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Furans represent a class of promising chemicals, since they constitute valuable intermediates in conver-
sion of biomass into sustainable products intended to replace petroleum-derivatives. Conversely, gener-
ation of furfural and 5-hydroxymethylfurfural (HMF) as by-products in lignocellulosic hydrolysates is
undesirable due its inhibitory effect over fermentative microorganisms. Therefore, the search for
furans-metabolizing bacteria has gained increasing attention since they are valuable tools to solve these
challenging issues. A few bacterial species have been described at genetic level, leading to a proposed
HMF pathway encoded by a set of genes termed hmf/psf, although some enzymatic functions are still elu-
sive. In this work we performed a genomic analysis of major subunits of furoyl-CoA dehydrogenase
orthologues, revealing that the furoic acid catabolic route, key intermediate in HMF biodegradation, is
widespread in proteobacterial species. Additionally, presence/absence profiles of hmf/psf genes in
selected proteobacterial strains suggest parallel and/or complementary roles of enzymes with previously
unclear function that could be key in HMF conversion. The furans utilization pattern of selected strains
harboring different hmf/psf gene sets provided additional support for bioinformatic predictions of the rel-
evance of some enzymes. On the other hand, at least three different types of transporter systems are clus-
tered with hmf/psf genes, whose presence is mutually exclusive, suggesting a core and parallel role in
furans transport in Proteobacteria. This study expands the number of bacteria that could be recruited
in biotechnological processes for furans biodetoxification and predicts a core set of genes required to
establish a functional HMF pathway in heterologous hosts for metabolic engineering endeavors.

� 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The sustainable production of bio-based chemicals is greatly
reliant on the development of viable biorefineries to use different
biomass resources for their conversion into diversified products
[1]. These bioproducts have the potential to replace those pro-
duced by petroleum refineries [1]. Furans represent one of the
most promising classes of intermediates in the conversion of bio-
mass into bio-based products since they constitute sustainable
alternatives to various petroleum-derived chemicals, having prop-
erties analogous to and even exceeding those derived from fossil
hydrocarbons [2,3]. Particularly, 5-hydroxymethylfurfural (HMF)
has been termed as the ‘‘Sleeping Giant” of sustainable chemistry
because of its vast synthetic potential, and it has been broadly
accepted by the scientific community as a key element to bridge
the gap from a fossil-based economy to a sustainable manufactur-
ing system [2,4]; being the focus of nearly 1000 papers published
per year [2] and reaching a global market of 56 million US$ in
2019 [5]. HMF can be produced from the dehydration of hexoses
(mainly fructose) or via acid-catalyzed hydrolysis/dehydration of
cellulose [6]. The latter synthetic route is the second aspect of
HMF chemistry that is relevant for biotechnology industry, this is
due its production as by-product during the acid-based pretreat-
ment of lignocellulose to allow the subsequent digestion of cellu-
lose for biofuels fermentation [6]. The generation of furans in
lignocellulosic hydrolysates is unwanted due its highly inhibitory
effect over fermentative microorganisms, and consequently HMF
is included along with furfural in the so-called ‘‘lignocellulose-
derived inhibitors” (LDIs) group of noxious compounds whose
adverse effects include decreased viability, ethanol yield, and pro-
ductivity [7,8]. In particular, at levels found in hydrolysates, HMF
can produce a reduction of approximately 33% in growth rate of
an ethanologenic bacterium such as Zymomonas mobilis [9], and
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in mixtures with other LDIs is able to severely affect ethanol yield
and productivity by 90 and 85% respectively, when tested in the
fermentative yeast Scheffersomyces stipitis [10].

Several approaches have been explored to overcome the nega-
tive effect of furan inhibitors, including decreasing their generation
by adjusting pretreatment conditions, developing more tolerant
ethanologenic strains, and detoxifying the hydrolysates [7,8,11].
Regarding this latter approach, biological detoxification, using a
microorganism to remove inhibitors from the hydrolysate, is an
attractive alternative due minimal generation of waste streams,
no need for chemical inputs, and the feasibility to be performed
directly in the fermentation vessel avoiding an extra process step
[7,8,11]. The cornerstone of this approach is to use a very proficient
microorganism having abilities to catabolize multiple furans with-
out metabolization of sugars intended for fermentation [12–15].
Altogether, the requirement of furans-metabolizing strains both
for biological detoxification and for biocatalysis aimed to obtain
fine products have promoted the study of furans biodegradation
over the last years [16–18].

A limited number of bacterial species owning the ability to use
furfural or HMF as sole carbon sources have been characterized at
genetic level, with Pseudomonas putida Fu1 [19], Cupriavidus
basilensis HMF14 [20], and Pseudomonas putida ALS1267 [21] being
the best characterized examples. The pioneering work of Nichols
and Mertens provided the first pieces of evidence about furans
biodegradation in P. putida strain Fu1 by identification of catabolic
and regulatory psf genes [19]. Later, Koopman et al. [20] performed
the genetic characterization of HMF and furfural degradation in C.
basilensis HMF14, both converging to 2-furoic acid (FA) to be con-
verted to 2-oxoglutarate using coenzyme A intermediates and
enzymes encoded by hmfABCDE genes (Fig. 1). In the case of HMF
catabolism, the presence of hmfFGH genes is also required since
they are involved in the upper part of the degradative route, sup-
porting the conversion of HMF into FA (Fig. 1) [18,20]. Specifically,
hmfFG genes encode a decarboxylase, able to catalyze conversion of
Fig. 1. Predicted metabolic pathways of HMF and furfural in Cupriavidus and Pseudomona
pathways has been adapted and integrated from previous reports [19–21]. FA conv
constituting the lower pathway. HMFCA and FFCA dehydrogenase activities would be e
HmfFG, FDCA decarboxylase; HmfD, furoyl-CoA synthetase; HmfABC, furoyl-CoA deh
HMFCA, 5-hydroxymethyl-2-furancarboxylic acid; FFCA, 5-formylfuran carboxylic acid;
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key intermediate 2,5-furandicarboxylic acid (FDCA) to FA, whilst
hmfH encodes a FAD-dependent oxidoreductase putatively
involved in two consecutive oxidations of 5-hydroxymethyl-2-fur
ancarboxylic acid (HMFCA) to generate FDCA [18,20]. No specific
aldehyde dehydrogenases have been identified for initial HMF oxi-
dation into HMFCA, suggesting that such activity is related to
broad-specificity dehydrogenases protecting cells against toxic
aldehydes [18,20,22]. Recently, the genes involved in HMF catabo-
lism have been characterized in P. putida ALS1267, which carries all
hmf genes previously described in strain HMF14 except for hmfH,
suggesting that another gene would replace this FAD-dependent
oxidoreductase [21]. Interestingly, two additional genes are pre-
sent in hmf operon from P. putida ALS1267, which were also previ-
ously found in P. putida Fu1 and termed psfG and psfA, encoding a
putative short-chain alcohol dehydrogenase and a putative NAD-
dependent aldehyde dehydrogenase, respectively [19]. These enzy-
matic functions have been suggested to be related to the oxidation
of furfuryl alcohol/furfural and HMF alcohol/HMF [19,21], but
additional support has not been provided.

The interest to establish a furans detoxification pathway in fer-
mentative microorganisms has driven metabolic engineering
endeavors for functional expression of HMF route in genetically
tractable strains [23–26]. Two studies focused on transferring the
entire HMF pathway from P. putida ALS1267 [21] and from a pre-
viously unrecognized furans-degrading Paraburkholderia phytofir-
mans PsJN strain [24], to industrially relevant P. putida strains.
These efforts have not been completely successful since the
furans-degrading phenotype was only partially achieved as
revealed by lack of growth on HMF or a very slow proliferation rate
by the engineered strains [21,24]; most probably because the
selection of catabolic genes was incomplete, or their expression
was inadequate.

Considering that metabolic engineering has as a central goal to
identify gene targets for the optimization of a metabolic phenotype
[27], we focus on genome analysis of furans biodegradation to pro-
s species converged toward FA as central intermediate. The diagram of reconstructed
ersion into a-ketoglutaric acid is accomplished by hmfABCDE-encoded enzymes
ncoded by psfG and psfA genes, respectively. HmfH, HMF/furfural oxidoreductase;
ydrogenase; HmfE, 2-oxoglutaryl-CoA hydrolase. HMF, 5-hydroxymethylfurfural;
FDCA, 2,5-furandicarboxylic acid; FA, furoic acid.
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vide additional insights about genetic requirements for HMF con-
version. In this work we performed an extensive survey on the
presence of hmf/psf genes in proteobacterial genomes revealing a
previously unrecognized distribution of the HMF pathway, broadly
expanding the diversity of species suitable for furans conversion. In
addition, the presence-absence pattern of some genes suggests
redundant or complementary roles that should be considered in
metabolic engineering endeavors towards biological detoxification
of furans and/or biocatalytic production of high-value
intermediates.
2. Material and methods

2.1. Database survey

Protein similarity searches were performed using the blastP
algorithm from NCBI and IMG/M databases using default
parameters [28,29]. The HmfA sequences were retrieved from
non-redundant protein database of GenBank [30]. Only proteins
displaying at least 45% amino acid identity with the hmfA-encoded
protein of C. basilensis HMF14 [20] were considered for analysis.
Proteobacterial genomes that harbor hmfA homologues were
downloaded from NCBI database for identification of additional
catabolic and complementary functions. Gene products of lower
(hmfBCDE) and upper (hmfFGH and psfAG) pathways, transcrip-
tional regulators (AraC- and LysR-type), and transporters (hmfT1)
with verified or putative functions located in the hmf gene clusters
of C. basilensis HMF14, P. putida ALS1267, and P. putida Fu1 [19–21]
were used as bait for homologue searches in genomes previously
selected using BLAST software [28] on a local computer. Identifica-
tion of conserved domains within a protein was performed using
the Conserved Domains Database from the NCBI website [31].

2.2. Phylogenetic reconstructions

Evolutionary relationships from the concatenated alignment of
the single-copy hmfABCDE genes were inferred by IQ-TREE web
server tools (http://iqtree.cibiv.univie.ac.at/) designed for estimate
maximum-likelihood phylogenies [32] employing ModelFinder as
model-selection method [33] and Ultrafast Bootstrap Approxima-
tion as bootstrap approach [34] with the -m TEST, -bb 1000
and -alrt 1000 options. Sequence alignments for phylogenetic
reconstruction were calculated with MAFFT online service
(https://mafft.cbrc.jp/alignment/server/) using Auto (FFT-NS-1,
FFT-NS-2, FFT-NS-i or L-INS-i; depends on data size) strategy
[35]. Visualization and edition of phylogenetic trees were per-
formed by the Interactive Tree Of Life (iTOL) online tool (https://
itol.embl.de/) [36].

2.3. Bacterial strains and growth conditions

The bacterial strains assayed in this study were Azospirillum ory-
zae COC8 [37], Cupriavidus basilensis DSM 11853 [38], Cupriavidus
pinatubonensis JMP134 [39], Paraburkholderia phytofirmans PsJN
[40], Paraburkholderia xenovorans LB400 [41], Pseudomonas men-
docina VN230 [42], Pseudomonas sp. ALS1131 [43], and Pseu-
domonas sp. ALS1279 [43]. All strains were grown in mineral
salts medium (14 g/L Na2HPO4�12H2O, 2 g/L KH2PO4, 50 mg/L Ca
(NO3)2�4H2O, 1 g/L (NH4)2SO4, 200 mg/L MgSO4�7H2O, 278 mg/L
FeSO4�7H2O, 70 mg/L ZnCl2, 100 mg/L MnCl2�4H2O, 62 mg/L H3BO3,
190 mg/L CoCl2�6H2O, 17 mg/L CuCl2�2H2O, 24 mg/L NiCl2�6H2O,
36 mg/L Na2MoO4�2H2O), supplemented with 2.5 mMHMF, HMFCA,
5-formylfuran carboxylic acid (FFCA), FDCA or FA as sole carbon
and energy source. The cultures were incubated in a 96-well
microplate (Thermo Fisher Scientific, Rochester, NY, USA) at
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30 �C, and the optical density at 600 nm (OD600) was measured
with a Synergy HTX multimode plate reader (BioTek, Winooski,
VT, USA). Cell cultures were inoculated with 100-fold dilutions of
overnight cultures grown on R2A broth. At least two biological
replicates were performed for each growth measurement.
2.4. Chemicals

HMF, FFCA and FA were purchased from Sigma-Aldrich (Stein-
heim, Germany). HMFCA was purchased from Cayman Chemical
Company (Michigan, USA). FDCA was purchased from Alfa Aesar
(Massachusetts, USA).
3. Results and discussion

3.1. Furans biodegradation genes are widespread in a-, b- and c-
lineages of the phylum Proteobacteria

In order to evaluate the presence of furans biodegradative genes
in proteobacterial genomes we chose as gene marker the HmfA
product corresponding to the major subunit of furoyl-CoA dehy-
drogenase, a key enzyme in the lower route responsible for 2-
furoyl-CoA metabolization (Fig. 1). Using HmfA from C. basilensis
HMF14 [20] as query (1015 aa), we conducted a restricted search
for Proteobacteria in the non-redundant protein sequences data-
base of GenBank as of September 2020, identifying nearly ~900
HmfA-like sequences displaying at least 45% amino acid identity
in strains that belong to a-, b- and c-Proteobacteria lineages. We
selected 98 bacterial species with genome sequences available to
include at least one member of each genus harboring HmfA homo-
logues in order to examine the presence of additional hmf genes
(Fig. 1). We also include the genomes of three additional Pseu-
domonas species (ALS1131, ALS1267 and ALS1279) with verified
furans-degrading abilities [43,44] collecting a total of 101 strains.
Nevertheless, two bacterial species harboring HmfA, representing
Inquilinus (GCA_002195995.1) and Acidisphaera
(GCA_000964365.1) genus of the a-Proteobacteria lineage (order
Rhodospirillales) were subsequently discarded due to low quality
genome assembly. From the 99 Proteobacterial genomes analyzed
(Table S1), we found that 50 belong to a-Proteobacteria class sub-
divided in order Rhizobiales (30), Rhodobacterales (14), Rhodospiril-
lales (5) and Sphingomonadales (1), representing 14 different
families (Fig. S1); 35 belong to b-Proteobacteria class subdivided
in order Burkholderiales (33) and Rhodocyclales (2), representing 6
different families (Fig. S1); and 14 belong to c-Proteobacteria class
subdivided in order Alteromonadales (1), Chromatiales (1),
Oceanospirillales (5), Pseudomonadales (4) (including three bona-
fide degrading strains added), Salinisphaerales (1) and Xanthomon-
adales (2), representing 8 different families (Fig. S1). These strains
were isolated from diverse locations such as oceans, plants, fresh-
water, groundwater, sediments, soils, activated sludge, wastewa-
ter, saline springs and human host, among other environments
(Table S1). Additionally, we detected the hmfA gene in
metagenome-assembled genomes belonging to Candidimonas
(TAM85542.1), Comamonas (MPT12907.1), Confluentimicrobium
(MAQ45687.1), Filomicrobium (MAI44436.1), Kaistia
(ODT20617.1), Lautropia (ODS98322.1), Methylibium
(KNZ31457.1) and Verminephrobacter (MBA4060343.1) genera,
obtained from a wide diversity of environmental sources. These
genomes not represented by isolated bacterial species expand
the range of proteobacterial genera putatively harboring the
furans-degrading pathway. Then, we analyzed the presence of
remaining lower pathway genes (hmfBCDE) in selected strains,
observing that all bacterial species have the full set of genes
required for metabolization of FA, the central intermediate in fur-
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ans catabolism (Fig. 1; Table S1). These results would indicate a
ubiquitous presence of furans in the environment and their rele-
vance as natural substrates.

In order to establish phylogenetic relationship among hmf genes
of selected strains we constructed a dendrogram of concatenated
amino acid sequences of lower pathway genes. The resulting
HmfABCDE tree showed a strict partition between Proteobacteria
lineages with few exceptions (Fig. 2). Interestingly, c-
Proteobacteria Pseudoxanthomonas composti GSS15 isolated from
compost [45] and Luteimonas huabeiensis HB-2 isolated from stra-
tum water [46], both belonging to the family Xanthomonadaceae,
are inserted in the clade of sequences belonging to a-
Proteobacteria (Fig. 2), suggesting lateral gene transfer of lower
pathway genes. Furthermore, vast majority of strains (85) harbor
the canonical hmfABCDE gene order (Fig. 3; Table S1), indicating
that this organization is highly conserved to that reported byWier-
ckx et al. [18]. The second most common organization was
Fig. 2. Evolutionary relationships among concatenated HmfABCDE protein homologues
topology provided by IQ-TREE [32] and based on sequence alignments calculated usin
(n = 1000) given at each node (values > 50% are shown). The substitution model selecte
orange, b-proteobacteria; green, c-proteobacteria. (For interpretation of the references to
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hmfABCDFGE, which is restricted to b-Proteobacteria (11) and
includes the insertion of hmfFG genes of upper pathway (Fig. 3;
Table S1). Only Rhodoplanes sp. Z2-YC6860 and Noviherbaspirillum
denitrificans TSA40 have lower pathway genes in different gene
contexts (Fig. 3), raising questions about its functionality in these
strains. Remarkably, b-Proteobacteria strains Acidovorax sp.
KKS102, Bordetella flabilis AU10664 and Paracandidimonas soli
DSM 100048 harbor two copies of hmfABCDE gene cluster
(Fig. 3), suggesting functional redundancy of lower pathway in
these bacteria. In the case of P. soli DSM 100048 both copies are
very close related indicating a recent event of gene duplication.
From the total number of analyzed strains, 44 species harbor exclu-
sively lower pathway genes and not those related to upper route
for HMF, suggesting that FA is per se a relevant growth substrate
or it is metabolized as central intermediate for channeling of fur-
fural by non-specific dehydrogenases. On the other hand, 55
selected strains carry extra genes related to upper pathway
identified in proteobacterial genomes analyzed in this work. Maximum likelihood
g MAFFT [35] is shown with SH-like approximate likelihood ratio support values
d was LG + F + I + G4 as determined by ModelFinder [33]. Blue, a-proteobacteria;
colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 3. Clusters of hmf genes in representative proteobacterial species. The highly conserved organization of hmfABC genes was used to align the hmf gene clusters from
selected species of a-, b- and c- lineages of Proteobacteria. Genes putatively encoding enzymes, transporters and regulators of the biodegradative pathway for HMF were
colored or shaded according to their function.

Raúl A. Donoso, Fabián González-Toro and D. Pérez-Pantoja Computational and Structural Biotechnology Journal 19 (2021) 2160–2169
(Fig. 4), suggesting broader spectrum of furan compounds
degraded by these species.

3.2. Additional catabolic enzymes could be part of the HMF pathway in
Proteobacteria

A key step in HMF degradation it is played by hmfFG genes,
which encoded an enzymatic activity able to catalyze FDCA decar-
boxylation to FA (Fig. 1). Since HmfG is homologous to UbiX, which
synthesizes the prenylated flavin mononucleotide cofactor
required by UbiD family of enzymes [47,48], apparently the key
catalytic function in FDCA decarboxylation is performed by HmfF,
which belongs to UbiD family [49]. We detected 55 bacterial gen-
era out of 99 selected representative strains that harbor hmfFG
genes, in which 18 belong to a-Proteobacteria (36% of selected
strains belonging to this lineage), 28 are classified as b-
Proteobacteria (80%), and 9 are included in the c-Proteobacteria
lineage (64%) (Fig. 4), indicating that more than half of the whole
set of bacterial genera harboring a FA-metabolizing route could
also catalyze conversion of FDCA into FA. The presence of hmfFG
genes is particularly predominant in b-Proteobacteria, suggesting
that channeling of additional furans has a higher relevance for this
2164
lineage. Analogous to HmfABCDE tree (Fig. 2), a HmfF dendrogram
showed a clear separation between a- and b-Proteobacteria
lineages; but on the contrary, HmfF homologues belonging to
c-Proteobacteria showed a more complex distribution, not been
clearly distinguished as a specific clade (Fig. S2). This would be
suggestive that in c-Proteobacteria this enzymatic function may
have been acquired by lateral gene transfer from a- and
b- lineages.

An enzyme playing a crucial role in the upper pathway of furans
biodegradation is the HMF oxidoreductase encoded by hmfH, pre-
viously described in C. basilensis HMF14, which has been exten-
sively studied by its ability to convert HMF into FDCA in
heterologous strains P. putida S12 and Raoultella ornithinolytica
BF60, turning a valuable tool for production of this high-value pre-
cursor [22,26,50–52]. HmfH is a member of the glucose-methanol-
choline (GMC) oxidoreductase family and mainly converts HMFCA
into FFCA, and secondarily it would be also involved in the subse-
quent oxidation into FDCA [18,26]. However, a role for unspecified
aldehyde dehydrogenases catalyzing oxidation of FFCA into FDCA
during heterologous expression of hmf genes in P. putida S12 has
been also proposed [22]. In the selected strains harboring the lower
route for furans we found overall 23 species that harbor hmfH gene,



Fig. 4. Presence and distribution of hmfFG, hmfH, psfG and psfA genes among proteobacterial genomes analyzed in this work. The presence of genes putatively encoding
different enzymatic functions of the upper HMF pathway was analyzed in genomes of 99 proteobacterial species containing the hmfABCDE cluster responsible for the lower
part of the route. The number of species harboring each gene is included in the circle representing it. External pie charts represent the distribution of each gene denoted in
Venn diagram among different proteobacterial lineages. Blue, a-proteobacteria; orange, b-proteobacteria; green, c-proteobacteria. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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mainly a- (7) and b-Proteobacteria (14) (Fig, 4). We only detected
this oxidoreductase-encoding gene in two c-Proteobacteria, P.
composti GSS15 and L. huabeiensis HB-2 (Table S1). Notably, the
hmfABCDE genes of both strains were previously clustered into
the a-Proteobacteria clade in hmfABCDE tree (Fig. 2), strongly sug-
gesting that these clusters have been acquired by lateral gene
transfers, and consequently pinpointing that hmfH gene would
not be genuinely associated to hmf clusters originated in
c-Proteobacteria. This indicates that in most HMF-degrading
c-Proteobacteria the consecutive oxidations of HMFCA to generate
FDCA should be performed by enzymes other than HmfH homo-
logues. Notably, in the search for alternative enzymes to be
recruited for biocatalytic FDCA production a remote HmfH
homologue has been identified in Methylovorus sp. MP688 (46%
aa identity) and termed HmfO [53]. Due to its biocatalytic poten-
tial, the properties of HmfO have been comprehensively studied
[52,54–57]. It should be noted that most probably HMFCA or FFCA
are not physiological substrates for this enzyme since no hmfABCDE
genes could be identified by us in the genome of Methylovorus sp.
MP688 or related Methylovorus species, excluding a role for HmfO
in a catabolic route for HMF.

Interestingly, the psfA gene encoding a putative aldehyde
dehydrogenase previously identified in P. putida strains Fu1 and
ALS1267 [19,21] was additionally detected in 42 genomes out of
55 strains harboring hmfFG genes, including a- (9), b- (24) and
c-Proteobacteria (9) (Fig. 4; Fig. S3), suggesting a relevant role of
this enzyme in the upper pathway for furans. A homologue of this
putative aldehyde dehydrogenase (63% aa identity with psfA) was
previously detected in close proximity to hmf genes of C. basilensis
HMF14 and termed Adh [18]. Notably, during the establishment of
a whole cell biocatalyst system by heterologous expression of
hmfH gene in P. putida S12 [26], it was demonstrated that FDCA
production was improved by achieving a high and constant conver-
sion rate by co-expression of adh and a transporter gene termed
hmfT1 (see 3.4 section), avoiding transient accumulation of FFCA
detected in presence of hmfH and hmfT1 [22]. These results suggest
that a PsfA-like aldehyde dehydrogenase would be involved in con-
version of FFCA into FDCA, complementing the activity of HmfH
2165
over HMFCA. Accordingly, we detected that 16 out of 23 strains
containing the HmfH-encoding gene also own a psfA gene in its
genome (Fig. 4), supporting importance of aldehyde dehydroge-
nase activity of PsfA (most probably as FFCA dehydrogenase) in
HMF pathway (Fig. 1). It should be noted that in 7 strains harboring
a hmfH gene (5 a- and 2 b-Proteobacteria) a psfA gene could not be
found (Fig. 4; Table S1), suggesting that if these strains are able to
grow in HMF as carbon source they should recruit a different dehy-
drogenase activity to replace for PsfA. Most probably, the PsfA
aldehyde dehydrogenase has an underestimated role in the HMF
degradation pathway (Fig. 1), masked by the pool of endogenous
aldehyde dehydrogenases that protects cells against aldehydes
toxicity.

Another gene originally identified in Pseudomonas strains Fu1
and ALS1267 is psfG, encoding a putative short-chain alcohol dehy-
drogenase putatively involved in furfuryl/HMF alcohol oxidation
[19,21]. The psfG gene was found in 19 species comprising a- (3),
b- (9) and c-Proteobacteria (7), all of them simultaneously harbor-
ing hmfFG and psfA genes (Fig. 4). A comparison of the amino acid
sequence of psfG (249 aa) from ALS1267 strain [21] in the
UniProtKB/Swiss-Prot database showed a 39% sequence identity
with (S)-1-Phenylethanol dehydrogenase from Aromatoleum aro-
maticum EbN1, which is a typical secondary alcohol dehydrogenase
that catalyzes the NAD-dependent stereospecific oxidation of
(S)-1-phenylethanol to acetophenone in the degradation of
ethylbenzene [58]. Both enzymes are classical members of the
short-chain dehydrogenase/reductase (SDR) family with a reaction
spectrum comprising the NAD(P)(H)-dependent oxidoreduction of
hydroxy/keto groups [59]. It is worth mentioning that strains
containing psfG on no occasion also carry the hmfH gene (Fig. S3),
suggesting that both enzymes could have analogous functions
not previously considered, catalyzing HMFCA conversion to FFCA
(Fig. 1), which is the unidentified activity in strain ALS1267 that
lacks a hmfH-encoding gene [21]. Nevertheless, entire hmf cluster,
including hmfABCDEFG and psfAG genes, was cloned and trans-
formed in strain KT2440, allowing it to grow on furfural as a sole
carbon source but not on HMF, suggesting that an additional gene
is still lacking to support growth on HMF [21], or not enough



Raúl A. Donoso, Fabián González-Toro and D. Pérez-Pantoja Computational and Structural Biotechnology Journal 19 (2021) 2160–2169
expression of genes encoding the upper part of the route was
achieved. A null mutant of psfG gene in ALS1267, or in related
strains harboring a similar gene set, would help to clarify its role
in HMF degradation pathway, which may lead to its use as a bio-
catalyst in the production of furan derivatives.
3.3. Furans utilization pattern of selected strains harboring different
hmf/psf gene sets provides support for key role of some enzymes

Based on the analysis of presence/absence profiles of hmf/psf
genes in proteobacterial genomes we selected representative
strains harboring distinct gene sets to provide support for key role
of some enzymes. Eight strains belonging to a- (1), b- (4), and c-
(3) Proteobacteria were selected to test their ability to grow on dif-
ferent intermediates of HMF pathway as sole carbon and energy
source. The selected strains display clusters ranging from full
hmfABCDE-hmfFG-psfA-hmfH or hmfABCDE-hmfFG-psfA-psfG gene
sets to solely hmfABCDE core genes. As shown in Fig. 5 the
strains Cupriavidus basilensis DSM 11853 and Pseudomonas sp.
ALS1279 harboring the hmfABCDE-hmfFG-psfA-hmfH or
hmfABCDE-hmfFG-psfA-psfG genes respectively were able to grow
on all intermediates tested with exception of FDCA, suggesting that
both gene sets may provide a complete HMF pathway, and that
psfG or hmfH genes could encode analogous functions. The inability
to grow using FDCA as substrate is most probably related with the
absence of a specific transporter system for this dicarboxylic acid.
On the contrary, the strains Cupriavidus pinatubonensis JMP134 and
Pseudomonas sp. ALS1131 harboring only hmfABCDE genes are
unable to grow in any intermediate except FA. In the case of
Paraburkholderia xenovorans LB400 the presence of hmfFG genes
along with hmfABCDE could allow to this strain to proliferate on
FDCA as sole carbon source, in addition to FA. Most probably this
strain harbors a specific transport system for FDCA uptake that is
not found in C. basilensis DSM 11853 or Pseudomonas sp.
ALS1279, whose hmf clusters would be devoted to HMF
Fig. 5. Growth on furan intermediates of several Proteobacterial species owing different h
and Pseudomonas genus were grown in mineral salt medium with 2.5 mM HMF, HMFCA
genes in each strain is depicted under species name. Shading indicates maximum opt
biological replicates). HMF, 5-hydroxymethylfurfural; HMFCA, 5-hydroxymethyl-2-fura
acid; FA, furoic acid.
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consumption instead FDCA metabolization. Noteworthy, the pres-
ence of psfA in addition to hmfFG and hmfABCDE genes in Pseu-
domonas mendocina VN230 and Azospirillum oryzae COC8 enable
these strains to grow on FFCA besides FDCA and FA as substrates,
supporting its role as a FFCA dehydrogenase. Finally, a remarkable
case in HMF metabolization is represented by Paraburkholderia
phytofirmans PsJN. It has been previously reported that this strain
is able to grow on HMF although with very low growth rates, even
30 times slower than other strains harboring hmf gene clusters
[21]. In the culture conditions tested by us, no significant growth
in presence of HMF was assessed after 72 h of incubation. How-
ever, it was possible to measure significant growth in HMFCA
and FFCA, supporting the notion that hmfH is able to supply the
absence of psfA catalyzing consecutive oxidations of HMFCA to
generate FDCA, but that the growth on HMF is limited by ineffi-
cient conversion into HMFCA either by HmfH or housekeeping
aldehyde dehydrogenases. Altogether the results of in vivo growth
tests support the requirement of a hmfABCDE-hmfFG-psfA-psfG/hmfH
gene set and most probably a proficient aldehyde dehydrogenase
acting on HMF for the complete metabolization of this substrate.
3.4. Transcriptional regulators associated to hmf genes are related to
AraC- and LysR-type families.

On the contrary to themetabolic features of theHMFbiodegrada-
tive route that has been roughly established, the molecular bases of
transcriptional regulation of the pathway are mostly unknown. As
previously reported, C. basilensis HMF14 carries hmf genes in two
different gene clusters, both precededby a LysR-type transcriptional
regulator-encoding gene located in opposite orientation, termed
hmfR1 and hmfR2,which could master the expression of HMF path-
way by sensing substrates or intermediates of the route [20], but
experimental evidence supporting this role has not been provided
yet. In the case of P. putida Fu1, the inactivation of a homologous
LysR-type regulatory protein (termed PsfB) abolished growth on
mf and psf gene sets. Strains belonging to Azospirillum, Cupriavidus, Paraburkholderia
, FFCA, FDCA or FA as a sole carbon and energy sources. The presence of hmf and psf
ical density (OD) at 600 nm measured during 48 h of incubation (average of two
ncarboxylic acid; FFCA, 5-formylfuran carboxylic acid; FDCA, 2,5-furandicarboxylic
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FA in this strain and their chemotactic responses towards furans
[19,60]. Alternatively, it was reported the selection of an adaptive
mutation in a regulatory gene coding for an activator of the AraC/
XylS family in the furfural-degrading Pseudomonas pseudoalcalige-
nes CECT 5344 strain [61]. This point mutation affected the HTH
region of the protein allowing efficient growth of the strain on FA
and furfural; and on the contrary, the whole inactivation of the
AraC-type regulator-encoding gene reversed the phenotype [61].
Both, LysR- and AraC-type regulators are commonly associatedwith
carbon source assimilation, stress response and pathogenesis in
bacteria [62,63]. Their involvement in transcriptional regulation of
furan catabolism requires additional work to elucidate their specific
roles. Accordingly, we found 82 bacterial genera from the total of
selected strains harboring a homologous activator protein belong-
ing to AraC-family in the context of hmf genes, whilst a transcrip-
tional regulator belonging to LysR-family was identified in 49
species (Fig. S4). Notably, all bacterial strains that carry exclusively
lower pathway-encoding genes (44) only own an AraC-type regula-
tor (Fig. S4; Table S1), suggesting that hmfABCDE genes supporting
FAmetabolism are specificallymastered by this transcriptional reg-
ulator, comparable to the scenario reported by P. pseudoalcaligenes
CECT 5344 [61]. Interestingly, the pointmutation (L261R) that turns
functional that AraC regulator is in fact a conserved residue (Arg) in
the remaining homologues putatively involved in FA catabolism, as
revealed by alignment of all AraC proteins identified in this study
(data not shown), indicating that the inactive version of the regula-
tor in wild type strain CECT 5344 is exceptional. On the other hand,
all bacterial species that contain LysR-type regulators harbor upper
and lower pathway genes (Fig. S4), indicating that this transcrip-
tional regulator could be mainly associated to the presence of a full
catabolic pathway for furans. Aswell, 33 bacterial species possessed
both AraC- and LysR-type transcriptional regulators associated to
hmf contexts (Fig. S4), analogous to the scenario described in clus-
ters of P. putida Fu1 and ALS1267 [19,21]; suggesting that the upper
pathwaywouldbe controlled bya LysR-type regulator and the lower
route by the previously described AraC-type activator. The identity
of the substrates/intermediates acting as effectors of transcriptional
activation in strains harboring this putative regulatory architecture
deserves further research. Finally, 11 selected strains mostly
belonging to b-proteobacteria (7) harboring upper and lower path-
way genes, contain solely a LysR-type regulator associated to hmf
cluster without an accompanying AraC-type regulator (Table S1),
therefore these genes could be regulated by a single activator/effec-
tor pair. Nevertheless, 6 species belonging to Burkholderiaceae fam-
ily of b-Proteobacteria contain a second copy of LysR-type regulator,
analogous to reported by strain HMF14 [20], suggesting that specif-
ically in these strains this extra copy could be adapted to recognize
an additional substrate/intermediate.

The identification of substrates/intermediates acting as effec-
tors of the different transcriptional regulators putatively involved
in furans catabolism is relevant not only to understand the molec-
ular basis of pathway activation, but also from a biotechnological
perspective on their potential for biosensing. Since cytotoxic, geno-
toxic, and carcinogenic effects of HMF and furans derivatives have
been demonstrated in several animal models and mammalian cell
cultures, its quantification becomes relevant in alimentary indus-
try because this compound is produced during processing of sev-
eral foodstuffs [64–67]. As an alternative to sophisticated
chromatographic methods for HMF quantification, sensor
protein-based biosensors would allow a fast and low-cost proce-
dure to detect this compound and/or their transformation prod-
ucts. Transcriptional activators that sense HMF and/or
intermediates of the catabolic route could be a valuable resource
to construct biosensors able to detect these molecules, becoming
highly desirable to describe the profile of effectors recognized by
the proposed regulators.
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3.5. Transporters-encoding genes associated to furans biodegradation

The role of transport in biodegradation of furans is largely
unknown. The only piece of evidence about an active transport of
furans comes from the establishment of a whole cell biocatalyst
system in P. putida S12, in which the heterologous expression of
a transporter termed HmfT1 had a considerable effect on the
improvement in FDCA production from HMF mediated by HmfH
activity of C. basilensis HMF14 [22]. This effect was attributed to
a strong decrease in transient HMFCA accumulation, suggesting
that the main function of hmfT1 gene product was uptake of this
metabolite and therefore indicating the importance of
transporter-encoding genes in furan metabolism [22,52]. HmfT1
belongs to Major Facilitator Superfamily, an ancient, extensive
and ubiquitous family able to transport a broad spectrum of ions
and solutes across membranes via facilitated diffusion, symport,
or antiport [68]; and been assigned to the metabolite:H + symport
subfamily [69]. We identified 29 strains that harbor HmfT1
transporter-encoding genes associated to hmf clusters, mostly
belonging to a- (10) and b-proteobacteria (16) (Table S2). Most
of these strains (24) possess upper pathway genes (Fig. S5), sup-
porting that its main function is likely to be the transport of upper
pathway substrates or intermediates as proposed in C. basilensis
HMF14 [20,22]. In addition, we detected 39 species harboring a
transporter-encoding gene associated to lower pathway genes
(Table S2), which is homologous to a gene described in P. pseudoal-
caligenes CECT 5344 and termed benE despite its linkage to hmf
genes [61]. Similar to HmfT1, this transporter belongs to Major
Facilitator Superfamily, although it was included in a different
branch named Benzoate:H + symport subfamily, which first char-
acterized member was the benzoate transporter encoded by benE
from Acinetobacter calcoaceticus [69]. Interestingly, benE-like trans-
porters were found primarily in a- (26) and c-proteobacteria (11),
and most strains (32) harbor only lower pathway genes (Fig. S5),
suggesting that its main function could be FA transport.

Remarkably, we found that hmf clusters from 24 species belong-
ing to a- (9) and b-proteobacteria (15) carry a putative transporter
gene closely related to high affinity branched-chain amino acid
transport system (LivKHMGF) from Escherichia coli (Fig. S5;
Table S2), that relies in coupling of ATP-hydrolysis for uptake of
substrates [70]; suggesting alternative mechanisms for furans
transport. Remarkably, almost all strains (91) harbor one homo-
logue of HmfT1-, BenE- or LivKHMGF-like transporters associated
to hmf genes and its presence exclude the others (Fig. S5), except
for Bordetella flabilis AU10664 that harbors two copies of hmfABCDE
cluster owing either HmfT1- or a LivKHMGF-like transporter asso-
ciated to each copy. These observations suggest that these three
different transporter types could accomplish analogous functions
in furans transport. Finally, a diverse array of other transporter
types could be also found associated to hmf genes but each to a
much lower extent (Fig. S5), including homologues related to
ABC-type nitrate/sulfonate/bicarbonate transport system (tauABC),
TRAP-type C4-dicarboxylate transport system (dctPQM), TRAP-type
uncharacterized transport system (Imp), tripartite tricarboxylate
transporter substrate binding protein (tctC), and Na+:solute sym-
porter family protein (SSS). This broad diversity of transporters
putatively involved in furans catabolism would reflect that differ-
ent substrates or intermediates in the route can be subject to active
transport in degradative bacteria.
4. Conclusion

A systematic analysis of hmf genes in proteobacterial genomes
has allowed establishment of their phylogenetic relationships,
clusters organization and presence-absence patterns of catabolic
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and accessory functions. From this study a previously unrecog-
nized distribution of the HMF catabolic pathway could be
observed, expanding the array of potential degradative microor-
ganisms to be recruited in biodetoxifying processes to remove
furan inhibitors from biomass hydrolysates. Most importantly,
the persistent presence of some genes, or excluding patterns
among them, allow us to predict the full gene set required to estab-
lish a functional HMF pathway in a different host. In addition to the
FA-metabolizing lower route encoded by hmfABCDE genes, the
presence of hmfFG – psfA - hmfH/psfG genes it seems to be a key
for proper HMF funneling into central metabolism. Furthermore,
the recruitment of at least one of the main transporter types
described as associated to hmf genes would be significant for a pro-
ficient metabolic engineering endeavor.
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