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Summary

Hydroxymethylfurfural (HMF) is a promising lignocel-
lulosic-derived source for the generation of diverse
chemical building blocks constituting an alternative
to fossil fuels. However, it remains unanswered if
ubiquitous fungi can ensure their efficient decay,
similar to that observed in highly specialised fungi.
To disclose the genetic basis of HMF degradation in
aspergilli, we performed a comprehensive analysis
of Aspergillus nidulans ability to tolerate and to
degrade HMF and its derivatives (including an HMF-
dimer). We identified the degradation pathway using
a suite of metabolomics methods and showed that

HMF was modified throughout sequential reactions,
ultimately yielding derivatives subsequently chan-
nelled to the TCA cycle. Based on the previously
revealed hmfFGH gene cluster of Cupriavidus
basilensis, we combined gene expression of homolo-
gous genes in Aspergillus nidulans and functional
analyses in single-deletion mutants. Results were
complemented with orthology analyses across the
genomes of twenty-five fungal species. Our results
support high functional redundancy for the initial
steps of the HMF degradation pathway in the major-
ity of the analysed fungal genomes and the assign-
ment of a single-copy furan-2,5-dicarboxylic acid
decarboxylase gene in A. nidulans. Collectively our
data made apparent the superior capacity of asper-
gilli to mineralise HMF, furthering the environmental
sustainability of a furan-based chemistry.

Introduction

The search for alternative sources of energy and struc-
tural building blocks to fossil resources has been recog-
nised as a priority worldwide, and one of the major
technological quests during the last decade (Rosatella
et al., 2011; van Putten et al., 2013). To alleviate the
harmful environmental footprint of the overexploitation of
fossil reservoirs, the development of cleaner alternatives
is required, safeguarding the health of Earth ecosystems
and, consequently, of future generations (Frade et al.,
2014).
Lignocellulose, especially its composing polymers lig-

nin, cellulose and hemicellulose, are the frontrunners in
the biorefinery of the future. Cellulose and hemicellulose
can be used as carbon source in fermentation processes
for the production of ethanol (Delidovich et al., 2014).
Their hydrolytic degradation at high temperatures
releases the composing sugar monomers; yet cellulose
is less amenable to hydrolysis than hemicellulose (which
does not form crystalline regions). The resulting mono-
mers, namely hexoses and pentoses, can be subse-
quently converted through dehydration to 5-
hydroxymethylfurfural (HMF) and furfural (FF) respec-
tively (Rosatella et al., 2011). Importantly, HMF can also
be obtained directly from fructose or from glucose via
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isomerisation to fructose (van Putten et al., 2013; Zhang
and Dumont, 2017). Both renewable resources, HMF
and FF, have already been used to successfully gener-
ate a considerable array of chemical building blocks (van
Putten et al., 2013). Due to the ease of production of
HMF and its derivatives, it has been estimated that they
will rapidly reach a global scale of use (Rosatella et al.,
2011; van Putten et al., 2013; Resasco et al., 2015;
Zhang and Dumont, 2017). The potential absence of
cytotoxic effects of several building blocks derived from
HMF has been suggested before using a human cell line
at defined concentration and exposure time (Frade et al.,
2014).
In the context of biorefinery, some studies have

reported HMF inhibitory effects on the growth of bacteria
(Franden et al., 2013; Wang et al., 2014) or yeasts
(Taherzadeh et al., 2000; Wang et al., 2013) during
industrial fermentation processes. This led to the charac-
terisation of HMF reduction to 2,5-bis(hydroxymethyl)fu-
ran (BHMF) or oxidation to 5-(hydroxymethyl)furan-2-
carboxylate (HMFCA) by several yeasts during the pro-
duction of ethanol (Yuan et al., 2020). The inhibitory
effects of both FF and HMF during the conversion of lig-
nocelluloses to ethanol, and how they influence the
expression of central metabolism-related genes (e.g.
pentose phosphate pathway or TCA cycle) have been
extensively analysed (Liu et al., 2004; Gorsich et al.,
2006; Hristozova et al., 2006; Liu, 2006; Hristozova
et al., 2008; Yuan et al., 2020). Recently, the biotechno-
logical potential of two bacteria – Acinetobacter oleivo-
rans and Serratia marcescens – to transform HMF into
added-value compounds, namely BHMF, furan-2,5-dicar-
boxylic acid (FDCA) or HMFCA, was described (Godan
et al., 2019; Mu~noz et al., 2020). In addition, the diversity
of metabolites formed during the transformation of HMF
(as well as FF) by Amorphotheca resinae ZN1 (Ran
et al., 2014) – also known as the ‘creosote fungus’ (Sei-
fert et al., 2007) – was characterised. The biodegrada-
tion pathway in this fungus was proposed to be similar
to that of the bacterium Cupriavidus basilensis for which
the composition of the HMF degradation gene cluster
(hmfFGH gene cluster) was originally fully assigned
(Koopman et al., 2010). This know-how opened doors to
generate bioengineered strains for the production of
valuable HMF-derivatives, and to screen for other organ-
isms suitable for HMF-biotransformation. Filamentous
fungi, particularly Aspergillus flavus, have been proposed
for the production of FDCA through the transformation of
HMF (Rajesh et al., 2019), and a US-patent targeting
the genetic transformation of fungi for the production of
FDCA was also recently conceded (De Bont et al.,
2018). The transcription of genes coding for enzymes
putatively involved in the degradation/detoxification path-
way of HMF was already comprehensively analysed in

Pleurotus ostreatus (Feldman et al., 2015) and A. resi-
nae (Wang et al., 2015; Yi et al., 2019), though the
genetic assignment of FDCA transformation that links
HMF degradation to the central metabolism, remains
unknown.
Our aim was to verify the capacity of aspergilli, specifi-

cally of A. nidulans – a ubiquitous Ascomycota that plays
a key role in the degradation of lignocelluloses (Martins
et al., 2019) – to degrade and/or modify HMF. Accord-
ingly, we systematically analysed the degradation path-
way of HMF and of several building blocks derived from
it (Fig. 1) using chromatography, spectrometry and spec-
troscopy methods. To characterise the genetic basis of
this pathway in A. nidulans, we relied on expression of
genes homologous to the hmfFGH cluster of C. basilen-
sis and on their functional analyses in single-deletion
mutants, as well as, on orthology analyses to scrutinise
their prevalence, conservation and specificity across
fungi.

Results and discussion

Toxicity of HMF and its derivatives against A. nidulans:
determination of inhibitory values

The concentrations of FF, HMF and of the building
blocks derived from HMF (Fig. 1) capable to inhibit 50%
of A. nidulans growth (IC50) were determined (depicted
in Table 1). FF was the second least toxic compound
against the fungus, contradicting the observed high toxi-
city against Candida spp., Pichia stipitis and Saccha-
romyces cerevisiae (Taherzadeh et al., 2000; Liu et al.,
2004; Gorsich et al., 2006; Hristozova et al., 2006; Liu,
2006; Hristozova et al., 2008; Wang et al., 2013). All the
tested HMF-based chemicals (placed on the right of FF
in Table 1) showed lower toxicity against A. nidulans
compared to HMF, except for 5-(chloromethyl)furan-2-
carbaldehyde (CMF, IC50 < 1 mM). These results rein-
force that the chemical modification of HMF can poten-
tially reduce the ecotoxicity of the ensuing derivatives,
as often reported for other chemicals (Voutchkova-Kostal
et al., 2012). The exception being CMF that is a man-
made chemical (obtained either from HMF, glucose or
cellulose) and not a biotransformation product of HMF
as the remaining tested compounds (Capuano and
Fogliano, 2011). The high toxicity of CMF (Table 1) and
potential mutagenicity reported before (Surh and Tan-
nenbaum, 1994) challenge the idea that CMF can
replace HMF as a major chemical structural building
block (Mascal, 2015).
We selected HMF, furan-2,5-diyldimethanol (BHMF),

furan-2,5-dicarboxylic acid (FDCA) and 5,5’-diformylfur-
furyl ether (OBMF) to characterise, under co-metabolic
conditions, the degradation pathway of HMF in A. nidu-
lans. In the biodegradation assays (5 ml cultures) at
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concentrations matching the estimated IC50 values
(Table 1), a reduction to half in the mycelial biomass
(fresh weights) compared to the control at the fourteenth
day of incubation was consistently observed (Fig. S1).

Biodegradation of HMF and its derivatives

The capacity of A. nidulans to degrade HMF or its
derivatives was analysed by monitoring the residual con-
centration of each parental compound in media, daily
until the seventh day of incubation and at the fourteenth
day (Fig. 2). The concentrations (mM) of HMF, BHMF,
FDCA and OBMF quantified along the incubation time
are depicted in Fig. 2A–D respectively. None of the com-
pounds suffered abiotic degradation (i.e. in negative con-
trols without the fungus; Figs S2–S5). HMF and OBMF
were readily degraded by A. nidulans as both com-
pounds disappeared from the growth media after one
and two days of incubation respectively (Fig. 2A and D).
BHMF degradation by the fungus was stepwise; its con-
centration in the medium decreased very rapidly during
the first day of incubation, afterwards disappearing at a
slower rate until the seventh day of incubation when vir-
tually all the compound was eliminated from the media
(Fig. 2B). The least biodegradable compound was FDCA
(Fig. 2C, continuous line) since the maximum degrada-
tion level was below 20%, reaching a steady value after
the first day of incubation.

Glucose has been previously reported to repress the
production of fungal enzymes expected to participate in
the degradation of FDCA, such as decarboxylases or
cellulases (Xiao et al., 2004; Li et al., 2012). Consistent
results were attained when testing in vitro the decar-
boxylation of FDCA by a decarboxylase or a cellulase,
both significantly impaired when glucose was added to
the reaction medium (Fig. S6, full details in Supplemen-
tary Information). To bypass the glycolysis pathway, we
tested FDCA biodegradability in medium supplemented
with acetate, which is channelled directly to the TCA
cycle, instead of glucose. In the acetate-based medium,
the degradation of FDCA by the fungus surpassed 40%,
being almost steady from the first day onwards (Fig. 2C,
dotted line). Overall, the biodegradability assays (Fig. 2)
support the ability of A. nidulans to detoxify media sup-
plemented with HMF or its derivatives, even if their
degradation may be under carbon catabolite repression.
We also analysed the diversity of the metabolites

formed during the biodegradation of HMF, BHMF, FDCA
or OBMF (co-metabolic conditions with glucose; Fig. 2).
Quantification was only done for the degradation inter-
mediates which accumulated extracellularly; whenever
present intracellularly their detection could be validated
but levels were below the quantification limits. The
metabolites were identified by liquid chromatography,
that is comparison of the retention time and the UV
spectrum with that of a chemical standard. To validate

Fig. 1. Relevant building blocks obtained from HMF.

Table 1. IC50 values obtained for each compound displayed both in mass (mg ml�1) and molarity (mM). The underlined chemicals were the
ones selected for biodegradation experiments.

LA FA Furfural DFF Na-HMFA CMF HMF BHMF FDCA OBMF

IC50 (mg ml�1) 0.22 4.43 1.68 0.62 0.33 0.14 0.19 0.54 0.39 0.44
IC50 (mM) 1.93 45.19 17.12 4.99 1.99 0.97 1.51 4.18 2.49 1.89
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the identification of the metabolites, we have also
resorted to 1H NMR when above its detection threshold.
Glucose was totally consumed at the fifth day of incuba-
tion (NMR data, Figs S2–S5).
In the conditions of the study, the HMF supplemented

to the medium was converted by the fungus to BHMF,
FDCA, HMFCA and furoic acid (FCA; Fig. 2A, Table S1
and Fig. S2). All compounds were detected by liquid
chromatography except FCA which was detected only
by NMR (Table S1). BHMF and FDCA were detected in
both fractions, although their quantifications were only
possible in the extracellular fraction (Fig. 2A). BHMF
accumulated in the growth medium at the first day of
incubation prior to its appearance in the mycelium at the
fourth day (Fig. 2A). At the seventh day, BHMF concen-
tration in medium greatly decreased and FDCA started
to accumulate in both fractions (Fig. 2A). Along the
entire course of HMF degradation by the fungus,
HMFCA was systematically detected in the medium
(Table S1). FDCA conversion is likely intracellular since

its levels were kept stable in the medium until the end of
the incubation, yet decreasing in the mycelia. Finally,
FDCA was converted into FCA which was found in the
medium at the fourteenth day of incubation (Table S1).
HMFCA conversion into FDCA has been suggested
before during degradation of HMF by A. resinae (Ran
et al., 2014), regardless that FDCA was not detected in
this early study. The proposed degradation pathway of
HMF in A. nidulans is depicted in Fig. 3A.
The disappearance of the exogenously supplemented

BHMF from the culture medium was essentially due to
its cellular uptake (detected in the mycelia from the first
time point; Fig. 2B, Table S1 and Fig. S3). Similar to
that observed during the degradation of HMF by the fun-
gus, at the half-point of incubation, the disappearance of
BHMF matched the appearance of FDCA at low
amounts in both fractions (detected by HPLC and 1H-
NMR).
FDCA biotransformation (exogenously added to the

cultures, medium with glucose) was less than 20% at

Fig. 2. Biodegradability of HMF and its derivatives along the incubation time in A. nidulans submerged cultures. The growth media (MMG) were
supplemented with the IC50 concentration of HMF (A), BHMF (B), FDCA (C) or OBMF (D) and their extracellular concentrations measured daily
during the first 7 days and after 14 days (mM). The chromatographic detection of specific transformation products along the incubation time is
also depicted comprising both extracellular (continuous lines, mM) and intracellular (dotted lines, arbitrary units) sub-products. FDCA biodegrad-
ability was reassessed also in MM supplemented with acetate instead of glucose (C, dashed line).
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the end of the incubation (Fig. 2C). The fungus inter-
nalised FDCA (Table S1 and Fig. S4) and possibly also
converted it to FCA even if unseen in these samples. As
mentioned above, the transformation of FDCA by
A. nidulans is apparently the slowest step in the degra-
dation pathway of HMF (Fig. 3A).
Finally, we have undertaken a mechanistic study of

the biodegradability of OBMF (a dialdehyde formed by
HMF dimerisation) to evaluate the potential environmen-
tal persistence of HMF-based polymers. OBMF removal
from the culture medium (exogenously added) was com-
pleted in only two days of incubation (Fig. 2D), resulting
in a rapid extracellular accumulation of HMFCA (below
the quantification limit) and BHMF, and late mycelial
accumulation of BHMF and FDCA (Fig. 2D and
Table S1). However, major unknown peaks were also
observed in the chromatograms (Fig. S5). The NMR
data showed the accumulation of two major degradation
intermediates – non-symmetric molecules – that consis-
tently increased along the incubation (Fig. 2D, and
Fig. S5). To refine their chemical structures, the last
incubation point (extracellular medium) was also anal-
ysed by LC-ESI-MS. We have focused our analysis on
the major intensity peak (ca. 3.36 min) of the total ion

chromatogram (TICs; � 0.1 min) that display masses
with signal intensity above 105 (Fig. S7, Supplementary
Data 1.xlsx). The retrieved ion masses matched two
identifications: 5-{[(5-formylfuran-2-yl)methoxy]methyl}fu-
ran-2-carboxylic acid (M = 250 g mol�1; compound 1)
and 5-({[5-(hydroxymethyl)furan-2-yl]methoxy}methyl)fu-
ran-2-carboxylic acid (M = 252 g mol�1; compound 2;
Figs S8–S11). Compound identities were confirmed
against the MS/MS spectra of standard compounds (syn-
thesis and characterisation details in the Supplementary
Information, Figs S8–S15). Two other intermediates
could be suggested based on matching exact masses
yet no confirmation was possible due to high error
(above 10ppm): 5-{[(5-formylfuran-2-yl)methoxy]methyl}-
furan-2-carbothioic S-acid (M = 266 g mol�1; compound
3) and 2,2’-[oxybis(methylene)]difuran (M = 178 g mol�1;
compound 4; Supplementary Data 1.xlsx). Based on
these results, we can propose that one aldehyde group
of OBMF is oxidised yielding compound 1, followed by
the reduction of the remaining aldehyde yielding com-
pound 2 (Fig. 3B). The ether linkage of compound 2 is
cleaved yielding BHMF and HMFCA that are subse-
quently channelled to the HMF degradation pathway.
Regardless of low accuracy at the LC-ESI-MS analyses

Fig. 3. Schematic representation of the HMF degradation pathway based on the results obtained in this work and adapted from Ran and col-
leagues (2014) (A). Proposed pathway of transformation of OBMF based on the results obtained in this work (compounds in brackets were not
confirmed by MS/MS analysis) (B).
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(outside confidence interval), one can hypothesise that
as secondary reactions, OBMF is converted to com-
pound 3 (decarbonylation reaction), and compound 1
converted to compound 4 (introduction of a thiol (-SH)
group).

Transcriptional profile of A. nidulans genes putatively
involved in HMF biodegradation

The hmfFGH gene cluster was previously described in
C. basilensis, relying on the functional characterisation
of single-gene deletion mutants during HMF degradation
(Koopman et al., 2010). The authors demonstrated that
hmfH – a FAD-dependent oxidoreductase – catalyses
the transformation of HMF to BHMF (reversible reaction),
as well as the sequential conversion of HMF to HMFCA
and then to FDCA. In addition, hmfF and hmfG were
shown to code for decarboxylases that mediate the con-
version of FDCA to FCA. Based on the BLAST analysis
best-hits (NCBI), three putative homologous genes were
identified in the genome of A. nidulans, namely AN7164
(Score = 72.4, E-Value = 9E-14), AN12147 (Score = 112,
E-Value = 7E-31) and AN4212 (Score = 205, E-
Value = 5E-58) with sequence similarity to hmfF, hmfG
and hmFH respectively (Table S2). InterProScan analy-
ses showed that both AN7164 and AN12147 genes
code for proteins with a predicted decarboxylase
domain, whereas AN4212 encodes a protein with a
FAD/NADP dependent oxidoreductase domain
(Table S2, see protein domain details Figs S16–S21).
Therefore, targeted gene expression assays (qRT-PCR)
were conducted to assess if these genes responded
upon exposure to HMF, BHMF or FDCA. We also anal-
ysed the expression of AN12148, a gene coding for a
putative transcription factor that in previous versions of
A. nidulans genome was annotated together with
AN12147 as a single gene (AN7163).
The observed steady increase of the expression of

AN4212 along time, upon exposure to HMF, supports
that this gene encodes an enzyme involved in the con-
version of HMF (Fig. 4, Table S4). However, upon expo-
sure to BHMF, this gene showed an erratic expression
response that suggests the involvement of other genes
coding in the transformation of BHMF to HMF. These
results are consistent with the hypothesis raised by Ran
and colleagues (2014), in which the transformation of
HMF is mediated by an aldehyde oxidoreductase (possi-
bly the same for both HMF conversion steps: HMFCA
and BHMF), while the transformation of BHMF to HMF
is likely conducted by a alcohol dehydrogenase (ADH),
yet to be disclosed. It can be hypothesised that in
A. nidulans, BHMF yields HMF due to the activity of an
unknown ADH; HMF is subsequently oxidised to
HMFCA and then to FDCA at a very slow conversion

rate (Figs 2 and 3). The low FDCA conversation rate,
together with the much higher toxicity of both HMF and
HMFCA compared to BHMF (Table 1), may result in the
usage of BHMF as a rescue low toxicity compound in
A. nidulans similar to that proposed for A. resinae (Ran
et al., 2014). Importantly, upon exposure to FDCA, the
AN4212 gene underwent down-regulation, but the
AN7164 gene showed a steady increase along time that
is consistent with its predicted decarboxylase function
(Fig. 4, Table S4). Moreover, AN7164 expression levels
were kept low upon exposure to HMF or BHMF, rein-
forcing its specificity to FDCA (Fig. 4, Table S4). The
observed low increase of AN7164 expression levels
upon exposure to BHMF possibly reflects the formation
of low amounts of FDCA. The observed AN12147 gene
expression levels were not significantly increased in any
of the tested conditions, including upon exposure to
HMF, suggestive that this gene does not participate in
the HMF degradation pathway (Fig. 4, Table S4). The
AN12148 gene (a putative transcription factor in an
array with AN12147 and AN7164) showed high expres-
sion levels in control conditions (glucose) or upon expo-
sure to either HMF or BHMF, but underwent a
noteworthy down-regulation upon exposure to FDCA.
Based on the acquired expression data (Fig. 4,
Table S4), at this stage, we cannot link this gene with
HMF degradation pathway. We have attempted to gen-
erate the corresponding single-gene deletion mutant that
was however not viable, suggesting that AN12148 is an
essential gene (data not shown).
To confirm the assignments done for AN4212 and

AN7164 genes in A. nidulans, we generated the corre-
sponding single-gene deletion mutants, subsequently
characterising their ability to degrade HMF or FDCA
(Fig. 5A and B). In the presence of glucose, none of the
deletion mutants was impaired in their capacity to
degrade HMF that was completely removed after seven
days of incubation. Both mutants during HMF degrada-
tion accumulated extracellularly BHMF and FDCA (below
0.2 mM; Fig. 5A), similar to that observed in the wild-
type strain (Fig. 2). When glucose was replaced by acet-
ate, both mutants accumulated extracellularly only BHMF
(0.66–0.76 mM; Fig. 5A). Acetate is channelled directly
to the TCA cycle, resulting in a NAD(P)+/NAD(P)H imbal-
ance that favours reduction reactions (Minard and
McAlister-Henn, 2009), hence consistent with the
observed accumulation of BHMF in this condition. This
observation deserves further analysis in the near future,
especially as BHMF constitutes a sustainable alternative
to adipic acid, alkyldiols or hexamethylenediamine as a
building block for the synthesis of polymers (Zhang and
Dumont, 2017). The transformation of FDCA is a slow
step in A. nidulans (Fig. 2), mostly due to its high depen-
dence on the upstream oxidation/reduction steps.
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Finally, we exposed the AN7164 deletion mutant to
FDCA (IC50 concentration) growing in acetate medium
(Fig. 5B). No transformation of FDCA was detected; con-
trariwise, we observed a decay of more than 50% of
FDCA in the wild-type strain cultures, consistent with our
previous observations (Fig. 2). Our data revealed that in
A. nidulans the decarboxylation of FDCA involves a
specific enzyme that is encoded by the gene AN7164
(Fig. 5C).

Orthology analysis of key genetic elements of HMF
degradation pathway across fungi

A orthology study across the genomes of 25 fungi repre-
sentative of major taxonomic classes was conducted to
analyse the widespread genetic potential of fungi to
transform HMF (Supplementary Data 2.xlsx). Proteins
from different organisms carrying the same functional
domain and of which the encoding genes are ortholo-
gous, likely display the same enzyme-functionality

(Emms and Kelly, 2019). The results show the presence
of 212 oxidoreductase genes orthologous to the AN4212
gene (orthogroup; Table S7, Supplementary Data 3).
Some fungi contain several paralogous genes in their
genomes, of which the more gifted is P. ostreatus
(n = 40), followed by five Aspergillus spp., namely A. fla-
vus (n = 19), A. nidulans (n = 14), A. niger (n = 15), A.
sydowii (n = 14) and A. versicolor (n = 15; Table S7,
Supplementary Data 2.xlsx and Supplementary Data 3).
Consistent with the functional redundancy of this
orthogroup in A. nidulans (n = 14), the deletion of
AN4212 did not affect the mutant capacity to transform
HMF (Fig. 5). This orthogroup contains the A. resinae
genes M430DRAFT_35707, M430DRAFT_57262 and
M430DRAFT_59892 (Arz_18116_T1, Arz_11534_T1 and
Arz_16765_T1 in the publication, respectively; Wang
et al., 2015) and the P. ostreatus transcripts 69649,
82653, 93955, 114510, 116309, 121882 (Feldman et al.,
2015; Table S7, Supplementary Data 3). Both sets of
genes were previously reported to play roles in the

Fig. 4. Relative expression of genes putatively involved in HMF, BHMF and FDCA transformation (AN4212, AN7164, AN12147 and AN12148),
determined by qRT-PCR. Aspergillus nidulans was exposed to HMF, BHMF or FDCA for 30 (white), 60 (grey) or 120 min (black). The y axes
represent the fold-change of gene expression relative to time zero (before exposure). b-tubulin gene was used as internal control. The asterisks
mark significant difference in expression of treatment when compared to the control for each exposure time (*P < 0.05; **P < 0.01,
***P < 0.001).
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transformation of HMF (Feldman et al., 2015; Wang
et al., 2015). The observed widespread presence of the
AN4212 orthogroup suggests that the genetic basis of
the initial transformation steps of HMF is conserved
across distinct fungal classes. Consistent results were
shown by protein alignments within the AN4212
orthogroup (full details in Supplementary Information and
Supplementary Data 5).
The AN7164 orthogroup comprises 26 genes

(Table S7, Supplementary Data 4) and is present in only
13 of the 25 analysed genomes, of which seven were
Aspergillus spp.. AN7164 is a single copy gene in the
genome of A. nidulans, yet multi copies were found in
Fusarium oxysporum (n = 5), A. aculeatus (n = 3), A.
niger (n = 3), A. sydowii (n = 3), A. flavus (n = 2), A. ter-
reus (n = 2) and Trichoderma virens (n = 2; Table S7,
Supplementary Data 2.xlsx and Supplementary Data 4).
High conservation across the AN7164 orthogroup was
also noticed at the level of the protein sequence align-
ments (full details in Supplementary Information and
Supplementary Data 6). Based on this, one can specu-
late that aspergilli possibly play important roles in the
environmental mineralisation of FDCA. We found that A.
resinae – capable to decarboxylate FDCA to FCA under
aerobic conditions (Ran et al., 2014) – contains in the
genome only one gene orthologous to AN7164, while no
orthologous were found in the genome of P. ostreatus.

FDCA decarboxylation to FCA was verified in A. nidu-
lans cultures where transient low levels of FCA could be
detected (Table S1). Based on our results, we propose
AN7164 as a furan-2,5-dicarboxylic acid decarboxylase
in A. nidulans.

Conclusions

The potential of HMF as a lignocellulosic-derived source
for the innovative generation of diverse chemical building
blocks is often announced as peerless, recently pro-
jected to soon reach a global scale of use (Rosatella
et al., 2011; van Putten et al., 2013; Delidovich et al.,
2014). Improved mechanistic understandings of the
impact of HMF and its derivatives on the environment
are necessary to further guide the development of a
furan-based biorefinery and the choice of sustainable
production modes and products. Our work further
emphasises fungi as valuable tools for a furan-biorefin-
ery: A. nidulans degrades HMF-based chemicals (includ-
ing an unusual dialdehyde) under co-metabolic
conditions that can be modulated to generate different
metabolites. Taken as examples, simply by altering the
carbon source in the growth medium, HMF mineralisa-
tion can be hindered leading to BHMF accumulation, or
FDCA conversion rate to FCA altered. FDCA was identi-
fied by US Department of Energy as one of 10 priority

Fig. 5. Products formed after 7 days of incubation with IC50 concentration of HMF in glucose or acetate (marked as underlined) media by
Aspergillus nidulans wild type (WT pyrG+) and the mutants DAN4212 and DAN7164 (A); and with IC50 concentration of FDCA in acetate med-
ium by WT pyrG+ and the mutant DAN7164 (B). Only the molecules of which the identification could be validated using HPLC (RT and spectra)
and 1H-NMR, and within the HPLC method quantification limits, are shown. The schematic representation of the HMF degradation pathway for
A. nidulans is also displayed (C).
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chemicals for establishing the ‘green’ chemistry industry
of the future (Bozell and Petersen, 2010).
Several oxidoreductases belonging to the AN4212

orthogroup were found widespread in the analysed fungal
genomes, including in A. nidulans (n = 14), consistent with
the observed capacity of the corresponding single-deletion
mutant to still transform HMF. The AN4212 orthogroup con-
tains A. resinae genes and P. ostreatus genes that were
previously linked to HMF transformation, suggestive of
genetic conservation of the first steps of this pathway
across distinct fungal classes. Our results allowed the
assignment of the AN7164 as a furan-2,5-dicarboxylic acid
decarboxylase gene in A. nidulans. All the seven well-
known aspergilli saprobes analysed here – that greatly con-
tribute for the environmental degradation of lignocelluloses
(Martins et al., 2019) – contain the genes required for HMF
mineralisation using a similar degradation pathway to that
previously define in A. resinae (Ran et al., 2014). The
nonexistence of genes orthologous to AN7164 in nearly
half of the analysed fungal genomes (including in P. ostrea-
tus) reinforces the specificity of this decarboxylation step,
regardless that the existence of different FDCA transforma-
tion routes deserves further analysis. Our results support
the potential utility of fungi for the development of novel bio-
treatments seeking production of sustainable chemical
building blocks and as environmental sentinels of the safe-
ness of a future ‘furan-based biorefinery’.

Experimental procedures

Chemicals

Levulinic acid (LA), furfuryl alcohol (FA) and furan-2-carbalde-
hyde (furfural, FF) were purchased from Merck (Germany).
The remaining chemicals, furan-2,5-dicarbaldehyde (DFF),
sodium 5-(hydroxymethyl)furan-2-carboxylate (Na-HMFA), 5-
(chloromethyl)furan-2-carbaldehyde (CMF), 5-hydroxymethyl-
2-furaldehyde (HMF), 2,5-bis(hydroxymethyl)furan (BHMF),
furan-2,5-dicarboxylic acid (FDCA), 5,5’-diformylfurfuryl ether
(OBMF), were synthesised as previously described (Coelho
et al., 2014; Frade et al., 2014).

Growth medium

A minimal medium was used containing per litre 1 g
K2HPO4 (pH 7.0, autoclave sterilised) plus 3 g NaNO3,
0.01 g ZnSO4�7H2O, 0.005 g CuSO4�5H2O, 0.5 g
MgSO4�7H2O, 0.01g FeSO4�7H2O and 0.5 g KCl (ster-
ilised by filtration prior to use). Glucose (1%) was added
to the minimal medium, hereafter referred as MMG.

Toxicology assays

To establish the inhibitory concentration of 50% of the
fungal growth (IC50), 96-well plates were prepared using

twofold dilutions of each chemical in MMG, reaching a
final volume of 200 ll. The concentrations ranged from
5.40 to 0.02 mg ml�1 in the cases of LA, HMF, DFF,
CMF, Na-HMFA, BHMF, FDCA and OBMF. For FA, the
values ranged from 108.00 to 0.42 mg ml�1 and for FF
between 36.30 and 0.14 mg ml�1. The growth media
were inoculated with Aspergillus nidulans FGSC A4
reaching a concentration of 5 9 105 spores ml�1, pre-
pared as described before (Martins et al., 2014) and incu-
bated at 30 °C. Two independent experiments were run,
each in triplicates along with abiotic (non-inoculated med-
ium, containing the tested chemicals) and biotic (inocu-
lated medium containing no chemicals) controls. Fungal
growth was measured daily (absorbance at 600 nm)
using an Infinite M200 spectrophotometer (Tecan,
Switzerland). The results were registered whenever the
positive control reached the stationary phase (stable
absorbance values, in this experiment after 72 h of incu-
bation), as previously described (Petkovic et al., 2009).
The inhibition values were then calculated and adjusted
using a logistic regression computed using the XL-STAT
software version 2009.1.02 (Addinsoft, France).

Biodegradation experiments

A set of compounds, namely HMF, BHMF, FDCA and
OBMF, were considered for the biodegradation experi-
ments; the first two due to their emerging central role in
biorefinery and the last two largely due to their novelty
(Coelho et al., 2014). The fungal cultures (MMG contain-
ing the test compounds at the above established IC50

values) were grown in 6-well plates (5 ml per well), using
as inocula A. nidulans spores (5 9 105 spores ml�1)
incubated at 30 °C with gentle agitation (100 rpm). Two
independent experiments were run, each in triplicates,
along with abiotic and biotic controls. Biodegradation
was assessed at discrete time points: daily from day 1 to
7, and then at day 14. At each time point, the cultures
were harvested, separating the mycelia from the extra-
cellular medium through vacuum filtration. The fresh
mycelia were weighted in the last time point (14 days).
Both, medium and mycelia, were frozen (�20 °C) until
further analysis. To evaluate if glucose could hinder the
capacity of the fungus to degrade FDCA, an additional
experiment was conducted in MM media supplemented
with the IC50 of FDCA where acetate (150 mM) was
used as carbon source instead of glucose.

Extraction

Mycelial samples were extracted using a fast solvent-
based protocol. Briefly, 10 ml of 50% water/methanol (v/
v) per gram of sample was added to the mycelia (frozen
with liquid nitrogen and grounded using mortar and
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pestle), mixed and then placed on an ultrasonic bath
during 15 min. The samples were then centrifuged
(15 min 10 000 g) and the supernatant recovered. The
pellet was re-extracted using the same ratio per sample
of 100% methanol, and the remaining steps repeated.
The combined supernatants were dried under gentle
nitrogen flow and stored at �20 °C until further analysis.

Liquid chromatography

The extracellular fractions (with methanol, 50% sample/
methanol, v/v) and intracellular extracts (re-suspended in
200 ll methanol) were analysed with an Acquity Ultra-Per-
formance Liquid Chromatograph (Waters, Milford, MA,
USA) with PDA detector. Data were collected and pro-
cessed with the Empower software. The injections were
made using a 10 ll loop operated in partial-loop mode.
Compounds separations were achieved on a Waters Sym-
metry column, 5 lm (4.6 9 250mm) thermostated at
27 °C and the samples maintained at 4 °C. The mobile
phase consisted on ultra-pure water (Merck Millipore,
Darmstadt, Germany; eluent A) and acetonitrile (eluent B),
with a flow rate of 0.8 ml min�1. The analyses of FDCA
used an isocratic method with 5% of eluent B, an injection
of 10 ll, UV detection at 275 nm. For the remaining com-
pounds (HMF, BHMF, OBMF and Na-HMFA) a gradient
method was used with the same eluents as follows: eluent
B is increased from 1% to 50% in 20 min, which was held
for 5 min before return, in 2 min, to the initial conditions
and then re-equilibrated for 8 min (total run time was
35 min); with a flow rate of 0.9 ml min�1. The injection
volumes varied between 5 ll (OBMF), 10 ll (HMF) and
20 ll (BHMF and Na-HMFA), and the UV detection of the
compounds was performed at 235 and 260 nm. An exter-
nal quantification method was used and the quantification
limits were 0.01 mg ml�1 for HMF and FDCA, and
0.05 mg ml�1 for BHMF and OBMF.

Nuclear magnetic resonance spectroscopy

Freeze-dried material was dissolved in 900 ll of deuter-
ated water and 15 ll of KOH 10 M for NMR analyses.
All spectra were acquired on a Bruker AVANCE III 800
spectrometer (Bruker, Rheinstetten, Germany) working
at a proton operating frequency of 800.33 MHz,
equipped with a four channel 5 mm inverse detection
probe head with pulse-field gradients along the Z-axis.
Spectra were run at 25 °C using standard Bruker pulse
programs. 1H spectra were acquired with water pre-satu-
ration during the relaxation delay.

Mass spectrometry

Aliquots of the extracellular medium of the fungal cul-
tures grown in MMG with OBMF were analysed by

microLC-MS using a Triple TOF 6600 MS system
(Sciex) equipped with the DuoSprayTM ion source.
Chromatographic separation was carried out in the Eksi-
gent ekspert nanoLC425 in microflow using an HALO
C18 (50 mm 9 0.5 mm, 2.7 lm particle sizes, 90 �A) col-
umn from Eksigent at the flow rate of 10 ll min�1. The
mobile phase consisted of a solution of 0.1% formic acid
(solvent A) and a solution of acetonitrile containing 0.1%
formic acid (solvent B), set as follows: 20% B in 2 min,
followed by a linear gradient of 20–95% B in 12 min,
2 min of 95% B, 2 min to return to the initial conditions
and 5 min to re-equilibrate the column. MS was operated
in negative ionisation mode, with TOF MS scan with an
m/z range 100–1000 for 500 ms for a total cycle time of
0.5 s. MS data were processed using the PeakView soft-
ware using the extracted-ion chromatogram for the com-
pounds of interest. For compound identity, a D(m/z)
≤ 10 ppm, as well as a low noise/signal ratio, was
considered.

Experimental conditions for gene expression analysis

To obtain robust and clean qRT-PCR results it is impor-
tant to test gene expression in young and fresh mycelia,
in opposition to the longer incubation times performed
during the biodegradation assays. Therefore, A. nidulans
was pre-grown during 48 h in 6-well plates (5 ml per
well), using the above described MMG as initial medium,
inoculated with spores (5 9 105 spores ml�1) and incu-
bated at 30 °C with gentle agitation (100 rpm). Then, the
medium was removed and the formed mycelia carefully
washed with saline solution prior to the addition of MM
containing HMF, BHMF or FDCA as sole carbon
sources. The mycelia were recovered by filtration
(0.45 lm membrane filters, Millipore) after 30, 60 and
120 min of exposure to each compound, immediately
frozen in liquid nitrogen.

Total RNA extraction and cDNA synthesis

Approximately 50 mg of mycelia was grounded with poly
(vinylpolypirrolidone; 0.4 mg per mg of mycelia) with a
mortar and pestle. The final powder was used in the
extraction and purification of total RNA using the
RNeasy Plant Mini Kit (QIAGEN), according to the man-
ufacturer’s protocol. Genomic DNA digestion was done
with the RNase-Free DNase Set (QIAGEN). Quality,
integrity and quantity of the total RNA were analysed in
a NanoDrop 1000 Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) and by running 2 lg of
RNA into 1% agarose gels in TBE (Tris-boric acid-
EDTA) buffer. The complementary DNA (cDNA) was
synthesized from 1000 ng of the total RNA using an
iScript cDNA Synthesis Kit (Bio-Rad) in T1000 Thermal
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Cycler (Bio-Rad, Hercules, CA, USA). The reaction pro-
tocol consisted of 5 min at 25 °C, 30 min at 42 °C and
5 min at 85 °C.

Quantitative real-time PCR analysis

For gene expression analysis, oligonucleotide pairs for
specific A. nidulans genes (Table S3) were designed
using the GenScript web tool (https://www.genscript.c
om/tools/real-time-pcr-taqman-primer-design-tool) and
produced by STAB Vida Lda. (Portugal). The qRT-PCR
analysis was performed in a CFX96 Thermal Cycler
(Bio-Rad), using the SsoFast EvaGreen Supermix (Bio-
Rad), 250 nM of each oligonucleotide and the cDNA
template equivalent to 10 ng of total RNA, at a final vol-
ume of 10 ll per well, in three technical replicates. The
PCR conditions were as follows: enzyme activation at
95 °C for 30 s; 40 cycles of denaturation at 95 °C for
10 s and annealing/extension at 59 °C for 15 s; and
melting curve obtained from 65 to 95 °C, consisting of
0.5 °C increments for 5 s. Data analyses were per-
formed using the CFX Manager software (Bio-Rad). The
expression of each gene was taken as the relative
expression compared to the time zero (before incubation
with the tested compounds). The expression of all target
genes was normalized by the expression of b-tubulin
gene (tubC, AN6838), used as internal control. Five bio-
logical replicates were performed. Statistical analyses of
the qRT-PCR data were performed in the GraphPad
Prism v6.0 software. Expression values from cultures
incubated with HMF, BHMF or FDCA were compared
with the control for every respective incubation time by
multiple Student’s t-tests. Differences in gene expression
with a P-value below 0.05 were considered statistically
significant.

Generation and analyses of single-gene deletion
mutants

Genes AN4212 or AN7164 were selected for replace-
ment with A. fumigatus pyrG gene (pyrGAfu) in an Asper-
gillus nidulans A1149 auxotrophic strain (pyrG–). The
generation of the single-deletion mutant strains for this
study (Table 2) was performed according to a previously
established method (Hartmann et al., 2019) that is
detailed in Supplementary Information. Briefly, deletion
cassettes were constructed by fusion PCR, combining
the 5’ and 3’-flanking regions of each target gene with
pyrGAfu. Aspergillus nidulans A1149 protoplasts were
produced, transformed with each cassette and plated
onto selective media. Isolated transformants (twelve for
AN4212 and eight for AN7164) were cultivated on selec-
tive media for three generations to assure stable muta-
tions. DNA from each transformant was extracted, and

diagnostic PCR was performed for each gene. Based on
amplicon size, it was possible to confirm correct gene
replacement of the transformants. Further confirmation
was attained by restriction enzyme digestion (BglII and
NdeI) of the PCR products and analyses of the digestion
patterns of mutant and wild-type strains (Fig. S22 and
S23). One confirmed single-deletion mutant for each
gene was selected to be further studied. Mutant and
control strains were incubated with IC50 concentrations
of HMF or FDCA up to 7 days in glucose or acetate
media and the degradation products were determined as
described above.

Computational analyses

The genomes (translated transcripts – protein FASTA
format) of most of the selected fungal species were
downloaded from the FungiDB database (release 46;
Stajich et al., 2012), with the exception of the genome of
A. resinae which was downloaded from the Ensembl
database (release 100; Yates et al., 2020), and of P.
ostreatus which was downloaded from the Joint Genome
Institute database (release 8.18.47; Grigoriev et al.,
2014). Functional domain analysis to the genome of A.
nidulans was performed using InterProScan v5.44-79.0
(Jones et al., 2014). Full genome orthology studies,
including the generation of gene trees, were performed
using OrthoFinder v2.3.11 (Emms and Kelly, 2015,
2017, 2018, 2019). The gene trees were visualised and
graphically edited with FigTree v1.4.4.
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Data S1. Full LC‐ESI‐MS data of the OBMF extracellular
medium containing.
Data S2. Full orthology data obtained for 25 fungal gen-
omes using OrthoFinder.
Data S3. Gene tree of the AN4212 orthogroup generated
upon OrthoFinder analysis.
Data S4. Gene tree of the AN7164 orthogroup generated
upon OrthoFinder analysis.
Data S5. Protein sequence alignments comparing selected
proteins of the AN4212 orthogroup with their homologous in
C. basilensis – hmfH.
Data S6. Protein sequence alignments comparing selected
proteins of the AN7164 orthogroup with their homologous in
C. basilensis – hmfF.
Fig. S1. Fresh weight of mycelia after incubation in control
conditions (white bar), with HMF, BHMF, FDCA and OBMF.
Statistically significant differences relative to the control are
marked with an asterisk.
Fig. S2. Biotransformation of HMF. HPLC chromatogram of
the abiotic control of HMF (A) and after 14 days of incuba-
tion at the intra (B) and extracellular (C) fractions. The NMR
spectra at the 1st (D and E) and 14th (F and G) days of
incubation are also depicted for the extra (D and F) and
intracellular (E and G) fractions.
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Fig. S3. Biotransformation of BHMF. HPLC chromatogram
of the abiotic control of BHMF (A) and after 14 days of incu-
bation at the intra (B) and extracellular (C) fractions. The
NMR spectra at the 1st (D and E) and 14th (F and G) days
of incubation are also depicted for the extra (D and F) and
intracellular (E and G) fractions.
Fig. S4. Biotransformation of FDCA. HPLC chromatogram
of the abiotic control of FDCA (A) and after 14 days of incu-
bation at the intra (B) and extracellular (C) fractions. The
NMR spectra at the 1st (D and E) and 14th (F and G) days
of incubation are also depicted for the extra (D and F) and
intracellular (E and G) fractions.
Fig. S5. Biotransformation of OBMF. HPLC chromatogram
of the abiotic control of OBMF (A) and after 14 days of incu-
bation at the intra (B) and extracellular (C) fractions. The
NMR spectra at the 1st (D and E) and 14th (F and G) days
of incubation are also depicted for the extra (D and F) and
intracellular (E and G) fractions.
Fig. S6. In‐vitro decay of FDCA in the presence or absence
of glucose. The ability of pyruvate decarboxylase (A and B)
and cellulase (C and D) to promote the decay of FDCA in
the presence (A and C) or absence (B and D) of glucose is
shown.
Fig. S7. TIC profile of the OBMF sample after 14 days of
incubation with A. nidulans, obtained using LC/MS.
Fig. S8. MS spectrum of the peak at 3.514 minutes. For the
targeted analysis, compound 1 was synthesized (see
below), and its MS/MS spectrum was used to confirm the
identification. Therefore, positive results were obtained for
compound 1 (5‐{[(5‐formylfuran‐2‐yl)methoxy]methyl}furan‐2‐
carboxylic acid), with a confidence level of 96.6% relative to
the standard compound (see below).
Fig. S9. MS spectrum of the synthesized standard of com-
pound 1 (see details below).
Fig. S10. MS spectrum of the peak at 3.362 minutes. For
the targeted analysis, compound 1 was synthesized (see
below), and its MS/MS spectrum was used to confirm the
identification. Therefore, positive results were obtained for
compound 2 (5‐({[5‐(hydroxymethyl)furan‐2‐yl]methoxy}

methyl)furan‐2‐carboxylic acid), with a confidence level of
98.7% relative to the standard compound (see below).
Fig. S11. MS spectrum of the synthesized standard of com-
pound 1 (see details below).
Fig. S12. 1H NMR spectra of compound 1
Fig. S13. 13C NMR spectra of compound 1
Fig. S14. 1H NMR spectra of compound 2
Fig. S15. 13C NMR spectra of compound 2
Fig. S16. Protein domains of the hmfF gene of C. basilen-
sis, obtained upon InterProScan analysis.
Fig. S17. Protein domains of the AN7164 gene of A. nidu-
lans, obtained upon InterProScan analysis.
Fig. S18. Protein domains of the hmfG gene of C. basilen-
sis, obtained upon InterProScan analysis.
Fig. S19. Protein domains of the AN12147 gene of A. nidu-
lans, obtained upon InterProScan analysis.
Fig. S20. Protein domains of the hmfH gene of C. basilen-
sis, obtained upon InterProScan analysis.
Fig. S21. Protein domains of the AN4212 gene of A. nidu-
lans, obtained upon InterProScan analysis.
Fig. S22. Confirmation of gene replacement for AN4212
mutant strain. The expected amplification products of diag-
nostic PCR and their digestion with restriction enzymes BglII
and NdeI are represented for the wild‐type strain (A) and
the obtained mutant (B). Gel electrophoresis (1% agarose)
of the diagnostic PCR and digestion products confirm the
correct gene replacement in the mutant strain (C). Due to
low resolution in the agarose gel, digestion products smaller
than 500 bp were not considered as main products.
Fig. S23. Confirmation of gene replacement for AN7164
mutant strain. The expected amplification products of diag-
nostic PCR and their digestion with restriction enzymes BglII
and NdeI are represented for the wild‐type strain (A) and
the obtained mutant (B). Gel electrophoresis (1% agarose)
of the diagnostic PCR and digestion products confirm the
correct gene replacement in the mutant strain (C). Due to
low resolution in the agarose gel, digestion products smaller
than 500 bp were not considered as main products.
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