as an 
obligate psychrophile inhabiting the 9 m-deep sediment 
of Lake Vanda in Antarctica [10]. It has also been found 
in soil, on plant surfaces where it provides secondary 
protection against powdery mildew infection [11, 12]. 
Some strains have been reported in opportunistic human 
infections in immunocompromised individuals [13]. The 
genus Pseudozyma is polyphyletic and member species 

cluster with teleomorphic species of Ustilago, Spori-
sorium and Moesziomyces in the Ustilaginaceae fam-
ily [14]. As a result of the many taxonomic revisions for 
the majority of the ustilaginomycetous yeasts according 
to the ‘One Fungus = One Name’ standard [15–17] the 
genus name ‘Pseudozyma’ is no longer used [14, 18].

Mannosylerythritol lipids (MELs) belong to the class 
of glycolipid biosurfactants [19] and their structure 
consists of 4-O-β-D-mannopyranosyl-meso-erythritol 
as the hydrophilic moiety, and fatty acids as the hydro-
phobic moiety [20]. MELs can be differentiated accord-
ing to the acetylation pattern on the core structure [21] 
(Fig. 1). MELs are secreted by a number of different fun-
gal species, e.g. Ustilago maydis, M. antarctica T-34 and 
JCM10317, M. aphidis DSM70725 and M. hubeiensis 
SY62, Schizonella melanogramma, Kurtzmanomyces sp. 
[20, 22–26]. Strains of M. antarctica, M. parantarctica, 
M. aphidis and M. rugulosa produce primarily MEL-
A; M. graminicola, M. hubeiensis, M. siamensis and 
M. shanxiensis produce MEL-C and M. tsukubaensis 
produce a diastereomer type of MEL-B [21, 27]. MEL-
producers can be phylogenetically placed according to 
characteristics of MEL formation and rRNA sequence 
identity [28].

The industrial applications of MELs were assessed 
over the last 50 years since their discovery in the 1950’s 
[30–34]. MELs have demonstrated antimicrobial activ-
ity, and are involved in attachment inhibition and biofilm 
dispersal which prevent microbial adhesion and desorp-
tion in biofilm formation [35]. Additionally, MELs have 
demonstrated biological activities such as neuronal dif-
ferentiation in mammalian PC12 cells [36], inhibition of 
dopamine receptors [37], high affinity to immunoglobu-
lins [38], and they increase the transfection efficiency 
of liposomes [39]. MELs have gained the reputation as 
environmentally-friendly biosurfactants with superior 
surface-active properties [21, 33, 40, 41].

In U. maydis and M. antarcticus, the MEL biosyn-
thetic pathway is catalysed by five enzymes based on 

LipA gene suggested early and late duplication events, depending on the gene, followed by a number of speciation 
events within Ustilaginaceae. M. antarcticus and M. aphidis were separated from all other members of Ustilaginaceae 
and two gene homologues were detected, one for each species.

Conclusions:  Sequence analyses was based on a novel gene-targeted approach to analyze the essential genes of 
the MEL BGC and LipA and LipB genes of M. antarcticus strains from Trinidad. The findings indicated that these strains 
accumulated nucleotide mutations to a threshold level that did not affect the function of specific proteins encoded 
by the MEL BGC and LipA and LipB genes. The biosurfactant and lipase enzymes secreted by these Trinidad M. ant-
arcticus strains facilitated their survival in oil-contaminated terrestrial environments. These findings suggest that the 
Trinidad strains should be explored as promising candidates for the commercial production of MEL biosurfactants and 
lipase enzymes.

Keywords:  Mannosylerythritol lipids, Biosurfactant, Glycolipid, Lipase, Moesziomyces antarcticus, Phylogeny
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predicted function of the primary protein sequence: an 
erythritol-mannosyl transferase (Emt1p) which drives 
the first committed step in MEL synthesis and is essen-
tial for MEL production; two mannose/acyltransferases 
(Mac1p and Mac2p), an acetyltransferase (Mat1p) and 
a mannosylerythritol lipid transporter (Mmf1p), all of 
which are encoded by genes arranged in a tightly-regu-
lated biosynthetic gene cluster (BGC) [25, 29, 42, 43]. 
Emt1p is localized to the cytosol where precursor sac-
charides are abundant and where the transfer of glyco-
syl group is located; Macp1 and Mac2p localize these 
enzymes to peroxisomes where peroxisomal β-oxidation 
of fatty acids and transfer of short- and medium-chain 
fatty acids to the C-2 and C-3 positions of mannosyler-
ythritol occur; Mat1p is an acetyl-CoA-dependent MEL 
acetyltransferase; all structural variants of MEL (A to 
D) are extracellularly secreted and detected, therefore, 
Mmf1p is a membrane-bound transporter localized to 

the plasma membrane and demonstrates substrate speci-
ficity [44, 45]. For M. antarcticus, the MEL BGC was 
located towards the terminal end of scaffold 19 which 
corresponded to chromosome 7 of U. maydis [46]. There 
is also a rearrangement of the PaEmt1 and PaMac1 genes 
of M. antarcticus when compared with U. maydis. Dif-
ferential patterns of gene expression of the MEL BGC in 
M. antarcticus and U. maydis, depending on the carbon 
source, suggested that M. antarcticus may be able to pro-
duce MELs under oleaginous conditions [42].

M. antarcticus produces and secretes high amounts 
of extracellular lipases (EC3.1.1.3 triacylglycerol 
lipase, lipase A and B) which can be purchased com-
mercially [47]. Two genes, PaLipA and PaLipB, were 
isolated from M. antarcticus strain T-34 and strain 
1E5 were upregulated to exhibit higher lipase activ-
ity which accelerated oil metabolism [48]. Iterative 
saturation mutagenesis (ISM) and studies on directed 

Fig. 1  Mannosylerythritol lipids biosynthesis highlighting key metabolic pathways. The five genes include an erythritol/mannose transferase Emt1, 
two acyltransferases Mac1 and Mac2, an acetyltransferase Mat1 and a putative transporter Mmf1. Pathways and enzymes were derived from the 
KEGG database for U. maydis and adapted and combined with the MEL synthesis pathway from Hewald, et al. [29] and Saika, et al. [27]
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evolution of LipA and LipB have provided information 
on the role of key residues and protein subdomains in 
maintaining thermostability, active site conformation, 
enantioselectivity, and substrate specificity of these 
secreted lipases [49]. PaLipAp and PaLipBp contain 
462 and 342 amino acids (aa), respectively, and both 
protein structures contain an α/β hydrolase-fold; an 
active site triad located at Ser184, Asp334, and His366 
in PaLipAp and Ser105, Asp187, and His224 in PaL-
ipBp [50]. Multiple mutations in PaLipAp and PaLipBp 
are deleterious to enzyme activity. Understanding 
aa substitutions is important to bio-engineering the 
translated protein [49]. Importantly, Saika, et  al. [51] 
confirmed that MEL biosynthesis is required for 
extracellular lipase production and secretion in M. 
antarcticus strain GB-4. A study of MEL BGC of M. 
antarcticus isolates should, therefore, include simul-
taneous analysis of genes that encode extracellular 
lipases for oil/lipid metabolism [52].

Trinidad is the largest producer of oil and natural gas 
in the Caribbean and has a long history of exploration 
and production which began in 1857 [53]. In Trinidad, 
the main inland hydrocarbon region is located in the 
southern part of the island. Long-term oil discharge into 
the terrestrial environment occurs in the form of natural 
seeps and leaking pipelines. It is hypothesized that these 
Trinidad isolates would (i) have the capability to utilize 
crude oil as a carbon source as a consequence of long-
term adaptation to chronic contamination, (ii) demon-
strate the ability to produce biosurfactants (MELs), (iii) 
possess extracellular secreted lipase activity as a result 
of expression of the PaLipA and PaLipB genes, and (vi) 
display a high level of conservation of aa sequences 
of all genes constituting the MEL BGC as well as PaLi-
pAp and PaLipBp sequences. The atypical habitat of 
crude oil-saturated soil inhabited by the M. antarcticus 
Trinidad strains, also suggests that there may be strain-
specific changes as adaptive mechanisms of survival in 
these harsh environments. It is hypothesized that the 
Trinidad strains are phylogenetically related to other M. 
antarcticus strains based on rDNA, LSU and SSU non-
coding sequences. Individual genes of the MEL BGC and 
lipase genes may show a higher level of genetic diversi-
fication as a result of environmental adaptation and car-
bon resource use. The study objectives were to develop a 
gene-targeted approach to (i) detect the presence of the 
MEL BGC and PaLipA and PaLipB genes in M. antarcti-
cus Trinidad strains, (ii) compare the level of conserva-
tion of the deduced translated aa sequences encoded by 
the MEL BGC and by the PaLipA and PaLipB genes, and 
(iii) to assess the phylogenetic relationships of these pro-
teins among M. antarcticus and related genera. Extracel-
lular lipase activity of the M. antarcticus Trinidad strains 

in culture was also assessed using two different carbon 
sources.

Results
Identification of isolates
The LSU and SSU sequence comparisons to type strains 
confirmed the genus of the Trinidad strains as belong-
ing to Moesziomyces. ITS nucleotide sequence com-
parisons to type strains confirmed the identity of the 
Trinidad strains at the species level as M. antarcticus. A 
50% consensus Maximum Likelihood (ML) tree of the 
aligned ITS sequences was hypothesized (Fig.  2). The 
tree was modelled for 39 sequences with 527 nucleotide 
sites. The evolutionary history was inferred by using the 
ML method based on best-fit model according to Bayes-
ian Information Criterion (BIC) which was determined 
to be K2P + G4. The tree with the highest log likelihood 
(− 2302.587871) is shown and is drawn to scale, with 
branch lengths measured in the number of substitutions 
per site. All positions containing gaps and missing data 
were eliminated. Two sequences of Anthracocystis sp. 
were used as outgroups. The Trinidad representative con-
sensus sequence was closely related to KY104283 (Strain: 
CBS10005; host, “Homo sapiens”; country: Thailand), 
NR_130693 (Strain and ex-type culture of “Pseudozyma 
parantarctica”: JCM 11752; host: not available; coun-
try: Thailand) and AB089356 (Strain: M9932, identical 
to JCM 11752; host: “Homo sapiens”; country: Thailand) 
and formed a discrete M. antarcticus clade with high 
bootstrap support (bs > 90%). M. rugulosa and M. aphidis 
clustered with other M. antarcticus sequences in a highly 
supported clade with evidence of polytomic branching. 
This indicated that ITS sequences were too invariant to 
enable resolution of these sequences at the species level. 
All other taxa were placed into species-specific clades 
with high bootstrap support with polytomic branching of 
taxa in each clade. This indicated that ITS sequences of 
all other taxa were separated at the inter-specific level.

MEL genes and protein sequence analyses
The Emt1, Mac1, Mac2 and Mmf1 genes were success-
fully amplified in the Trinidad strains using the gene-
specific primer pairs designed in this study. The deduced 
protein sequences were then analysed.

Emt1 protein sequence analysis
There were four hits to sequences of the Moesziomyces 
genus with the highest query coverage and identity and 
the same 0.00 E-value score. The highest percentage 
query coverage and identity were recorded for type/ref-
erence sequence M. antarcticus strain T-34 (GAC75887) 
with 100% query coverage and 100% sequence identity 
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match. The other Moesziomyces hits were obtained for 
XP_014653801 (M. antarcticus), ETS61959 (M. aphidis) 
and BAI77915 (M. antarcticus) in descending order 
of percentage identity. Seventeen PaEmt1p sequences 
were included in the aligned dataset based on Blastp 
results and these were used in subsequent comparisons. 
A region of high variability occurred at aa274 to aa307 

(Fig.  3). Prior to this region, the sequences were largely 
conserved with a single or double substitution pattern in 
most cases.

A conserved domain search confirmed the identity of 
the aa sequence as cl10013 (https://​www.​ncbi.​nlm.​nih.​
gov/​Struc​ture/​cdd/​cddsrv.​cgi?​uid=​415824): Glycosyl-
transferase superfamily 1 and related proteins with GTB 

Fig. 2  Phylogenetic analysis of aligned ITS nucleotide sequences. The representative Trinidad strain is highlighted in blue (GenBank Accession No. 
MZ143989)

https://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=415824
https://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=415824
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topology with distinct N- and C- terminal domains each 
containing a typical Rossmann fold. The two domains 
had high structural homology despite lower level 
sequence homology. The large cleft, that separated the 
two domains located in the catalytic centre, permit a high 
degree of substrate flexibility.

No signal peptide sequences were present in the 
aligned aa sequences and there were no transmembrane 
(TM) domains in any of the Trinidad sequences and in 
any of the sequences of four main related genera: Moe-
sziomyces, Sporisorium, Ustilago and Melanopsichium.

The glycosylation pattern of Asn-Xaa-Ser/Thr 
sequons with a score > 0.5 was considered. The most 
commonly found sequon occurred at position aa195 
which contained a motif [NATK] for the majority of 

sequences except for the Moesziomyces sequences for 
which this glycosylation motif was absent. Another 
motif located at aa293 [NSTS] was predicted for only 
two Ustilago sequences: SAM82152 and CCF52717.

The predicted secondary structure of the reference 
sequence (strain T-34) and the representative Trini-
dad sequence was similar based on comparison of 
location and length of α-helices, β-pleated sheets and 
coils. Disordered residues toward the C-terminus were 
highlighted after aa358 to the end of the sequence. This 
region had the highest level of disorder in all three 
sequences. The least disorder, spanning the small-
est region, was reported for aa160 to aa175 in both 
sequences. In the reference sequence of M. antarcti-
cus strain T-34, disordered residues were located from 

Fig. 3  An Emt1p sequence logo is a graphical representation of an amino acid or nucleic acid multiple sequence alignment. Each logo consists of 
stacks of symbols, one stack for each position in the sequence. The overall height of the stack indicates the sequence conservation at that position, 
while the height of symbols within the stack indicates the relative frequency of each amino or nucleic acid at that position
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aa160 to aa180, from aa260 to aa300, and from aa357 
to the end of the sequence. In the Trinidad strain, dis-
ordered residues located from aa160 to aa180 and from 
aa260 to aa300 were notably absent; the longest length 
of disordered residues from aa357 to the end of the 
sequence was retained. Regions of disordered residues 
corresponded to exposed residues and not buried resi-
dues (Figs. 4 and 5).

Phylogeny of Emt1 protein sequences
The ML algorithm was used to infer the phylogenetic 
relationships among the 18 Emt1p sequences each with 
251 aa sites. The BIC best-fit model was the JTT + G4 
model of aa substitution [54]. The ML 50% consensus 
tree is (Log-likelihood of consensus tree: − 3414.634125) 
after 1000 bootstrapped replicates is presented (Fig.  6). 
Aspergillus sp. was used as the outgroup.

Based on these results, it is proposed that the putative 
PaEmt1 gene of the Trinidad strains encodes an erythri-
tol/mannose transferase identical to that carried by strain 

T-34 reference sequence. The first step of MEL biosyn-
thesis is condensation of mannosyl and erythritol cata-
lyzed by the glycosyltransferase Emt1 which confirmed 
that the MEL BGC was present in the Trinidad isolates.

Mac1 protein sequence analysis
There were three matches to Moesziomyces: GAC75889, 
ETS61961 and XP_014553798. The highest query cover-
age and identity percentage were obtained for GAC75889 
reference sequence for M. antarcticus with 79% query 
coverage and 91.39% sequence identity match. There 
were lower value hits to Ustilago and Sporisorium.

No signal peptide sequences were present in the 
aligned aa sequences and there were no TM domains in 
the Trinidad sequences and none in the sequences of the 
four main related genera: Moesziomyces, Sporisorium, 
Ustilago and Melanopsichium. A conserved domain 
search confirmed the identity of the protein sequence 
as belonging to acyltransferase i.e. having transferase 

Fig. 4  Secondary structure prediction for the PaEmt1p primary protein sequence for M. antarcticus reference strain T-34. Disordered residues are 
located from aa160 to aa180, from aa260 to aa300, and from aa358 to the end of the sequence
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activity, transferring acyl groups and is involved in the 
proposed MEL biosynthetic route. Mac1- and Mac2-
encoded proteins transfer short- and medium-chain 
fatty acids to positions R-2 and R-3 (Fig.  1). The last 
step, acetylation of deacetylated MEL at positions R-4 
and R-6, is catalyzed by a single enzyme encoded by the 
Mat1 gene (Fig. 1).

There was a high level of variability in the aligned aa 
sequences (Fig.  7). Mac1p sequences were motif-rich 
compared to the other genes of the MEL gene clus-
ter. Notably, consensus pattern: [STAGCN]-[RKH]-
[LIVMAFY] in addition to a microbody C-terminal 
targeting signal “ARL” at aa550 to aa552 were detected in 
all compared Mac1p sequences.

A search for acyltransferase-specific motifs, ‘HXXXD’ 
and ‘DFGWG’, revealed that one motif, the ‘HXXXD’ 
as ‘HALAD’ was detected in the reference sequence 
(GAC75889) at position aa171 to aa181. This search was 
based on the entire acyltransferase protein sequence 
available in GenBank. In both higher plants and yeasts, 

the ‘HXXXD’ motif is highly conserved. The alignment 
used in this study, however, did not cover the entire 
sequence as 243 aa-sequences were available and there-
fore, included. The Trinidad Mac1p sequence was outside 
that of the reference strain T-34 sequence at both termini; 
thus, for the Trinidad sequences, the ‘HXXXD’ motif was 
found outside of the aligned sequences and consequently, 
outside of the deduced translated aa sequence.

Phylogeny of Mac1 protein sequences
The ML algorithm was used to infer the phylogenetic 
relationships among 16 aligned Mac1p sequences with 
1000 replicates. The BIC best fit model was determined 
to be Gamma with 4 rate categories (LG + G4; LG) model 
of aa substitution [54]. The 50% consensus tree (Log-
likelihood of consensus tree: − 3180.776804) is presented 
(Fig. 8). The outgroup was Aspergillus sp.

The Trinidad sequences clustered separately with three 
Moesziomyces sequences. There were two clusters that 
contained a mixed membership of Ustilago, Pseudozyma 

Fig. 5  Secondary structure prediction for the PaEmt1p primary protein sequence of the representative M. antarcticus Trinidad strain. The 
comparative absence of disordered residues located at aa160 to aa180 and at aa260 to aa300; the longest length of disordered residues from aa357 
to the end of the sequence has been retained
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and Sporisorium. Based on these results, it is proposed 
that the putative PaMac1 gene of the Trinidad strains 
encodes an acyltransferase which acylates the intermedi-
ate disaccharide mannosylerythritol in MEL biosynthesis 
which also confirmed that the MEL BGC was present in 
the Trinidad isolates.

Mac2 nucleotide and protein sequence analysis
For the Mac2 nucleotide sequence of the Trinidad strain, 
analysis of both nucleotide and aa sequence was carried 
out because this was the only essential MEL gene with 
comparatively low sequence identities. There was one 
Blastn hit to M. antarcticus as a conserved hypothetical 
protein partial mRNA (XM_014804445) that is trans-
lated to an FAD-dependent sugar 1,4-lactone oxidase. 
The query coverage and identity similarity were com-
paratively low at 71 and 86.96%, respectively (E = 4e-126). 
Blastp comparison of the deduced translated aa sequence 

resulted in 61% query coverage with identity similarity 
of 96.58% (E = 9e-72) for M. aphidis strain DSM 70725 
(ETS63302). Lower range matches were obtained for 
other members of Ustilaginaceae outside of the Moeszio-
myces genus.

The only motif detected was located between aa38 and 
aa116 which corresponded to an FAD-binding PCMH-
type. This is in keeping with the identified enzyme which 
is FAD-dependent. There were no detected signal pep-
tide sequences or TM domains present in the aligned aa 
sequences (Fig. 9).

Phylogeny of Mac2 protein sequences
The ML algorithm was used to infer the phylogenetic 
relationships among 17 aligned Mac2p sequences 
with 116 aa sites and 1000 replicates. The BIC 
best fit model was determined to be the JTT + G4 
model of aa substitution. The 50% consensus tree 

Fig. 6  Phylogenetic analysis of deduced Emt1p sequences. The representative Trinidad strains are highlighted in blue; Emt1p sequences of the 
Trinidad strain are identical and as such, subsequent analyses of the other MEL genes were carried out on one consensus representative sequence
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Fig. 7  Mac1p sequence logo. The logo consists of stacks of symbols, one stack for each position in the amino acid sequence. The overall height of 
the stack indicates the sequence conservation at that position, while the height of symbols within the stack indicates the relative frequency of each 
amino acid at that position
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(Log-likelihood of consensus tree: − 884.768978) is 
presented (Fig. 10). The outgroup was Kalmanozyma 
brasiliensis.

The Trinidad sequences clustered separately with the 
other three Moesziomyces sequences. Within this Moe-
sziomyces clade, the Trinidad strain formed its own 

Fig. 8  Phylogenetic analysis of Mac1p sequences. The representative Trinidad strain is highlighted in blue

Fig. 9  Mac2p sequence logo. The logo consists of stacks of symbols, one stack for each position in the amino acid sequence. The overall height of 
the stack indicates the sequence conservation at that position, while the height of symbols within the stack indicates the relative frequency of each 
amino acid at that position
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highly supported subclade. Based on these results, it is 
proposed that the putative PaMac2 gene of the Trini-
dad strains likely encodes an acyltransferase which 
acylates the intermediate disaccharide mannosylerythri-
tol in MEL biosynthesis to produce MEL with a different 
acylation pattern to that produced by Mac1p and which 
also confirmed that the MEL BGC was present in the 
Trinidad isolates.

Mmf1 protein sequence analysis
The highest match in terms of query coverage and iden-
tity percentage were obtained for three Moesziomyces 
sequences: ETS61962, XP_014653797, and GAC75890 
in descending order of sequence similarity. Blastp query 
coverage was 99% but similarity ranged from 91.64 to 
92.68%. Lower-value hits were obtained for Ustilago and 
Sporisorium sequences. The aligned protein sequences 
were variable with three or more aa substitutions at 

Fig. 10  Phylogenetic analysis of Mac2p sequences. The representative Trinidad strain is highlighted in blue
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Fig. 11  Mmf1p sequence logo. The logo consists of stacks of symbols, one stack for each position in the amino acid sequence. The overall height of 
the stack indicates the sequence conservation at that position, while the height of symbols within the stack indicates the relative frequency of each 
amino acid at that position
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specific sites (Fig.  11). This would account for the 
sequence identity range obtained in the Blastp results.

The conserved motif detected in all aligned Mmf1p 
sequences was the major facilitator family of trans-
porters which spanned aa1 to aa259. Signal peptide 
prediction based on neural networks and hidden 
Markov models (HMM) suggested a signal peptide at 
position aa27 and aa28 with ‘VAS-QP’ as the cleavage 
site for all sequences included in the alignment. This 
signal sequence was located closer to the N-terminus. 
Phobius also predicted several TM domains in the 
aligned protein sequences. There were seven puta-
tive TM helices located outside of the plasma mem-
brane and seven TM helices found inside the plasma 
membrane. TMpred also confirmed that the predicted 
N-terminus was located inside the plasma membrane 
and the C-terminus was located outside of the plasma 
membrane and was, therefore, considered to be non-
cytoplasmic. All Mmf1p sequences in the alignment 
had one predicted N-glycosylated site “NRTA” where 
the asparagine was considered to be glycosylated at 
aa234.

Phylogeny of Mmf1 protein sequences
The ML algorithm was used to infer the phyloge-
netic relationships among 17 Mmf1p sequences with 
287 aa sites. The BIC best-fit model was Gamma 
with 4 rate categories (LG + G4m); LG [54] model of 
aa substitution using Aspergillus sp. as the outgroup. 
The 50% consensus tree was constructed from 1000 
bootstrap trees (Log-likelihood of consensus tree: 
− 3251.305052) (Fig. 12).

The representative Trinidad sequence clustered sepa-
rately with the other three Moesziomyces sequences. 
Based on these results, it is proposed that the putative 
PaMmf1 gene of the Trinidad strains encodes a secreted 
protein that belongs to the major facilitator transporter 
superfamily which is essential in the movement of a range 
of substrates across the plasma membrane. This data also 
confirmed that the MEL BGC was present in the Trini-
dad isolates.

Lipase analysis
Both LipA and LipB genes (syn. Found on UniProt 
https://​www.​unipr​ot.​org/​unipr​ot/​W3VKA4; Esther 
database http://​bioweb.​supag​ro.​inra.​fr/​ESTHER/) were 

Fig. 12  Phylogenetic analysis of Mmf1p sequences. The representative Trinidad strain is highlighted in blue

https://www.uniprot.org/uniprot/W3VKA4
http://bioweb.supagro.inra.fr/ESTHER/
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detected in the Trinidad strains through gene-targeted 
PCR amplification and sequencing of amplicons gener-
ated by the primer pairs designed in this study. Blastp 
comparisons resulted in 3GUU_A:35-244_Candida ant-
arctica lipase A and M. antarcticus strain T-34 as most 
similar to the Trinidad sequence. A comparison of the 
aligned LipAp and LipBp sequences was then carried out 
with these two reference sequences against the represent-
ative LipAp and LipBp sequences of the M. antarcticus 
Trinidad strains. Signal peptide sequences were present 
in each of the aligned LipAp and LipBp sequences.

Analysis of the LipAp and LipBp sequences indicated 
that LipAp was more variable than LipBp at four aa posi-
tions in the alignment and these four positions varied 
only in the Trinidad LipAp sequence; the aa substitutions 
were Y4F, L98F, V104A, and A145S (Fig. 13). PROVEAN 
prediction indicated that these four aa substitutions in 
the Trinidad sequence were neutral at a default thresh-
old of − 2.5. This is in contrast to LipBp sequence analy-
sis in which the LipBp sequence of reference strain T-34 
was compared to that of the representative Trinidad 

strain. The LipBp sequences were 100% identical which 
indicated absolute consensus among the aa of this pro-
tein (Fig. 14). There were 17 records of LipBp sequence 
in the UniProt database (https://​www.​unipr​ot.​org/​unipr​
ot/​P41365) with 100% identity to each other and aa sub-
stitutions within this protein sequence generally led to 
reduced lipase activity in M. antarcticus depending on 
the type of mutation.

A comparison of secretory lipases among Moesziomy-
ces and related genera in MycoCosm (https://​mycoc​osm.​
jgi.​doe.​gov/) revealed a highly conserved genomic block 
arrangement (synteny for MCL cluster model #4925) 
(Fig. 15). There was rearrangement of adjacent domains 
which suggested that they were not critical to secretory 
lipase gene function.

Comparative evolution of MEL BGC membership and LipA
The committed step in MEL biosynthesis is catalysed 
by the protein encoded by PaEmt1 gene. Compara-
tive evolution analysis of this gene suggested an early 
ancestral duplication event from which a number of 

Fig. 13  LipAp sequence logo. The logo consists of stacks of symbols, one stack for each position in the amino acid sequence. The overall height of 
the stack indicates the sequence conservation at that position, while the height of symbols within the stack indicates the relative frequency of each 
amino acid at that position

https://www.uniprot.org/uniprot/P41365
https://www.uniprot.org/uniprot/P41365
https://mycocosm.jgi.doe.gov/
https://mycocosm.jgi.doe.gov/
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speciation events occurred such that four homologues 
were detected within Ustilaginaceae. There were no pro-
posed duplication events for PaMac1, only speciation 
events. For PaMac2, there was one detected duplication 
event that occurred later in evolutionary time compared 
to PaEmt1, and which occurred just before a speciation 
event that separated Ustilaginaceae into two groups, one 
with two homologues and another with three PaMac2 
gene homologues. There was one early ancestral dupli-
cation event proposed for PaMat1, followed by two later 
duplication events, one of which was followed by specia-
tion events that led to two Ustilaginaceae groups - one 
with two homologues and the other with four homo-
logues of this gene. Comparative evolution of PaMmf1 
gene suggested a duplication event immediately followed 
by speciation events where seven homologues existed 
for one group of Ustilaginaceae members and another 
group of Ustilaginaceae for which four homologues were 

detected. Comparative evolution of all genes suggested 
that M. antarcticus and M. aphidis reference strains were 
consistently separated from other members of Ustilagi-
naceae. Comparative evolution of MEL BGC genes is 
shown in Fig. 16.

Comparative evolution of the LipA gene in Ensem-
blFungi indicated multiple duplication and speciation 
events for all homologues detected among all fungi 
in this database (Fig.  17). Specifically within Ustilagi-
naceae, there were four putative speciation events and 
two duplication events for two Sporisorium reilianum 
strains and two M. brasiliensis strains. A proposed speci-
ation event, located at node ID 29170881, may have been 
defined by at least eight aa substitutions (A90T, E284D, 
A349T, G362Q, V388A, S389G, V418I and D505N) in 
M. antarcticus strain T-34/M. aphidis strain DSM70725, 
respectively (Wasabi viewer at node ID 29170888 in 
EnsemblFungi). Another proposed single speciation 

Fig. 14  LipBp sequence logo. The logo consists of stacks of symbols, one stack for each position in the amino acid sequence. The overall height of 
the stack indicates the sequence conservation at that position, while the height of symbols within the stack indicates the relative frequency of each 
amino or nucleic acid at that position
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event, located at node ID 29170881, separated M. ant-
arcticus strain T-34/M. aphidis strain DSM70725 from 
U. maydis strain 521, U. hordei (no strain provided), 
M. hubeiensis strain SY62, two Sporisorium reilianum 
strains and two M. brasiliensis strains, and as a result, 
seven corresponding LipA gene homologues emerged for 
Ustilaginaceae.

Bioassays
Rhodamine 6G assays, conducted with olive oil and 
crude oil as carbon sources, both showed the presence of 
yellow-to-orange-coloured fluorescence under UV light 
indicating secreted lipase activity. Fluorescence obtained 
for each isolate and examples of positive and negative 
results are shown in Fig. 18.

Discussion
In this study, three essential genes of the MEL BGC, 
Emt1, Mac1 and Mmf1, and the dispensable Mac2 gene, 
in addition to the LipA and LipB genes in the M. antarcti-
cus Trinidad strains and in related strains in the Ustilagi-
naceae family were studied.

Phylogenetic inference based on protein sequence 
alignment from several related species are commonly 
used to determine relatedness among homologous 
sequences, and provides clues into the evolution of a pro-
tein family and the functional specificity of these protein 

members [55]. ITS rRNA sequence comparisons and 
phylogenetic analyses identified the Trinidad strains as 
M. antarcticus. The Trinidad strains shared the discrete 
and moderately-supported M. antarcticus clade with one 
M. parantarctica strain and two M. parantarctica strains. 
M. parantarctica, known to produce large amounts of 
MELs [28], was shown to be phylogenetically closely 
related to other known MEL-producers M. antarcti-
cus, M. rugulosa and M. aphidis [56, 57]. The Trinidad 
strains were phylogenetically characterized by their ITS 
sequences which coincided with MEL production, a find-
ing similar to Morita, et  al. [28]. Hence, M. antarcticus 
formed a discrete subclade with M. parantarctica within 
the clade containing other well-known MEL-producers, 
M. rugulosa and M. aphidis. ITS phylogeny positioned M. 
rugulosa and M. aphidis with M. antarcticus sequences 
in a highly-supported clade with polytomic branching 
indicating that, for these species, the ITS sequences were 
too invariant for resolution at the inter-specific level.

Fungal genes that control primary metabolism are sel-
dom clustered, however, gene clusters that regulate the 
production of secondary metabolites are common [29, 
58]. The “selfish cluster” hypothesis purports that gene 
cluster organization facilitates the transfer of complete 
biosynthesis pathways upon lateral transfer [29]. Studies 
that assessed the function of Emt1 using gene disrup-
tion methods found that it is essential for MEL biosyn-
thesis regardless of the carbon source utilized [25, 43]. 

Fig. 15  Genomic arrangement of lipase domain in Moesziomyces and related genera in MycoCosm
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Fig. 16  Comparative evolution of MEL BGC genes in EnsemblFungi. EnsemblFungi ID: A PANT_19c00001: PaEmt1; B PANT_19c00002: PaMat1; C 
PANT_19d000003: PaMac1; D PANT_ 19d00002: PaMac2; E PANT_19d00004: PaMmf1 
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No signal peptides or TM domains were detected in the 
Emt1p of the Trinidad strains and for related genera of 
the Ustilaginaceae family (Moesziomyces, Sporisorium, 
Ustilago, and Melanopsichium) which suggested locali-
zation of this protein in the cytosol. Protein sequences 
without any evidence of signal peptides included in their 
sequences generally would not be glycosylated in  vivo 
even though analytics show that they may contain poten-
tial glycosylation motifs.

A common sequon was present in most of the Emt1p 
sequences apart from the Moesziomyces sequences, 
having a glycosylation motif ‘NATK’ at aa195, and two 

Ustilago sequences had another motif ‘NSTS’ at aa293. 
The Trinidad strains had similar secondary structures 
to the M. antarcticus strain T-34. Disordered residues 
toward the C-terminus were highlighted after aa358 
toward the end of the sequence, and was the highest level 
of disorder observed in all three sequences. For the three 
sequences, the smallest region of disorder was at aa160 to 
aa175. Conserved regions of disorder are associated with 
a range of biological activities. Comprehensive reviews 
on disordered proteins [59, 60] have highlighted the 
six functional classes of these activities [61]. In the first 
class, entropic chain classifiers, intrinsically disordered 

Fig. 17  Comparative evolution of the LipA gene in EnsemblFungi

Fig. 18  Lipase assays with Rhodamine 6G under UV light for (i and ii) isolates with olive oil as the carbon source, (iii) negative result with olive 
oil as the carbon source, (iv and v) isolates with crude oil as the carbon source and (vi) negative result with crude oil as the carbon source; 
yellow-to-orange-coloured fluorescence indicated the presence of extracellular lipase; no fluorescence indicated a negative result
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proteins or intrinsically disordered protein regions do 
not require ordered confirmation for their functioning. 
Intrinsically disordered protein regions can also have 
display site functions which provide conformational 
flexibility that allows access to the protein backbone by 
posttranslational modification enzymes which facilitates 
glycosylation. Such functional classification may hold 
true for the intrinsically disordered protein regions pre-
sent in the Emt1p sequences under study.

The second step in the assembly of the MELs 
involves acylation of mannosylerythritol which is 
catalyzed by two acyltransferases encoded by Mac1 
and Mac2 genes. Mac2-encoded acyltransferase may 
be dispensable for catalysis since it was found to lack 
the required aspartate residue of the nearly invari-
able acyltransferase motif ‘HXXXD’ that is part of the 
enzyme’s active centre [29, 62]. The ‘DFGWG’ motif is 
found in the C-terminal domain, and is important to 
maintaining the structural geometry of the enzyme 
[63]. Phylogenetic analysis placed the putative aa 
sequence encoded by Mac1 of the Trinidad strains 
with the highest similarity to that of M. antarcticus 
strain T-34, and to two other Moesziomyces sequences. 
More distantly related taxa had a mixed membership 
with related genera of the Ustilaginaceae family (Pseu-
dozyma, Sporisorium and Ustilago).

Alignment of the Mac1p sequences exhibited high lev-
els of variability, however, these sequences were motif-
rich in relation to other genes in the MEL cluster. A clear 
consensus pattern [STAGCN]-[RKH]-[LIVMAFY] and 
a C-terminal targeting signal “ARL” at aa550 to aa552 
was detected in all Mac1p sequences. This confirmed 
the localization of this enzyme to the peroxisomes for 
β-oxidation [64]. Peroxisomes participate in the synthe-
sis of various secondary metabolites in fungi [64], and M. 
antarctica was found to contain many genes for peroxi-
somal β-oxidation [42].

The enzymes responsible for MEL biosynthesis are 
compartmentalized to enable production of differently 
acylated MELs, and to allow for simultaneous assembly 
of different glycolipids in a single cell requiring the same 
precursor [65]. Mat1p and Mac1p of the Trinidad strains 
were confirmed to be localized in peroxisomes. In con-
trast, Emt1p glycosylation occurs in the cytosol as con-
firmed by the absence of these targeting signals in the 
Trinidad strains. Mat1p, which is not essential for MEL 
production and is located in the plasma membrane, is 
responsible for the production of three acetylated vari-
ants, MEL-A,-B,-C. Once MELs are produced, they 
must be translocated to the cell membrane for extracel-
lular deposition. Membrane-bound transporter, Mmf1p, 
a member of the major facilitator superfamily, exports 
MEL-A,-B,-C,-D variants out of the cell. The Mmf1 

gene sequence in the Trinidad strains was highly simi-
lar to that of M. antarcticus and M. aphidis. Lower pro-
tein sequence similarity was obtained for related genera 
of the Ustilaginaceae family (Sporisorium and Ustilago). 
As such, phylogenetic inference of the Mmf1p sequences 
placed the Trinidad strain with other strains of M. ant-
arcticus and M. aphidis. In addition, the characteristic 
features of signal peptide and TM regions required for 
secretion of MELs confirmed the localization of the pro-
tein to N-terminus inside the plasma membrane and the 
C-terminus outside the plasma membrane.

M. antarctica is an excellent producer of industrial 
lipases [66]. Both LipA and LipB genes in the Trinidad 
strains were identified using gene-specific primers. 
Blastp indicated the top hit to lipase A of M. antarcti-
cus strain T-34. Synonymous aa variations were found 
in LipAp. The LipBp sequences were highly conserved. 
LipA genes remain conserved in the M. antarcticus 
Trinidad strains. These putative secretory lipases in 
Moesziomyces and related genera originated from a 
common ancestor.

In this study, molecular characterization and func-
tional analyses were conducted as opposed to common 
screening methods for the detection of biosurfactants 
[67, 68]. Though commonly used, basic sampling and 
isolation methods based on surface/interfacial activ-
ity (e.g. oil spreading assay, drop collapse assay) detect 
presence/absence of biosurfactants, and give no insight 
into the molecular aspects that enable their secretion 
[68]. Specialty media such as CTAB [69] and hemolytic 
assays are often used [68]. CTAB assays are semi-quanti-
tative; CTAB is harmful and inhibits the growth of some 
microbes. CTAB assays were performed in this study 
according to Siegmund and Wagner [69] but, the results 
were inconclusive as uncharacteristic halos were formed 
(data not presented). Hemolytic assays are unreliable 
due to false negative and /or positive results. For exam-
ple, there can be biosurfactant activity without hemolytic 
activity and microbes positive for hemolytic activity can 
be negative for biosurfactant production. In addition, 
biosurfactants that diffuse poorly in agar may not be able 
to lyse blood cells [70, 71].

The reference M. antarctica strain was initially isolated 
from the bottom of a lake in Antarctica. Morita, et  al. 
[43] proposed that MELs functionality may contribute 
to low-temperature and freezing tolerance for survival 
under these extreme conditions. The secretion of lipases 
in Antarctic fungi can be associated with their need for 
maintenance of cell membrane fluidity in extreme cold 
conditions to survive [72, 73]. The Trinidad strains dem-
onstrated tolerance to extreme crude oil pollution and 
MEL functionality may contribute to survival under these 
atypical conditions. Moesziomyces species have rarely 
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been described as capable of crude oil detoxification. M. 
aphidis was shown to be efficient in degrading tetrade-
cane [74], Moesziomyces sp. degraded diesel fuel [75], 
and P. antarctica can convert n-alkanes (C12 to C18) into 
MELs [76].

This is the first report of a gene-targeted approach to 
identify and to explain the ability of M. antarcticus Trini-
dad strains to degrade crude oil for remediation of pol-
luted environments. M. antarcticus possesses more genes 
responsible for fatty acid transport and metabolism com-
pared with S. cerevisiae [28, 44]. These results, in addi-
tion to those of other studies [28, 42], indicated that M. 
antarcticus have an adaptive advantage to surviving ole-
aginous conditions which explains the survival of the 
Trinidad strains inhabiting terrestrial sites chronically 
contaminated with crude oil. The conditions for activa-
tion and synthesis of these and other lipid metabolism-
associated enzymes in tropical strains are expected to 
differ from those M. antarcticus strains isolated from 
sub-zero temperatures. Further studies of these and other 
secondary metabolite biosynthesis pathways will reveal 
how these pathways can be manipulated for industrial 
purposes [77, 78].

Conclusions
This work explored the mechanistic and evolution-
ary underpinnings of tolerance and adaptation to 
oil-polluted terrestrial environments by specific M. 
antarcticus yeast strains indigenous to Trinidad. The 
experimental design included a novel gene-targeted 
approach for detecting and analysing essential genes 
of the MEL BGC and LipA and LipB genes. Sequence 
analyses indicated that these strains do not necessarily 
work to protect the genome but instead, the focus has 
been to protect the function of specific proteins that 
enable survival of these Trinidad M. antarcticus strains. 
It was found that the intrinsic ability of these strains to 
outcompete and survive in anoxic, low-nutrient terres-
trial environments is necessarily mechanistically- and 
evolutionarily-linked. Bioremediation capability may 
also be related to protein domains that were intrinsi-
cally disordered which have known or suspected links 
to abiotic stress tolerance. These findings suggest that 
the Trinidad strains should be explored as promising 
candidates for the commercial production of MELs and 
lipase enzymes. As such, whole genome sequence anal-
ysis is currently being conducted for these strains.

Methods
Materials
Crude oil was obtained from CARIRI - Caribbean 
Industrial (St. Augustine, Trinidad and Tobago). Potato 

dextrose agar plates (PDA), yeast malt agar (YM), 
basal salts medium (BSM), Bushnell-Haas agar (BHA) 
composed per liter of: MgSO4 (0.2 g), CaCl2 (0.02 g), 
KH2PO4 (1.0 g) K2HPO4 (1.0 g), NH4NO3 (1.0 g), FeCl3 
(0.05 g), and agar (20.0 g), and nutrient agar (NA) 
media were obtained from HiMedia Laboratories LLC 
(West Chester, PA, USA). Streptomycin, tetracycline, 
glycerol, olive oil, and Rhodamine 6G solution were 
obtained from Sigma-Aldrich (St. Louis, MO, USA). 
Maxwell® 16 Cell DNA Purification kits used for DNA 
extraction, and GoTaq® Green Master Mix and Nucle-
ase-Free water for PCR were obtained from Promega 
(Madison, WI, USA). Primers were from Integrated 
DNA Technologies (Coralville, IA, USA). The Thermal 
Cycler 2720 to perform PCR was from Thermo Scien-
tific (USA), and the MiniBIS Pro System to view PCR 
products was a DNR Bio Imaging System (Neve Yamin, 
Israel).

Site description and sample collection
The sites under study included Vance River (10°12′06″N, 
61°37′52″W) located in Siparia Region and the Marac 
Mud Volcano (10.0774° N, 61.3531° W) located in La 
Lune, Moruga (Fig.  19). Both sites are located in South 
Trinidad and are chronically polluted with crude oil [79, 
80]. Such long-term exposure presents an opportunity to 
study microbes that have adapted to extreme conditions. 
An in-depth description of these sites can be found in 
Ramdass and Rampersad [81].

Contaminated soil samples were collected from five 
sites along Vance River, and included samples from oil 
contaminated sediments surrounding leaking pipelines, a 
natural oil seep where the surrounding land was heavily 
impregnated with oil and sites along the river containing 
oil runoff accumulated in sediment (Fig. 19). Samples of 
mud mixed with oil were taken from the volcano site at 
Marac Mud Volcano, and included samples from inside 
the vents, the edge of the vents, and the edge of the vege-
tation margin (Fig. 19). Approximately 500 g soil samples 
were collected from these sites at a depth of 10 cm into 
the subsurface using a stainless steel shovel. Debris (e.g. 
pebbles, leaves and twigs) were removed from the sam-
ples prior to placing into sterile Whirl-Pak bags on ice for 
transportation to the laboratory. The samples were stored 
at 4 °C for next-day processing.

Isolate recovery and enrichment
Fungal isolation was performed as previously described 
[81]. Briefly, each hydrocarbon contaminated soil sample 
was serially diluted and aliquots spread over the surface 
of PDA supplemented with 50 mg/L each of streptomy-
cin and tetracycline. Morphologically different colonies 
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were then selected. The isolates were maintained on PDA 
plates and in 1.5 mL centrifuge tubes in sterile distilled 
water at 4 °C for short term storage, and in 15% glycerol 
at − 20 °C for long term storage. Stock cultures were cul-
tivated at 25 ± 2 °C on YM containing 1% glucose, 0.5% 
peptone, 0.3% yeast extract, 0.3% malt extract and 1.5% 
agar. They were stored at 4 °C and renewed every 3 weeks.

For the isolation of crude oil-degrading microbes, bio-
surfactant- and lipase-producing microbes, enrichment 
cultures utilizing hydrophobic compounds as the sole 

carbon source were applied [68]. Mud and oil composite 
(~ 20 g) into a 500 mL conical flask with 500 mL BSM [82] 
supplemented with 2% (v/v) crude oil. The cultures were 
incubated for 2 days at 37 ± 2 °C with shaking (200 rpm). 
Following incubation, 1 mL of the mixture was trans-
ferred into another flask containing crude oil medium 
and maintained under the same conditions. The mixture 
was centrifuged (3000 rpm) after incubation, and the pel-
let was re-suspended in sterile phosphate buffer pH 7.2. 
Serial dilutions (10− 1 to 10− 5) were prepared and 100 μL 

Fig. 19  Bioinformatics pipeline

Table 1  Primers designed in this study for detection of MEL biosynthetic gene cluster

a  Tm: primer annealing temperature

Gene target Primer orientation Primer Sequence (5′-3′) Tm
a/°C Amplicon 

size/bp

PaEmt1 Forward Primer TGT​CTG​CGC​TCG​aaAGTaaG 62.194 848

Reverse Primer GGA​GAG​CATaaACT​GCG​AGTAG​ 62.194

PaMac1 Forward Primer GCA​TCT​CGG​AGC​TGTACaaT 61.919 996

Reverse Primer CGTGGaaCTT​GGC​ATCaaAC 61.872

PaMac2 Forward Primer ACT​TGC​CCT​TTG​GTC​TGT​T 61.999 685

Reverse Primer ATT​ATC​CGC​CGC​CTT​GAT​T 61.986

PaMmf1 Forward Primer GCT​GAT​GCT​GAT​TGC​CTT​TC 61.803 994

Reverse Primer CCA​TCC​GAGGaaGAT​GAG​ATTT​ 61.823

PaLipA Forward Primer GCG​CTC​aaGaaCTA​CCA​Gaa 62.016 666

Reverse Primer GTCGaaGGC​TTG​CTT​GAT​aaAC 61.941

PaLipB Forward Primer AGC​CAC​TCC​TTT​GGTGaaG 61.847 724

Reverse Primer GTaaGAGaaCTG​CGA​GGT​GAG​ 61.804
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aliquots were plated on 2% oil-amended PDA media and 
incubated as previously described.

DNA extraction, PCR and sequencing
Isolates grown on oil-amended media were selected and 
identified based on partial sequence comparisons of the 
internally transcribed spacer region, ITS1–5.8S-ITS2 
rDNA array (ITS4/5) [83]. LSU [84, 85] and SSU rRNA 
were also targeted (https://​sites.​duke.​edu/​vilga​lyslab/​
rdna_​prime​rs_​for_​fungi/; Vilgalys Lab, Duke University). 
The LSU region contains two hypervariable domains, D1 
and D2 [86], which when combined with ITS sequence 
data, can be valuable for fungal species identification 
[87].

Total genomic DNA from fungal isolates was extracted 
using the MoBio PowerSoil DNA extraction kit accord-
ing to the manufacturer’s instructions. DNA extracts 
were diluted 1:4 and this served as the working DNA 
concentration for PCR amplification. PCR reactions 
were carried out on Thermal Cycler 2720. The PCR mix-
ture (25 μL total volume) contained 12.5 μL of GoTaq 
Green Master Mix, 0.5 μL (10 μM) of each primer, 6.5 μL 
of Nuclease-Free water and 5 μL of DNA template. PCR 
reaction conditions consisted of an initial denaturation of 
5 min at 94 °C followed by 35 cycles of 1 min of denatura-
tion at 94 °C, 1 min of annealing at 55 °C, 1 min primer 
extension at 72 °C, followed by a final extension of 5 min 
at 72 °C. PCR products were examined on 1.5% agarose 
gels using the MiniBIS Pro System, and the amplicons 
were sent for purification and sequencing (MCLAB, San 
Francisco, CA, USA).

Identification of isolates
Sequences of each amplified gene region were compared 
to sequences deposited in GenBank using BLASTn algo-
rithm specifically against the ITS1–5.8 s-ITS2 rDNA 
TYPE SEQUENCE database. Confirmation of ITS 
sequence identity (GenBank Accession No. MZ143989-
representative ITS sequence) was then carried out based 
on comparative BLASTn. The SILVA server (https://​
www.​arb-​silva.​de/; high quality ribosomal RNA database) 
was used for molecular identification at the intermedi-
ate taxonomic level using LSU and SSU gene sequences. 
Sequences were aligned in MAFFT (https://​www.​ebi.​ac.​
uk/​Tools/​msa/​mafft/) [88] and edited in BioEdit [89].

To confirm sequence identity, phylogenetic infer-
ence was carried out using the ML algorithm with 
1000 bootstrapped replications in MEGA [90]. Refer-
ence sequences were mined from the top matches in 
GenBank and these were included in the final dataset 
(Supplementary Table S1). Sequences were aligned in 
MAFFT (https://​www.​ebi.​ac.​uk/​Tools/​msa/​mafft/) [88] 
and edited in BioEdit [89].

Detection of MEL BGC
Gene-specific primers were designed to target 
three key genes in the MEL BGC: PaEmt1, PaMac1, 
PaMac2 and PaMmf1. The reference protein 
sequences of type strain T-34 of M. antarcticus (Gen-
Bank GAC75887) was used in primer design. Prim-
ers were designed using IDT primer quest software 
(https://​www.​idtdna.​com/​Prime​rQuest/​Home/​Index) 
and produced by IDT-Integrated DNA Technologies 
Inc. (Table 1). The PCR mixture (25 μL total volume) 
contained 12.5 μL of GoTaq® Green Master Mix, 
0.5 μL (10 μM) of each primer, 6.5 μL of Nuclease-Free 
water and 5 μL of DNA template. PCR reaction condi-
tions consisted of an initial denaturation of 5 min at 
94 °C followed by 35 cycles of 1 min of denaturation 
at 94 °C, 1 min of annealing at the calculated Tm of 
each primer pair, 1 min primer extension at 72 °C, 
followed by a final extension of 5 min at 72 °C. PCR 
products were examined on 1.5% agarose gels using 
the MiniBIS Pro System, and the amplicons were sent 
for purification and sequencing (MCLAB, San Fran-
cisco, CA, USA).

The nucleotide sequences of each amplicon were 
translated into deduced aa sequences using the Expasy 
translation tool (https://​web.​expasy.​org/​trans​late/) and 
the correct reading frame was confirmed. The iden-
tities of the deduced aa sequences were verified by 
BLASTp analysis.

Bioinformatics analyses
Figure 19 outlines the bioinformatics workflow used in 
this study.

Emt1, Mac1, Mac2, Mmf1 and LipA/B amino acid sequence 
analyses
The aa sequences of the MEL genes of the M. antarcti-
cus strains were analysed to assess protein functionality 
of these genes and their associated gene products. Basic 
protein sequence statistics of the alignments were com-
pared using the Sequence Manipulation Suite (SMS) 
server (https://​www.​bioin​forma​tics.​org/​sms2/​prote​in_​
stats.​html) [91]. SignalP 5.0 (http://​www.​cbs.​dtu.​dk/​
servi​ces/​Signa​lP/) was used in the detection of poten-
tial signal peptides using deep neural networks [92]. 
Phobius (https://​phobi​us.​sbc.​su.​se/) was used to deter-
mine whether there were TM domains in the protein 
sequences [93]. On the DTU heath Tech domain (https://​
servi​ces.​healt​htech.​dtu.​dk/) TMHMM v. 2.0 (https://​
servi​ces.​healt​htech.​dtu.​dk/​servi​ce.​php?​TMHMM-2.0) 
was also used in the prediction of TM helices in proteins 
using hidden f model once there is an indication of such 
according to the Phobius results [94]. TMHMM has been 
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rated best in an independent comparison of programs for 
prediction of TM helices [95].

Weblogo (https://​weblo​go.​berke​ley.​edu/​logo.​cgi) was 
used to create a sequence logo for each protein sequence 
[96, 97]. In general, a sequence logo provides a richer 
and more precise description of, for example, a binding 
site, than would a consensus sequence. The PROVEAN 
software tool (http://​prove​an.​jcvi.​org/​index.​php) was 
used to predict if aa substitution has an impact on the 
biological function of a protein. NetNGlyc (http://​www.​
cbs.​dtu.​dk/​servi​ces/​NetNG​lyc/) was used to predict 
potential N-glycosylation sites in the sequences through 
a search for Asn-Xaa-Ser/Thr sequons [98]. Not all 
asparagines in this consensus tripeptide are glycosylated 
as folding of the protein determines whether the Asp in 
the sequon is glycosylated. myHits Motif Scan (https://​
myhits.​isb-​sib.​ch/​cgi-​bin/​motif_​scan) and ScanProsite 
(https://​prosi​te.​expasy.​org/​scanp​rosite/) were used 
to detect sequence specific motifs depending on the 
results of previous analysis on signal peptide and TM 
prediction. Depending on these results and the protein 
sequence under study, TMpred (https://​embnet.​vital-​it.​
ch/​softw​are/​TMPRED_​form.​html) was used to predict 
the membrane-spanning regions and their orientation 
relative to the plasma membrane and cytosol. These 
tools were included in the package of protein sequence 
analysis available in the Expasy Bioinformatics Resource 
Portal (https://​www.​expasy.​org/).

On the DTU heath Tech domain (https://​servi​ces.​healt​
htech.​dtu.​dk/) [94] NetSurfP-2.0 (https://​servi​ces.​healt​
htech.​dtu.​dk/​servi​ce.​php?​NetSu​rfP-2.0) was used to pre-
dict the surface accessibility, secondary structure, dis-
order, and phi/psi dihedral angles of aa in each deduced 
protein sequence. RAxML (Randomized Axelerated 
Maximum Likelihood) (https://​raxml-​ng.​vital-​it.​ch/#/) 
was used to infer phylogenetic relationships for each 
protein using the ML algorithm [99, 100]. Reference 
sequences were mined from the top matches in Gen-
Bank and these were included in the final dataset (Sup-
plementary Tables S2 to S5). Sequences were aligned 
in MAFFT (https://​www.​ebi.​ac.​uk/​Tools/​msa/​mafft/) 
[88] and edited in BioEdit [89]. Phylogenetic trees were 
edited in FigTree 1.4.4 (http://​tree.​bio.​ed.​ac.​uk/​softw​
are/​figtr​ee/). A comparative analysis of secretory lipase 
genomic arrangement was performed among Moeszio-
myces and related genera in MycoCosm (https://​mycoc​
osm.​jgi.​doe.​gov/). Finally, comparative evolution (dupli-
cation and speciation events) of the LipA gene among 
members of Ustilaginaceae was carried out in Ensem-
blFungi (https://​fungi.​ensem​bl.​org/​index.​html).

Growth bioassays in oil‑amended media
Growth bioassays on crude oil-amended media for cul-
turable fungi obtained were conducted as previously 
described [81].

Extracellular lipase assay
Extracellular lipase activity for the Trinidad strains was 
assessed using a modified Rhodamine agar plate method 
[101]. Briefly, NA consisting of olive oil (3% v/v), Rho-
damine 6G solution (0.001% w/v), pH 7, supplemented 
with 50 mg/L each of streptomycin and tetracycline, were 
inoculated with the Trinidad strains, and incubated at 
25 °C in the dark. As a control, un-inoculated plates were 
also prepared. Assays were performed in triplicate. This 
assay was also carried out on plates with crude oil (1–3% 
v/v) as a substitute for olive oil as the carbon source. The 
plates were examined under UV light and activity was 
determined by visual inspection for yellow-to-orange-
coloured fluorescence [101–103].
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