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A B S T R A C T

Rhamnolipids (RLs) are microbial glycolipids (GLs) with interesting structure‐dependent bioactivities and
physicochemical properties making them suitable for diverse medical and industrial applications. The discov-
ery of RLs with more interesting bioactivities and properties has relied on laborious screening of new RL pro-
ducers isolated from the environment, and has resulted in the redundant identification of already known RL
producers and structures. Here, we present a genome mining approach that enabled the identification of 80
RL‐producing species (including the two reference species), 71 of which were previously unreported.
Distance trees of two of their RL biosynthetic enzymes, RhlAB, allowed for the identification of 11 distinct
clades. Preliminary experimental validation with thin layer chromatography on one non‐pathogenic RL/GL
producer, Nevskia soli, confirmed its putative production of RLs. Additionally, this study led to the discovery
of the putative RL transport mechanism involving three transmembrane proteins whose coding genes are
highly conserved and clustered with one of the RL biosynthetic gene clusters in most RL/GL producers identi-
fied in this study.
Introduction

Rhamnolipids (RLs) are extracellular microbial glycolipids (GLs)
produced by certain bacterial species, the best known of which are
Pseudomonas and Burkholderia species (Abdel‐Mawgoud et al.,
2010). RLs are amphiphilic molecules with hydrophobic and hydro-
philic structural moieties conferring interesting surfactant properties
(Abdel‐Mawgoud et al., 2010). The hydrophobic moiety is a 3‐
hydroxyalkanoyloxyalkanoate (HAA), a dimer of two ester‐linked R‐
3‐hydroxyalkanoates, which is associated with a monomeric or
dimeric rhamnose unit, the hydrophilic moiety, via O‐glycosidic
bonds, thus creating mono‐RLs or di‐RLs congeners (Fig. 1) (Abdel‐
Mawgoud et al., 2010). In addition to these congeners, RLs show a
diversity of homologs differing in fatty acid length, branching and
chain saturation (Abdel‐Mawgoud et al., 2010). For simplicity,
mono‐RLs and di‐RLs with two 10‐carbon fatty acid chains are
denoted RC10C10 and RRC10C10, respectively (RCxCy and RRCxCy,
where R denotes rhamnose units, and x and y indicate the numbers
of carbon atoms of the acyl chains). RLs are produced as mixtures
of congeners and homologs, whose composition differs across
microbial species (Tiso et al., 2015) and even in the same species
at different genetic backgrounds or cultivation conditions (Abdel‐
Mawgoud et al., 2014b).

RLs have a wide range of biological activities, such as antibacterial
(Haba et al., 2003), antifungal (Haba et al., 2003), antiviral
(Remichkova et al., 2008), antiparasitic (Silva et al., 2015),
immunomodulatory (Andrä et al., 2006; Luzuriaga‐Loaiza et al.,
2018) and anti‐adherent activities, as extensively reviewed in several
articles (Abdel‐Mawgoud and Stephanopoulos, 2018; Rodrigues
et al., 2006; Thakur et al., 2021). Furthermore, RLs are excellent deter-
gents having high biodegradability and low toxicity. These character-
istics have enabled RL to be used in bioremediation, agricultural and
cosmeceutical industries (Abalos et al., 2001). Interestingly, the nature
and extent of RL’s bioactivities and physicochemical properties vary
significantly across RL homologs and congeners. For example, the sur-
face activity of RLs, measured in terms of the critical micelle concen-
tration (CMC), is structure dependent, such that mono‐RLs
(RC10C10, Fig. 1A) have CMCs of approximately 40 mg/L, whereas
di‐RLs (RRC10C10, Fig. 1B) are more surface active, with CMCs as
low as 5 mg/L (Tiso et al., 2015). This surface activity decreases in
di‐RLs with longer fatty acid chain length, such as di‐RLs with C14‐
fatty acids (RRC14C14, Fig. 1B), whose CMC is 25 mg/L (Costa
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Fig. 1. Chemical structures and biosynthetic pathway of rhamnolipids. (A)Mono-rhamnolipids (mono-RLs, RC10C10). (B) Di-rhamnolipids (di-RLs, RRC10CC10).
(C) Biosynthesis of RLs. Fatty acid precursors of RLs are channeled mainly from β-oxidation, although supply from FAS II is not excluded (dotted line).
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et al., 2011). RL mixtures containing RLs with unsaturated fatty acid
chains (e.g., RC12:1C10) and/or lacking one of the two fatty acid
chains (e.g., RC10) have lower surface activities, where their CMCs
are as high as 234 mg/L (Abalos et al., 2001). This structure‐
dependent surface activity might be attributable to the different
three‐dimensional conformations taken by different homologs and
congeners of RLs that affect their aggregation behaviors and conse-
quently their CMC values (Abalos et al., 2001).

More interestingly, the bioactivities of RLs are also structure depen-
dent. For example, the long‐chain di‐RL, RRC14C14, but not the
medium‐chain RL, RRC10C10, has immunomodulatory activity on
human leukocytes (Van Gennip et al., 2009). Furthermore, the
immunomodulatory activity of RLs was reported to be fatty acid chain
length‐dependent, as demonstrated by the RL‐mediated immunity of
Arabidopsis against plant pathogens (Luzuriaga‐Loaiza et al., 2018).

The structure dependency of RL bioactivities and physicochemical
properties has prompted the search for new producers of RLs with
novel structures, which might have more interesting bioactivities
and physicochemical properties. Traditionally, the search for new
RL/GL producers has relied on classical screening of environmental
microorganisms. The tensioactive properties of RLs were the primary
basis for classical screening of RL/GL producers based on the detection
of the surface or interfacial tension lowering effects of RLs in the cul-
ture supernatants of various microorganisms (Walter et al., 2010).
These surface tension measurements are conducted on culture super-
natants with methods including Du‐Nouy‐Ring tensiometry, drop col-
lapse tests, oil spread tests and the measurement of emulsification
index (Walter et al., 2010). Another indirect method for screening for
RL producers relying on another physical property of RLs include the
bacterial adhesion to hydrocarbon (BATH) and similar assays that
are based on the RL‐mediated increase of cell surface hydrophobicity
(Walter et al., 2010). The chemical properties of RLs were also the
basis for other methods for screening for RL producers, such as the
cetyltrimethylammonium bromide (CTAB) assay that relies on the
interaction of anionic RLs with cationic surfactants (e.g. CTAB) and
cationic methylene blue. Anionic molecules, including RLs, form an
insoluble ion pair that appears as a dark blue halo around RL‐
producing colonies on mineral agar medium containing CTAB and
153
methylene blue (Siegmund and Wagner, 1991). The biological effects
of RLs have also been used to indirectly screen for RL producers, such
as in the hemolysis test. This test is based on the hemolytic effect of
RLs that form a clear hemolysis zones around RL‐producing colonies
grown on blood agar. Finally, RLs are screened for through the direct
chemical analysis of target RL molecules using liquid chromatography
coupled to mass spectrometry (MS) (Abdel‐Mawgoud et al., 2014a;
Déziel et al., 2000; Gauthier et al., 2019). Apart from the MS‐based
direct chemical analysis of RLs, all RL screening methods are indirect,
non‐specific and laborious, and they are subject to substantial interfer-
ence from many confounding factors (Walter et al., 2010). Despite
being the only direct and precise methods for screening RL/GL produc-
ers, MS‐based methods are expensive and low throughput, and they
rely on prior knowledge of the chemical structure or at least the exact
mass/molecular formula of the produced RLs. Moreover, these previ-
ously described approaches have largely resulted in redundant identi-
fication of already known RL structures and producers (Haba et al.,
2000). This could be partly attributed to the fact that these direct
and indirect screening approaches all require the cultivation of poten-
tial RL producers; however, non‐cultivable or scarcely cultivable
organisms cannot be efficiently screened. Given the limiting biological
factors in RL production and discovery, chemical synthesis of RLs was
sought to bypass or decrease the reliance on biological production of
RLs, to potentially enable the overproduction of typical RLs or acceler-
ate the discovery of novel ones (Bauer et al., 2006; Cloutier et al.,
2021; Compton et al., 2020; Nott et al., 2013; Palos Pacheco et al.,
2017). Although chemical synthesis of RLs has yielded both typical
and novel RLs, these methods are largely tedious, expensive, ecologi-
cally unfriendly, and less sustainable.

Bioinformatic tools can be used for easy and fast discovery of
homologs of RL biosynthetic enzymes producing typical or novel
RLs. This approach requires prior knowledge of the biosyntehtic
enzymes of RLs. Briefly, RLs are biosynthesized from rhamnose and
fatty acid precursors in three sequential reactions catalyzed by RhlA,
RhlB and RhlC (denoted RhlABC for simplicity) (Déziel et al., 2003).
RhlA is an acyl transferase that synthesizes HAA from two
R‐3‐hydroxy fatty acids (Abdel‐Mawgoud et al., 2013) mainly supplied
from β‐oxidation (Abdel‐Mawgoud et al., 2014b). RhlB and RhlC are
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rhamnosyl transferases that use dTDP‐L‐rhamnose to rhamnosylate
HAA and form mono‐RLs (Ochsner et al., 1994) and di‐RLs (Rahim
et al., 2001), respectively (Fig. 1C). RhlABC is expressed from rhlABC,
in which rhlAB are often clustered together (in Pseudomonadales and
Burkholderiales and sometimes in Enterobacteriales), with (e.g. in
Burkholderiales) or without (e.g. in Pseudomonadales) rhlC. The
rhamnosyl donor itself, dTDP‐L‐rhamnose, is biosynthesized from
glucose‐1‐phosphate in four metabolic steps catalyzed by RmlB, RmlD,
RmlA and RmlC (denoted RmlBDAC for simplicity) (Abdel‐Mawgoud
et al., 2011; Rahim et al., 2000) (Fig. 1C). With the aim of discovering
new RhlABC orthologs, we developed and applied a feature‐guided
genome mining workflow that led to the identification of 80 RL‐
producing species (including the reference strains), 71 of which were
previously unreported. We then tentatively confirmed RL production
in one of the identified strains. Moreover, this study led to the discov-
ery of the putative RL transport mechanism.
Material and methods

Computational analysis

Genome mining
Genome mining for orthologs of RhlA, RhlB and RhlC (denoted

RhlABC for simplicity) relied on the amino acid sequences of RhlABC
of P. aeruginosa UCBPP‐PA14 (Lee et al., 2006) and Burkholderia thai-
landensis E264 (Brett et al., 1998) as lead proteins (Table 1). Four gen-
ome databases were explored: the non‐redundant protein (NCBI),
genus‐specific, Orthologous Matrix (OMA) and Annotree databases
(Fig. 2). Searching in the non‐redundant protein database (NCBI)
was performed with the NCBI BLASTp tool and the amino acid
sequences of lead proteins. BLASTp (NCBI) parameters were set at
their default values, except that the maximum number of hits was
increased from the default 100 to 20,000, and the following taxonomic
orders were excluded: Pseudomonadales (TaxID:72274) and
Burkholderiales (TaxID:80840). We filtered hits to keep only those
with E‐values ≤ 1 × 10‐5, percentage coverage ≥ 46% and percentage
identity ≥ 23% (corresponding to an overall alignment score of ≥ 50).
Afterward, hits referring to organisms not identified by both genus and
species names were eliminated, because they referred primarily to
unconfirmed or sometimes redundant genomes. Searching in the

genus‐specific genome databases of Pseudomonas (https://www.pseu-
Table 1
General and strain-specific identifiers of lead proteins associated with rhamnolipid bi
study.

Protein KOa P. aeruginosa UCBPP-PA14

Locus Tag UniProt

RhlA K18100 PA14_19100 A0A0H2ZE72

RhlB K18101 PA14_19110 A0A0H2ZD76

RhlC K12990 PA14_49760 A0A0H2Z832

RmlB K01710 PA14_68170 A0A0H2ZIN4
RmlD K00067 PA14_68190 A0A0H2ZHP4
RmlA K00973 PA14_68200 A0A0H2ZIM7
RmlC K01790 PA14_68210 A0A0H2ZIY2
RhlD K03446 PA14_68140 A0A0H2ZIY1

RhlE K03543 PA14_68130 A0A0H2ZIX9

RhlF – PA14_68120 A0A0H2ZIM3

a KEGG Orthology identifiers of the lead proteins RhlA/B/C, RmlBDAC and puta
b GeneInfo identifiers
c The genome of B. thailandensis contains two identical copies of the each of the
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domonas.com/) and Burkholderia (https://www.burkholderia.com/)
genera was performed with the BLASTp tool with the same cutoff val-
ues described above.

Searching in the genus‐specific genome databases of Pseudomonas

(https://www.pseudomonas.com/) and Burkholderia (https://www.

burkholderia.com/) genera was performed with the BLASTp tool set
at the same cutoff values described above.

Searching of the OMA database (Altenhoff et al., 2020) was per-
formed with the UniProt identifiers of lead RhlABC (Table 1).

Finally, searching the Annotree database (Mendler et al., 2019) was
conducted using the KEGG orthology (KO) identifiers of lead RhlABC
(Table 1), at default parameters, namely, percentage identity ≥ 30%
(minimum set), E value ≤ 1 × 10‐5 and minimum percentage cover-
age ≥ 70%. Two rounds of search were conducted in Annotree data-
base, one using both KO identifiers of RhlA and RhlB, and the
second using the identifiers of RhlA, RhlB and RhlC

Curation of raw strain lists
Three curation steps were performed to generate one curated hit

list of unique species harboring RhlAB or RhlABC orthologs. The first
curation involved hits referring to several strains belonging to the
same species, of which only the one with the best identity and cover-
age scores was retained. The second curation involved the elimination
of strain hits whose genomes did not harbor genes encoding both RhlA
and RhlB, whether clustered together or not. The strain lists including
orthologs of any RhlABC of P. aeruginosa (denoted RhlABCPA for sim-
plicity) and any RhlABC of B. thailandensis (denoted RhlABCBT for sim-
plicity) were examined by drawing Venn diagrams with the Jvenn
online tool (Bardou et al., 2014). Only strains harboring orthologs of
both RhlA and RhlB (RhlAB) or all of RhlA, RhlB and RhlC (RhlABC)
were maintained. The third curation involved assigning yes/no scores
to strain hits according to the clustering of rhlABC genes in the respec-
tive genomes. A score of “yes” was assigned to hits whose genomes
showed clustering of at least rhlAB (i.e., those located within several
thousand base pairs of each other), and a score of “no” was assigned
to those with no clustering of rhlABC genes (i.e., those located within
more than 10,000 base pairs of each other). Relative genomic locations
of genes were determined by comparison of the start and stop positions
of open reading frames of rhlABC, as retrieved from the NCBI Genome
Database of respective strains (Table S1). The annotated genomes of
two species in our curated list (Table 3), Burkholderia catarinensis
osynthesis and transport in the two reference strains used in this genome mining

B. thailandensis E264c

GIb Locus Tag UniProt GIb

ABJ12734.1 BTH_II1075, Q2T424 ABC34569.1,
BTH_II1881 ABC34824.1

ABJ12733.1 BTH_II1076, Q2T425 ABC34429.1,
BTH_II1880 ABC35399.1

ABJ10298.1 BTH_II1079, Q2T428 ABC35897.1,
BTH_II1877 ABC36027.1

ABJ14544.1 BTH_I1469 Q2SYI4 ABC37040.1
ABJ14545.1 BTH_I1472 Q2SYI1 ABC37745.1
ABJ14546.1 BTH_I1470 G3LYM7 ABC36359.1
ABJ14547.1 BTH_I1471 Q2SYI2 ABC38476.1
ABJ14543.1 BTH_II1077 Q2T426 ABC34473.1,

BTH_II1879 ABC34833.1
ABJ14542.1 BTH_II1081, Q2T6C1 ABC35318.1

BTH_II1875
ABJ14541.1 BTH_II1080, Q2T429 ABC35408.1,

BTH_II1876 ABC35493.1

tive rhamnolipid transporters RhlDEF used in this study.

rhlA, rhlB, rhlC genes, all located on one of its two chromosomes.

https://www.pseudomonas.com/
https://www.pseudomonas.com/
https://www.burkholderia.com/
https://www.pseudomonas.com/
https://www.burkholderia.com/
https://www.burkholderia.com/


Fig. 2. Genome mining workflow used to identify putative RhlABC orthologs and potential RL/GL producers, followed by the experimental validation of RL
production.
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and Burkholderia mesoacidophila, were not available in the NCBI data-
base. These two strains were therefore not included in this analysis.
Finally, a consolidated list was generated including all curated strain
hits harboring orthologs of both RhlABCPA and of RhlABCBT.
Construction of distance trees of RhlABC orthologs
The amino acid sequences of the RhlABC orthologs of all hits were

retrieved in FASTA format with the Batch Entrez tool of NCBI and sub-
jected to multiple sequence alignment with the Clustal Omega function
of Jalview software (Waterhouse et al., 2009). Distance trees were con-
structed in MEGA CC software (Kumar et al., 2018) with the following
settings: the maximum likelihood (ML) method and Jones‐Taylor‐
Thornton model, with the ML heuristic method set to nearest‐
neighbor‐interchange, wherein the initial tree for ML was automati-
cally constructed with neighbor‐joining/BioNJ and 1000 bootstrap
replications. Individual trees were constructed for each of the RhlA,
RhlB and RhlC orthologs. In addition, a fourth tree was constructed
155
using concatenated RhlAB sequences. The concatenation of aligned
FASTA files for RhlA and RhlB was performed in Phylosuite software
(Zhang et al., 2020). Trees were constructed on the computational
platform of the Institute of Integrative and Systems Biology, Laval
University, QC, Canada.
Construction of taxonomy tree for putative RL-producing strains
A phylum‐level taxonomy tree was constructed with the Annotree

web tool and the respective NCBI taxonomy IDs of the strains
(Mendler et al., 2019). The NCBI taxonomy IDs (NCBI:TaxID) of strains
were retrieved from the NCBI TaxIdentifier web tool.
Protein function predictions
The functions of putative RL/GL transporters (RhlDEF) were pre-

dicted with the following tools and approaches: the functional annota-
tions in the respective annotated genome, the PHMMER online tool
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“Biosequence analysis using profile hidden Markov Models” (Potter
et al., 2018) and Interpro tools (Blum et al., 2021).

Experimental validation

Strains, media and culture conditions
Nevskia soli DSM 19509 (DSMZ) and B. thailandensis E264 (Brett

et al., 1998) were cultivated under rotation (70 rpm) at 28 °C in test
tubes containing 3 ml of defined medium whose composition per liter
of 25 mM sodium phosphate buffer (pH 7.0) was as follows: glucose
(20 g), KNO3, (2 g), MgSO4·7H2O (0.4 g), CaCl2·2H2O (0.1 g), tryptone
(1 g) and trace element solution (2 ml). N. soli additionally required
casamino acids (5 g) and yeast extract (5 g). The trace element solution
contained the following per liter of water: FeSO4·7H2O (2 g), MnSO4-
·H2O (1.5 g) and (NH4)6Mo7O24·4H2O (0.6 g).

RL extraction and detection
The supernatant of 2‐day‐old liquid cultures of N. soli and B. thai-

landensis was collected after centrifugation at 14,000 rpm for
10 min, then extracted by vortexing with two volumes of chloro-
form/methanol (2:1, v/v). The chloroform layer was collected and
evaporated to obtain a residue of RL extract. The dried residue of RL
extract of N. soli was dissolved in 100 µL methanol. RL extract of B.
thailandensis, and standard RLs (R90‐50G, Millipore Sigma, originally
from a Pseudomonas aeruginosa source) were used as reference
long‐chain and medium‐chain RLs, respectively, and were prepared
at 100 mg/L in methanol. A normal phase thin layer chromatography
(TLC) plate (Silica Gel 60 F254, Millipore Sigma) was loaded with 5 µL
of N. soli and reference RLs, developed with chloroform:methanol:wa-
ter (65:25:3, v/v/v), dried and stained with orcinol reagent (per liter
of water: 2 g orcinol, 114 ml concentrated H2SO4) with heating at
100 °C for 10 min. RL spots appeared violet to brownish.
Results

Genome mining for strains harboring RhlABC orthologs

To identify new RL/GL producers harboring RhlABC orthologs, we
used the amino acid sequences of RhlABC of the well‐studied RL/GL
producers P. aeruginosa UCBPP‐PA14 (Abdel‐Mawgoud et al., 2014b)
and B. thailandensis E264 (Dubeau et al., 2009) as lead proteins
(Table 1). Our genome mining approach included screening for ortho-
logs of RhlABC in four genome databases: the NCBI non‐redundant
protein, genus‐specific, OMA and Annotree databases (Fig. 2). Our
search for RhlABC orthologs in the non‐redundant protein database
(NCBI) aimed at identifying RL/GL producers other than the common
ones belonging to the Pseudomonas and Burkholderia genera. There-
fore, we adjusted the search parameters to exclude hits belonging to
the orders Pseudomonadales and Burkholderiales, because RL/GL pro-
ducers belonging to these orders were searched for in the respective
genus‐specific databases, as described later. Hits were filtered accord-
ing to the cutoffs described in the Materials and methods. A signifi-
cantly lower number of ortholog hits was obtained for RhlA than for
each of RhlB and RhlC (Table S2) suggesting that the RhlA enzyme
(an acyl transferase) is the most distinctive enzyme in the RL biosyn-
thetic pathway, whereas many of the obtained RhlBC homologs are
probably involved in other glycosyl transferase reactions.

We then searched for new RL/GL producers belonging to the Pseu-
domonas and Burkholderia genera with BLASTp tools in the respective
genus‐specific genome databases. These two databases contain more
curated and well‐annotated genomes of different species and strains
of respective genera. The numbers of RhlA, RhlB and RhlC ortholog
hits were approximately 33, 10 and 3, respectively for the Pseu-
domonas database, and 246, 268 and 260, respectively, for the
Burkholderia database (Table S2). We also searched the OMA data-
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base, which contains an orthology matrix of more than 2400 genomes
(Altenhoff et al., 2020), for RL/GL producers harboring RhlABC ortho-
logs. The numbers of RhlA, RhlB and RhlC ortholog hits obtained from
OMA database were approximately 40, 370 and 640, respectively
(Table S2). The raw strain lists obtained from searching in the NCBI,
gene‐specific and OMA databases were curated as explained below.

Finally, we searched the Annotree database for new RL/GL produc-
ers harboring RhlABC orthologs. This database allowed for searching
for RhlABC orthologs with universal protein function, KO, identifiers
rather than protein‐specific identifiers or homology‐based searches,
and provided strain hits along with their taxonomical information rep-
resented in a phylogenetic tree.

Our search in Annotree yielded a total of 65 species, 52 of which
harbored RhlABC orthologs and belonged to six genera (Pseudomonas,
Burkholderia, Dickeya, Lonsdalea, Paraburkholderia and Caballeronia),
and 13 of which harbored only RhlAB and belonged to seven genera
(Pseudomonas, Nevskia, Pantoea, Lonsdalea, Robbsia, Dickeya and Serra-
tia) (Table 3, Figure S2).

Curation of strain lists harboring putative RhlABC orthologs

We next sought to curate the different raw strain lists obtained
from genome mining of different databases to generate one consoli-
dated curated hit list of unique species harboring RhlAB or RhlABC
orthologs.

The first step of curation aimed at eliminating redundant species
where hits referring to different strains were filtered so that to keep
one strain of that species having the best identity and coverage scores.
The second step of curation aimed at eliminating strain hits harboring
solitary instances of RhlA or RhlB or RhlC, or harboring RhlBC alone.
Theoretically, an RL/GL producer should harbor at least both RhlA and
RhlB (RhlAB for simplicity) to be able to produce mono-RLs and
should harbor RhlABC to produce di‐RL (Fig. 1). With the help of Venn
diagrams (Figure S1), we identified strains harboring RhlAB and those
harboring RhlABC (Table 2). This curation step was not required for
the strain hits obtained from Annotree database, because the approach
we used for searching this database resulted in hits that all harbored
either RhlAB or RhlABC.

For hits obtained from the NCBI non‐redundant protein sequence
database, 18 of the 23 strains were shared between the hit list
obtained using RhlABCPA and that using RhlABCBT lead proteins. Only
three species were unique in the group of orthologs to RhlABCPA (Gor-
donia amicalis, Enterobacter cloacae and Granulicella arctica), and 2 spe-
cies were unique in the group of orthologs to RhlABCBT (Serratia ficaria
and Serratia plymuthica) (Figure S1.a, Figure S1.b).

For hits obtained from the Pseudomonas genome database, two spe-
cies harbored RhlAB orthologs, and two other species harbored
RhlABC orthologs (Figure S1.c). Twenty species were obtained from
the Burkholderia genome database, all of which harbored RhlABC (Fig-
ure S1.d).

Hits for species obtained from the OMA database were all already
obtained from other databases except for one species, Opitutus terrae,
which was unique to the OMA database (Figure S1.e, Figure S1.f).
Interestingly, this species is an obligate anaerobe and thus is the first
obligate anaerobic RL producer reported to date in the literature.

Overall, a total of 78 species (or 80 when including the reference
species), 19 of which had RhlAB orthologs and 59 of which had
RhlABC, were recovered from our search in all databases (Table 2
and Table 3).

The third step of curation was assigning yes/no scores to hits
according to the clustering (co‐localization)/lack of clustering of the
coding genes of their RhlAB/RhlABC orthologs in the genomes of
respective species. Typically, coding genes of RhlABC clustered as
rhlAB without rhlC or as rhlABC in the genomes of the known RL/GL
producers P. aeruginosa and B. thailandensis, respectively. In the latter
species, the intergenic distances in the rhlABC clusters ranged from



Table 2
Summary of numbers of curated hits of strains harboring RhlAB or RhlABC orthologs as obtained from different database searches.

Databasea Total b RhlABc RhlABCc

∑NR ∑Uq PA BT ∑NR PA BT ∑NR

NC 23 9 13 14 15 8 6 8
GS 24 3 2 0 2 2 20 22
OM 19 1 4 0 4 10 15 15
AN 65 30 – – 21 – – 47
∑Total 78 – – – 19 – – 59
∑Clustering 56 16 40
∑Rhamnose 76
∑RhlDEF 75
RG1d 54
RG2d 22
RG3d 1

a NC: NCBI non-redundant protein sequence database; GS: Genus-specific database; OM: OMA database; AN: Annotree database.
b Sums (∑) are expressed as: ∑NR for total nun-redundant hits and ∑Uq for total hits that are unique to the specific database (i.e. not shared across other

databases)
c PA and BT are number of strains carrying orthologs to RhlABC of P. aeruginosa and B. thailandensis, respectively.
d RG: Risk Group. RG1, 2 and 3, require containment level 1, 2 and 3, respectively.
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2 bp to less than 300 bp. Strain hits whose genomes showed such clus-
tering were suggested in this study to have a higher probability of
being RL/GL producers than those whose genomes did not show such
clustering. On the basis of the start and stop positions of open reading
frames of rhlABC in putative RL/GL producers, 56 strains had a similar
rhlABC genetic arrangement to that of P. aeruginosa and B. thailandensis
(Table 2), whereas 20 strains had atypical genetic arrangements in
which rhlABC genes were significantly spaced in the genome (Fig. 3).

The names of the 76 putative RL‐producing strains, their biosafety
levels, the protein identifiers of their RhlABC orthologs and their
homology scores, as compared with those of P. aeruginosa UCBPP‐
PA14 and B. thailandensis E264, are tabulated in Table S3.

We verified the ability of putative RL/GL producers identified to
date to furnish the dTDP‐L‐rhamnose precursors required for RL
biosynthesis by searching for orthologs of RmlBDAC of P. aeruginosa
(RmlBDACPA). Interestingly, all 76 strains possessed the four genes
rmlBDAC. Moreover, these genes clustered together except in three
strains: Robbsia andropogonis LMG 2129, Gordonia amicalis DSM
44,461 and Granulicella arctica X4EP2, in which one of the four
enzymes was distantly located from the rmlBDAC cluster (Fig. 3). Over-
all, these findings indicate that all putative RL/GL producers should be
able to provide the dTDP‐L‐rhamnose precursors required for RL
biosynthesis.

Finally, a single consolidated curated strain list was created that
included all 78 curated strains (including the reference strains) harbor-
ing orthologs of RhlABCPA/BT lead proteins (Table 3, Supplementary
Excel file).
Phylogenetic trees of strains and RhlABC orthologs

The identified putative RL/GL producers belonged to 16 genera:
Pseudomonas (n = 11), Burkholderia (n = 28), Paraburkholderia
(n = 11), Robbsia (n = 1), Caballeronia (n = 2), Streptococcus
(n = 1), Stenotrophomonas (n = 1), Dickeya (n = 9), Gordonia
(n = 1), Pantoea (n = 3), Granulicella (n = 1), Lonsdalea (n = 3), Ser-
ratia (n = 3), Nevskia (n = 1), Opitutus (n = 1) and Enterobacter
(n = 1) (Table 3). These genera belonged to four phyla: Proteobacteria
(n = 74), Acidobacteria (n = 1), Actinobacteria (n = 1), Firmicutes
(n = 1) and Verrucomicrobia (n = 1) (Table 3, Figure S3).

The pathogenicity of RL/GL producers is a matter of concern in the
industrial production of RLs. Therefore, we examined the biosafety
classifications of the potential RL‐producing strains identified and
assigned the most stringent biosafety classification found in the follow-
ing databases: Canadian Epathogen (https://health.canada.ca/en/
157
epathogen), DSMZ (https://www.dsmz.de/) and ATCC (https://

www.atcc.org/). Approximately 70% of species were classified as
RG1 (requiring level 1 containment), 28% of the strains were classified
as RG2 (requiring level 2 containment), and only one strain was clas-
sified as RG3 (Table 3).

Next, we analyzed the phylogenetic distance between the amino
acid sequences of the RhlABC orthologs of the 76 identified strains.
Individual distance trees were constructed for each of the identified
RhlA, RhlB and RhlC orthologs (Figure S4). To represent both RhlA
and RhlB in a single distance tree, we constructed a distance tree based
on the concatenated sequences of both proteins (Fig. 3).

We identified 11 RhlAB clades, which we denoted by the name of a
member species. The identified clades and the number of their mem-
ber species are as follows: Pseudomonas aeruginosa clade (nine species),
Pseudomonas mediterranea clade (five species), Nevskia soli clade (two
species), Dickeya dadantii clade (nine species), Lonsdalea quercina clade
(three species), Pantoea ananatis clade (six species), Gordonia amicalis
clade (three species), Caballeronia mineralivorans clade (six species),
Paraburkholderia aspalathi clade (five species), Burkholderia ambifaria
clade (19 species) and B. thailandensis clade (11 species) (Fig. 3).
The RhlABC identifiers of the representative species of each clade
are presented in Table S4.
Discovery of the putative RL transporters

We observed that the rhlABC clusters of nearly all putative RL/GL
producers of the genera Burkholderia, Paraburkholderia and Caballero-
nia co‐clustered with three genes predicted to encode transport pro-
teins (Fig. 3), namely, DHA2 family efflux major facilitator
superfamily (MFS) transporter permease inner membrane subunit
(which we named RhlD); efflux RND transporter periplasmic adaptor
subunit (which we named RhlE); and efflux transporter outer mem-
brane subunit (which we named RhlF) (Figures 3, S5). In these gen-
era, rhlDEF co‐clustered with rhlABC in the following order:
rhlABDCFE. Because of the conserved clustering of rhlDEF with the
rhlABC in all putative RL‐producing strains of the Burkholderia,
Paraburkholderia and Caballeronia genera, we examined their presence
in the genomes of other putative RL/GL producers. To do so, we used
the amino acid sequences of RhlDEF of B. thailandensis E264 as lead
proteins (Table 1) in our search for orthologs in the genomes of puta-
tive RL/GL producers identified herein.

Unexpectedly, we identified RhlDEF orthologs in the genomes of
most putative RL/GL producers identified in this study. The only
exceptions were three strains: Stenotrophomonas rhizophila, in which
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Table 3
Identified bacterial species that harbor RhlABC/RhlAB from different search methods.

Genus & Speciesa Name of databaseb RhlAB, RhlABC BSLc Ref.d

NC GS OM AN

Phylum: Proteobacteria; Order: Pseudomonadales
Pseudomonas aeruginosa + + + + RhlABC RG2 [1]
Pseudomonas batumici – – – + RhlABC RG2 –

Pseudomonas brassicacearum – – – + RhlABC RG1 –

Pseudomonas cedrina – – – + RhlABC RG1 –

Pseudomonas corrugata – – – + RhlABC RG1 –

Pseudomonas kilonensis – – – + RhlABC RG1 –

Pseudomonas mediterranea – – – + RhlABC RG1 –

Pseudomonas mucidolens – – – + RhlABC RG1 –

Pseudomonas denitrificans – + – – RhlABC RG1 –

Pseudomonas otitidis – + – – RhlABC RG2 –

Pseudomonas fluorescens a
– + – + RhlAB RG1 –

Pseudomonas lactis – + – – RhlAB RG1 –

Phylum: Proteobacteria; Order: Burkholderiales
Burkholderia thailandensis + + + + RhlABC RG1 [2]
Burkholderia ambifaria – + + + RhlABC RG1 –

Burkholderia anthina – + + RhlABC RG1 –

Burkholderia cenocepacia – + + + RhlABC RG2 –

Burkholderia cepacia – + – + RhlABC RG2 –

Burkholderia contaminans – + – + RhlABC RG2 –

Burkholderia diffusa – + – + RhlABC RG2 –

Burkholderia gladioli – + + + RhlABC RG2 –

Burkholderia glumae – + + + RhlABC RG1 [3]
Burkholderia lata – + + + RhlABC RG1 –

Burkholderia latens – + – + RhlABC RG2 –

Burkholderia oklahomensis – + – + RhlABC RG2 –

Burkholderia plantarii – + – + RhlABC RG1 [4]
Burkholderia pseudomallei – + + + RhlABC RG3 [5]
Burkholderia pseudomultivorans – + – + RhlABC RG2 –

Burkholderia pyrrocinia – + – + RhlABC RG1 –

Burkholderia seminalis – + – + RhlABC RG2 [6]
Burkholderia stagnalis – + – + RhlABC RG2 –

Burkholderia territorii – + – + RhlABC RG2 –

Burkholderia ubonensis – + – + RhlABC RG1 –

Burkholderia catarinensis – – – + RhlABC RG1 –

Burkholderia humptydooensis – – – + RhlABC RG2 –

Burkholderia mallei – + – + RhlABC RG3 –

Burkholderia mesoacidophila – – – + RhlABC NA –

Burkholderia metallica – – – + RhlABC RG2 –

Burkholderia paludis – – – + RhlABC RG2 –

Burkholderia puraquae – – – + RhlABC RG1 –

Burkholderia singularis – – – + RhlABC RG2 –

Burkholderia stabilis – – – + RhlABC RG2 –

Paraburkholderia acidophila – – – + RhlABC RG1 –

Paraburkholderia aromaticivorans – – – + RhlABC RG1 –

Paraburkholderia aspalathi – – – + RhlABC RG1 –

Paraburkholderia bryophila – – – + RhlABC RG1 –

Paraburkholderia fungorum – – – + RhlABC RG1 –

Paraburkholderia ginsengiterrae – – – + RhlABC RG1 –

Paraburkholderia megapolitana – – – + RhlABC RG1 –

Paraburkholderia phenazinium – – – + RhlABC RG1 –

Paraburkholderia sprentiae – – – + RhlABC RG1 –

Paraburkholderia bannensis – – – + RhlABC NA –

Paraburkholderia tropica – – – + RhlABC RG1 –

Caballeronia udeis – – – + RhlABC RG1 –

Caballeronia mineralivorans – – – + RhlABC RG1 –

Robbsia andropogonis – – – + RhlAB RG1 –

Phylum: Proteobacteria; Order: Enterobacterales
Lonsdalea iberica + – – + RhlABC RG1 –

Lonsdalea quercina + – – + RhlAB RG1 –

Lonsdalea britannica + – – + RhlAB RG1 –

Dickeya dadantii + – + + RhlABC RG1 –

Dickeya dianthicola + – – + RhlABC RG1 –

Dickeya chrysanthemi + – + + RhlABC RG1 –

Dickeya fangzhongdai + – – + RhlAB RG1 –

Dickeya paradisiaca + – + + RhlAB RG1 –

Dickeya solani + – – + RhlAB RG1 –

Dickeya zeae + – + + RhlAB RG1 –

Dickeya lacustris + – – – RhlAB RG1 –

Dickeya undicola + – – – RhlAB RG1 –

Pantoea allii – – – + RhlAB RG1 –

Pantoea ananatis + – + + RhlAB RG1 [7]
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Table 3 (continued)

Genus & Speciesa Name of databaseb RhlAB, RhlABC BSLc Ref.d

NC GS OM AN

Pantoea stewartii + – – + RhlAB RG1 [8]
Serratia rubidaea + – – + RhlAB RG2 [9]
Serratia ficaria + – – – RhlAB RG1 –

Serratia plymuthica + – – – RhlAB RG1 –

Enterobacter cloacaea + – – – RhlABC RG2 –

Phylum: Proteobacteria; Order: Xanthomonadales
Stenotrophomonas rhizophila + – – – RhlABC RG1 –

Phylum: Proteobacteria; Order: Nevskiales
Nevskia soli + – – + RhlAB RG1 –

Phylum: Acidobacteria; Order: Acidobacteriales
Granulicella arctica + – – – RhlAB RG1 –

Phylum: Actinobacteria; Order: Corynebacteriales
Gordonia amicalis + – – – RhlAB RG1 –

Phylum: Firmicutes; Order: Lactobacillales
Streptococcus dysgalactiae subsp. Equisimilisa + – – – RhlAB RG2 –

Phylum: Verrucomicrobia; Order: Opitutales
Opitutus terrae – – + – RhlAB RG1 –

References: [1] (Abdel-Mawgoud et al., 2014b); [2] (Dubeau et al., 2009); [3]
(Costa et al., 2011); [4] (Hörmann et al., 2010); [5] (Häussler et al., 1998); [6]
(Araújo et al., 2017); [7] (Smith et al., 2016); [8] (Rooney et al., 2009); [9] (Nalini and Parthasarathi, 2013)

a Some species harbor RhlABC orthologs in only one specific strain of that species. The names of these specific strains are provided in the Figure 3 and in the
supplementary information. The total number of species in this list is 80, including the two reference strains shown in bold.
b NC: NCBI non-redundant protein sequence database; GS: genus-specific database; OM: OMA database; AN: Annotree database.
c BSL: biosafety level.
d Only references to studies in which the organisms were identified by sequencing, and in which RL/GL production was definitively confirmed with precise

methods, are mentioned (see Discussion).
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we found only RhlEF, and Dickeya dadantii and Gordonia amicalis, in
which we found only RhlD (Fig. 3). Interestingly, rhlDEF clustered with
the rhlABC or rmlBDAC genes in most of the putative RL producers
identified in this study. The rhlD, rhlE and rhlF genes were clustered
within the rhlABC cluster in the form of rhlABDCFE in the species of
Burkholderia (n = 27), Paraburkholderia (n = 11) and Caballeronia
(n = 2), or in the form of rhlEFABDC in Nevskia soli (Fig. 3). In addi-
tion, rhlDEF clustered upstream of rmlBDAC in P. aeruginosa (in the
form of rhlFDE‐rmlBDAC) and in P. otitidis (in the form of rhlDEF‐
rmlBDAC), or clustered downstream of rmlBDAC in P. denitrificans,
Streptococcus dysgalactiae subsp. Equisimilis (both in the form of
rmlBDAC‐rhlDFE) and Enterobacter cloacae (in the form of rmlBDAC‐
rhlDEF). In other putative RL/GL producers (n = 16), the rhlDEF clus-
ter was distant from the rhlABC or rmlBDAC clusters, namely in L. quer-
cina, L. britannica, L. iberica, Pantoea allii, Pantoea sewartii, Pantoea
ananatis, P. cedrina, P. mucidolens, P. lactis, P. fluorescens, P. corrugata,
P. batumici, P. kilonensis, P. mediterranea, P. brassicacearum and Robbsia
andropogonis. Finally, the rhlDEF genes were also found non‐clustered
(n = 11, in Granulicella arctica, Serratia plymuthica, Opitutus terrae and
the eight Dickeya species) (Fig. 3).

Overall, our data demonstrated the presence of rhlDEF in the gen-
omes of 75 of the 78 putative producers (96%), and these genes clus-
tered (n = 46; 58%) with rhlABC (n = 41; 53%) or rmlBDAC (n = 5;
4%); or clustered alone (n = 16; 20%); or did not cluster at all
(n = 11; 14%)

Tentative validation of RL/GL production

In the scope of this study, we used TLC to tentatively validate the
presence of RLs in one putative RL‐producing species identified herein.
To do so, we selected one of the non‐pathogenic RL producers identi-
fied in this study, Nevskia soli DSM 19509.

TLC results indicated that the total lipid extract of N. soli stained
positively for glycolipids and showed di‐RL spots comparable to di‐
RL spots of standard RLs in P. aeruginosa and B. thailandensis (Fig. 4).
Moreover, the migration distance of the GL spots in N. soli was slightly
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shorter than that of the di‐RL spots in B. thailandensis and slightly
longer than that in P. aeruginosa (Fig. 4). Therefore, the GL of N. soli
is most probably a di‐GL whose lipid chain lengths are shorter than
C14 that is present in di‐RL of B. thailandensis, and longer than C10
that is present in the RL of P. aeruginosa; thus GL of N. soli is most prob-
aby carrying fatty acids that are 12 carbon atoms long (C12). With
respect to the sugar moiety of GL of N. soli, we emphasize that the orci-
nol reagent used to stain RL/GL relies on its reaction with a reducing
sugar unit that could be rhamnose, glucose or another reducing sugar.
Thus, the nature of the sugar could not be confirmed by orcinol stain-
ing. Our preliminary high‐resolution MS analyses indicated that the
putative GL of N. soli is not any of the known RLs (data not shown).
Interestingly, the RhlABC orthologs of N. soli had several notable fea-
tures. We found that rhlA clustered with two tandem rhlB orthologs,
i.e., as an rhlAB1B2 cluster. RhlB1 and RhlB2 presented high similarities
to RhlB of both P. aeruginosa (51.08% identity and 97% coverage) and
B. thailandensis (55.39% identity and 97% coverage) (Table S3). In
contrast, RhlB2 showed very low similarity to RhlC in P. aeruginosa
(50% identity, 6% coverage) or B. thailandensis (42.11% identity,
23% coverage) (Table S3). RhlB1 and RhlB2 showed moderate similar-
ity relative to each other (47.47% identity, 97% coverage). Because N.
soli appeared to produce di‐GLs, on the basis of our TLC results, we
suggest that RhlB1 and RhlaB2 should add the first and second glycosyl
units of the produced di‐GL, respectively. The lack of similarity
between RhlB2 and RhlC might indicate that, in contrast to RhlC,
which adds a second glycosyl on top of the first glycosyl unit via O‐
glycosidic linkage, RhlB2 could be adding the second glycosyl via an
ester linkage with the free carboxylic group of the distal 3‐hydroxy
fatty acid of GL. This structure has been reported in other microbial
GLs, such as trehalolipids and mannosylerythritol lipids (Abdel‐
Mawgoud and Stephanopoulos, 2018).

Discussion

RLs are microbial GLs with diverse structure‐dependent biological
activities and physicochemical properties that can be adapted for



Fig. 3. Maximum likelihood-based distance tree based on RhlAB orthologs and the genetic arrangement of rhlABC, rmlBDAC and rhlDEF gene clusters. Main color
coding: red (rhlA), orange (rhlB), yellow (rhlC), blue scale (rhlD/E/F implicated in RL transport) and green scale (rmlBDAC, rhamnose biosynthesis). The tree was
generated by using the concatenated sequences of RhlA and RhlB. Bootstrap values were calculated from 1000 replications. The 11 clades are numbered and
colored differently. Each clade is denoted by the name of one member species, shown in bold. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 4. Thin layer chromatography of the extracts of Nevskia soli DSM 19509,
demonstrating putative production of glycolipids. The RLs of P. aeruginosa and
B. thailandensis were used as standards. RLs/GLs appear as brown spots after
spraying with orcinol reagent.
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potential medical, pharmaceutical, industrial and environmental appli-
cations (Abalos et al., 2001; Abdel‐Mawgoud and Stephanopoulos,
2018; Hošková et al., 2015; Kiran et al., 2016). The structure‐
dependent diversity of bioactivities and the physical properties of
RLs have prompted the discovery of new RL/GL producers of novel
RLs that might have more interesting activities. Classical screening
of environmental microorganisms to identify new RL producers, in
addition to being laborious and costly, has largely resulted in the
redundant discovery of previously identified RLs/GLs (Abdel‐
Mawgoud et al., 2007; Haba et al., 2000).

We used a genome mining approach that led to the discovery of 71
previously unreported potential RL/GL producers out of 78 total iden-
tified strains (or 80 when including the two reference species).

In this study, four databases were mined for orthologs of the RL
biosynthetic enzymes, RhlABC. These databases vary in the number
of genomes contained, the degree of curation and the level of annota-
tion. Although many strain hits were shared across the four databases,
each database yielded unique hits (Table 2), thus indicating the impor-
tance of using multiple approaches in parallel to improve depth and
coverage in genome mining. Notably, the Annotree database resulted
in the highest number of total non‐redundant hits (n = 65) and most
importantly the highest number of unique hits (n = 30) not recovered
by the other three databases (Table 2). The Annotree database con-
tains protein‐function annotations of more than 27,000 bacterial and
1500 archaeal genomes derived from the Genome Taxonomy Data-
Base, which is relatively standardized with respect to taxonomic
nomenclature and phylogeny, and even includes a large number of
novel prokaryotic genomes derived from metagenomic sources
(Mendler et al., 2019).
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Among the RhlABC biosynthetic enzymes of RLs, we found that
RhlA, the acyl transferase synthesizing the lipid backbone of RL, is
the most distinctive of the three, as deduced from the number of hits
obtained for each of the three enzymes (Table S2), compared to the
widespread presence of rhamnosyl transferases in prokaryotes and
eukaryotes (Kiran et al., 2016). This finding implies that RhlA could
be used alone as a reliable marker for initial screening of putative
RL/GL producers in genome and metagenome mining studies, hits of
which could subsequently be curated on the basis of the co‐presence
and clustering of RhlB/C with RhlA. A recent study aimed at discover-
ing and testing known and new RhlA orthologs has identified interest-
ing putative HAA‐producing species (Germer et al., 2020). However,
many of these putative HAA‐producing species were not in our list
of putative RL/GL producers. After investigating these species individ-
ually, we found that they indeed do not harbor any RhlB/RhlC
orthologs.

The only species belonging to the genus Pseudomonas that has been
definitively reported in literature to produce RLs is P. aeruginosa
(Abdel‐Mawgoud et al., 2014b), excluding the many reports that have
claimed the production of RL by other Pseudomonas species without
confirming RL production with reliable methods using advanced ana-
lytical techniques. In this study, we discovered, however, 11 addi-
tional species of Pseudomonas putatively producing RL (Table 3).
Similarly, Burkholderia thailandensis (Dubeau et al., 2009), B. glumae
(Costa et al., 2011), B. plantarii (Hörmann et al., 2010), B. pseudomallei
(Häussler et al., 1998) and B. seminalis (Araújo et al., 2017) are the
only Burkholderia species reported in the literature to produce RLs.
Here, we report 38 additional putative RL‐producing species of
Burkholderia (n = 24), Paraburkholderia (n = 11), Caballeronia
(n = 2) and Robbsia (n = 1), all belonging to the order Burkholderi-
ales (Table 3). Only three organisms belonging to the order Enterbac-
terales reported in the literature as RL /GL producers are genetically
supported according to our study: Pantoea ananatis (Smith et al.,
2016), Pantoea stewartii (Rooney et al., 2009) and Serratia rubidaea
(Nalini and Parthasarathi, 2013). Of note, a previously claimed RL pro-
ducing Enterbacterales, Enterobacter asburiae (Rooney et al., 2009),
showed not to be genetically supported, because this species does
not harbor any orthologs to RhlAB (data not shown). Nonetheless,
the same team has reported another RL‐producing Enterbacterales,
Enterbacter hormaechei (Rooney et al., 2009) that, despite harboring
orthologs to RhlABC of P. aerugninosa, has a weak score for its RhlB,
whose percentage coverage was only 22%—a value less than half
the set coverage threshold in our study. This discrepancy explains
why these two Enterbacterales were not maintained in our screening,
although we do not exclude a potential RL‐producing ability of Enter-
bacter hormaechei. Here, we report 16 additional putative RL‐
producing species belonging to the Enterbacterales, including species
of Lonsdalea, Dickeya, Pantoea, Serratia and Enterobacter. Interestingly,
six additional taxonomical orders, each with one putative RL producer,
are first reported here. The most notable species belonging to these
orders is Opitutus terrae, the first obligate anaerobic native RL/GL pro-
ducer reported to date. We note that although the known RL producer,
Pseudomonas aeruginosa, is an aerobic organism, it can also grow anaer-
obically in the presence of terminal electron acceptors, such as nitrate,
or when L‐arginine is a substrate for growth (Wu et al., 2005). A med-
ium has been optimized for the anaerobic production of RL by P. aerug-
inosa using glycerol and nitrate as carbon and nitrogen sources,
respectively (Zhao et al., 2021). Comparing RL production by Opitutus
terrae and investigating whether this organism might help avoid the
bioreactor‐associated foaming problems usually encountered during
cultivation of aerobic RL producers is interesting.

Unexpectedly, of all identified species, three harbored chromoso-
mal rhlABC orthologs in a strain‐specific manner (rhlABC was absent
in all other strains of the same species): Streptococcus dysgalactiae
subsp. Equisimilis NCTC11565, Pseudomonas fluorescens A506 and
Enterobacter cloacae e403. Except for these specific strains, S. dysgalac-
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tiae, P. fluorescens and E. cloacae strains all lack rhlABC genes. We sug-
gest that these strain‐specific non‐conserved rhlABC+ genotypes might
have been acquired through horizontal gene transfer events. This pos-
sibility is corroborated by the reported origin of P. fluorescens A506
being a multi‐antibiotic resistant spontaneous mutant (Lindow et al.,
1996; Stockwell et al., 2010).

Interest in finding non‐pathogenic RL/GL producers that could be
used for industrial production of RLs is increasing. Currently, five
non‐pathogenic RL/GL‐producing species have been reported in the
literature: Burkholderia glumae, B. thailandensis, B. plantari, Pantoea
ananatis and Pantoea stewartii. Of these species, the first two and last
two produce long‐ chain RL (RRC14C14) (Costa et al., 2011; Dubeau
et al., 2009; Hörmann et al., 2010) and cyclic glucolipids (GC10C10)
(Gauthier et al., 2019; Rooney et al., 2009; Smith et al., 2016), respec-
tively. Nonetheless, non‐pathogenic strains producing medium‐chain
mono‐ and di‐RLs (RC10C10 and RRC10C10), such as those produced
by pathogenic P. aeruginosa (Abdel‐Mawgoud et al., 2014b), have not
been reported to date. More than 50 RL/GL producers with non‐
pathogenic potential identified in this study should provide a rich
resource to be explored that might lead to the discovery of non‐
pathogenic producers of medium‐chain‐RLs. One of these is Nevskia
soli DSM 19509, which attracted our attention for being phylogeneti-
cally distant from all other RL producers (Figure S2). Our analysis
showed that it might produce medium‐chain RL/GL (RRC12C12/
GGC12C12) (Fig. 4), yet this strain scarcely grows to optical densities
of 0.5 after 4 days of incubation and thus may not be well suited for
industrial scale applications. Overall, this study provides a comprehen-
sive list of putative RL/GL producers that have been genetically vali-
dated. Moreover, this study casts doubt on previous claims of RL
producers that are not supported genetically (Kiran et al., 2016).

The clustered feature of RL biosynthetic genes, rhlABC or at least
rhlAB, was observed in 56 of the 78 putative RL/GL producers identi-
fied in this study (Table 2, Fig. 3). Although we retained strains with
non‐clustered rhlABC, we think that strains with clustered rhlAB are
more likely to be RL producers, and that non‐clustered RhlB and RhlC
could still be of rhamnosyl/glycosyl transferases yet implicated in
other metabolic pathways.

Regulation of rhlA/B/C genes and RL production in the 22 strains
that lacked rhlABC clustering is intriguing. Mostly, individual rhlABC
genes are reported to be parts of operons, although many of these need
to be revisted. The clustered rhlAB genes of P. aeruginosa have been
reported to be part of one operon (Pearson et al., 1997), although this
finding is not supported by bioinformatic analysis, because transcrip-
tional terminators are predicted between rhlA and rhlB according to
the Pseudomonas Genome Database (Winsor et al., 2016). On the other
hand, rhlC is distantly located in the genome of P. aeruginosa and is
part of an operon with an upstream gene of an unknown function
(Winsor et al., 2016). In Burkholderia, rhlA is not predicted to be part
of an operon at all, yet rhlBC are parts of one operon together with
transporter genes, as predicted in the Burkholderia Genome Database
(Winsor et al., 2008).

The consolidated tree of identified RhlAB orthologs revealed 11
clades, which we named according to one constituent species. The lar-
gest of these was the clade of B. ambifaria (Table 4, Fig. 3). In contrast
to the RhlAB tree, the RhlC tree is hardly structured into two main
clades, yet with low bootstrap scores (Figure S4.c).

We previously suggested that the diversity of simple glycolipids
stems from the diversity of different acyl and glycosyl transferases
(Abdel‐Mawgoud and Stephanopoulos, 2018). Likewise, we suggest
that different RhlAB clades may biosynthesize different RL or GL struc-
tures, originating from the different substrate specificities of different
RhlA and RhlB orthologs. Although many of the newly identified
clades do not yet have associated RL/GL structures, the different RL/
GL structures attributed to different clades according to the literature
corroborate the hypothesis that each RhlAB clade is associated with a
distinct RL/GL structural class (Table 4). For example, P. aeruginosa
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clade 1 should produce medium‐chain mono‐(RC10±2C10±2) and di‐
RLs (RRC10±2C10±2) (Abdel‐Mawgoud et al., 2014b), whereas B. thai-
landensis clade 11 might produce long‐ chain di‐RLs (RRC14±2C14±2)
(Dubeau et al., 2009). The largest but least studied clade, B. ambifaria
clade 10, should produce long‐chain di‐RL with one odd chain fatty
acid (RRC15C14) (Araújo et al., 2017). Clade 6 of Pantoae ananatis
produces a cyclic 15‐membered macrodilactone mono‐glucolipid
(GC10C10) containing glucose instead of rhamnose as the sugar moi-
ety, whose C1 and C6 hydroxyl groups are lactonized with the free
3‐hydroxyl and the carboxyl groups of the C10C10 HAA unit, respec-
tively (Gauthier et al., 2019). Further investigations are required to
determine the RL/GL structures of the remaining clades to aid in deter-
mining the relationship between RhlABC sequence and the resultant
RL/GL structure.

A recent study aiming at diversifying HAA, the precursor of RLs
(Fig. 1), has screened RhlA orthologs and characterized the nature of
the fatty acids of corresponding HAA, as determined by the heterolo-
gous expression of different RhlA orthologs in E. coli (Germer et al.,
2020). Although the results of Germer et al. (2020) may help predict
the chain length specificity of different RhlA orthologs and their ulti-
mate RL structures, the findings should be interpreted cautiously,
because these data were obtained through heterologous expression
in a non‐native host, E. coli (Germer et al., 2020). The fatty acid pool
of this heterologous host is necessarily different from that of the native
organisms, thus potentially affecting the nature of the produced HAA
fatty acid chain lengths. Each RhlA ortholog has a certain tolerance
to a range of fatty acid chain lengths rather than to one specific fatty
acid chain length; e.g., RhlA of P. aeruginosa is specific to C8–C12
(with the C10 homolog being the most preferred substrate), whereas
that of B. thailandensis is specific to C12–C16 (with the C14 homolog
being the most preferred substrate) (Abdel‐Mawgoud et al., 2010).
Therefore, the expression of RhlA of B. thailandensis in E. coli could
result in HAA that does not necessarily reflect the real specificity of
that RhlA, because E. coli might be limited in long chain fatty acids
that are instead available in B. thailandensis.

Moreover, Germer et al. (2020) have described seven species
reported in the literature as RL producers, which were also identified
in our study (Table 3), except for two strains that we excluded: Pseu-
domonas chlororaphis and Dietzia maris. Pseudomonas chlororaphis and
Dietzia maris have been “experimentally” reported to produce mono‐
RL of RC10C12 type (Gunther et al., 2005) and RL of RRC10C10
(Wang et al., 2014), respectively.

We excluded Pseudomonas chlororaphis because, with the Diamond
BLASTP tool of the Pseudomonas genome database (Winsor et al.,
2016), we found that the 39 curated genomes of P. chlororaphis are
all devoid of RhlB or RhlC orthologs, although they harbor RhlA ortho-
logs. The same was found according to the genome database of NCBI,
which includes 59 completely sequenced genomes of P. chlororaphis.
The genome of the specific strain reported to be an RL producer by
Gunther et al. (2005), P. chlororaphis strain NRRL B‐30761, has not
been sequenced. However, the partial sequence of rhlB of the NRRL
B‐30761 strain has been deposited under GenBank ID: JN415770.1.
A BLASTN search on this DNA sequence indicated that it is nearly iden-
tical to that of P. fluorescens A506, with a very high alignment score of
2331, percentage coverage of 100%, E‐value of 0 and percentage iden-
tity of 99.6% with zero gaps over the 1275 nucleotides. Therefore, we
concluded that the reported RL/GL producer by Gunther et al. (2005)
might actually be P. fluorescens A506 or a close strain to it. Conse-
quently, we can conclude that the work of Gunther et al. (2005) was
most probably based on a mal‐identified strain that was P. fluorescens
and not P. chlororaphis.

We also excluded Dietzia maris As‐13‐3, reported by Wang et al.
(2014), because a BLASTP search of RhlAPA or BT orthologs in the gen-
ome database of NCBI against the genomes of all species of the genus
Dietzia (taxid:37914) indicated that all Dietzia species are devoid of
any RhlA orthologs, except for a unique hit corresponding to the



Table 4
Chemical structures of the most abundant RLs produced by each clade.

RhlAB Clade name RL/GL acronymsa,b RL/GL structures Ref.

1 Pseudomonas
aeruginosa

RC10C10,
RRC10C10

n = 2

(Abdel-Mawgoud et al., 2014a)

2 Pseudomonas
mediterranea

NA NA NA

3 Nevskia soli NA NA NA

4 Dickeya dadantii NA NA NA

5 Lonsdalea quercina NA NA NA

6 Pantoea ananatis c GC10C10

n = 2 (Ananatoside A)

(Gauthier et al., 2019)

7 Gordonia amicalis NA NA NA

8 Caballeronia
mineralovorans

NA NA NA

9 Paraburkholderia
aspalathi

NA NA NA

10 Burkholderia ambifaria RRC15C14

n = 4

(Araújo et al., 2017)

11 Burkholderia
thailandensis

RRC14C14

n = 4

(Costa et al., 2011; Häussler et al., 1998; Hörmann et al., 2010; Toribio
et al., 2010)

a Acronym key: R and G indicate rhamnose and glucose units, respectively. Each C indicates an R-3-hydroxy acyl chain suffixed by a number indicating the chain
length.
b The indicated acyl chain length represents the most abundant homolog; less abundant homologs are also naturally co-produced with slightly shorter or longer

chains, mostly varying by ± 2 carbons.
c Other rhamnolipids, e.g., RC10C10, were reported for this clade, specifically in Pantoae stewartii; however, according to the mass spectra, the signal was very

weak and appeared to be attributable to cross-sample carryover.
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Fig. 5. Schematic representation of predicted RL transporter mechanisms. The predicted transport mechanism consisted of three components: DHA2 family efflux
MFS transporter permease subunit (orange), efflux RND transporter periplasmic adaptor subunit (gray) and efflux transporter outer membrane subunit (blue). The
modeled structures were constructed by using the homology modeling method with the sequences of B. thailandensis (the three models were built with the SWISS-
MODEL webserver). These structures are only for demonstration and were not pre-processed or refined. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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HAA synthase “RhlA” (GenBank: AJD81708.1) of Dietzia maris As‐13‐
3, submitted by Wang et al. (2014) themselves. Alignment of the DNA
coding sequence of this submission against all genomes of the genome
database of NCBI revealed that the sequence submitted by Wang et al.
(2014) is 100% identical to that of Burkholderia cenocepacia. Therefore,
Dietzia maris As‐13‐3 reported by Wang et al. (2014) is most probably
Burkholderia cenocepacia.

Burkholderia kururiensis and Paraburkholderia kururiensis were
reported to produce RLs of type RRC10C10 (Tavares et al., 2012),
yet this claim is genetically unsupported, because none of the
sequenced genomes (NCBI) of B. kururiensis or Paraburkholderia
kururiensis harbor any orthologs of RhlAB of P. aeruginosa or B. thailan-
densis. Moreover, Burkholderia/Paraburkholderia species are not
expected to produce medium chain RLs; they instead produce long‐
chain RLs of C14 and above.

In conclusion, only RL/GL producers that were validated taxonom-
ically (well‐identified), analytically (with reliable methods of RLs/GLs
analysis) or genetically (harboring RL‐ /GL‐encoding genes) are cited
in Table 3. These criteria explain why many reported RL/GL produc-
ers, even those described in our previous review (Abdel‐Mawgoud
et al., 2010) and elsewhere in the literature, were not included in this
study.

The mechanism of RL transport is poorly understood in the litera-
ture where two hypotheses have been proposed. The first hypothesis
is that a gene upstream to rhlC, PA1131 in P. aeruginosa, predicted
to encode an MFS protein, might be implicated in RL transport
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(Rahim et al., 2001). This possibility was refuted by a later study
showing mono‐RL production by a recombinant P. putida strain har-
boring heterologous rhlABC yet lacking any PA1131 homolog
(Wittgens et al., 2017). The second hypothesis is that other putative
transport genes upstream and downstream to rhlC in B. thailandensis
E264 might be implicated in RL transport (Dubeau et al., 2009).

Indeed, except for those of three strains, the genomes of all RL/GL
producers identified in this study harbor orthologs of putative RL
transporters of B. thailandensis E264, which we named RhlD, RhlE
and RhlF, for the inner membrane, periplasmic and outer membrane
units, respectively (Fig. 5). In terms of genomic localization, rhlDEF
primarily clustered with rhlABC or rmlBDAC clusters, or was otherwise
dispersed in the genome. This finding incites future investigation of
the exact roles of individual tranposrt proteins, RhlDEF, and their
biotechnological potential. We believe that modulation of the RhlDEF
putative RL transporters might aid in controlling RL/GL production
and might have potential applications in medicine and industry.

Conclusion and perspectives

Our genome mining approach led to the discovery of a wealth of
putative RL/GL producers. This approach could be iteratively used
for the discovery of novel producers of rhamnolipids and glycolipids,
as long as the number of annotated genomes is continually increasing.
This process should ultimately help discover novel rhamnolipids/gly-
colipids with more potent or even novel activities, and could support
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structure activity relationship studies on RLs. Moreover, the findings of
this study could ultimately help predict rhamnolipid and glycolipid
structures from the amino acid sequences of RL‐biosynthetic enzymes
by using artificial intelligence. The discovery of putative RL trans-
porters is perhaps the most interesting finding of this study. This find-
ing, with further molecular studies, should allow for better
understanding of the transport of rhamnolipids, a phenomenon that
has long remained obscure. Control of the discovered RL transport
mechanism might have implications in the control of rhamnolipid pro-
duction for medical and industrial applications.
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