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Abstract 

Background  Stenotrophomonas maltophilia, an opportunistic pathogen, is ubiquitously distributed in the environ-
ment. In response to iron-depletion stress, S. maltophilia synthesizes the sole catecholate-type siderophore, steno-
bactin, for ferric iron acquisition. FepAsm, a TonB-dependent transporter (TBDT), is the sole known outer membrane 
receptor responsible for ferri-stenobactin uptake in S. maltophilia K279a. However, S. maltophilia KJ and its isogenic 
fepA mutant displayed comparable ability to utilize FeCl3 as the sole iron source for growth in iron-depleted condi-
tions, suggesting the involvement of additional TBDT in ferri-stenobactin uptake in the KJ strain. Here, we aimed 
to determine additional TBDT required for ferri-stenobactin uptake and the post-TBDT ferri-stenobactin transport 
system in the KJ strain.

Methods and results  Twelve TBDTs, whose expression were significantly upregulated in 2,2′-dipyridyl-treated KJ 
strain, were selected as candidates for ferri-stenobactin uptake. The involvement of these selected candidates in ferri-
stenobactin acquisition was investigated using deletion mutant construction and FeCl3 utilization assay. Among 
the 12 TBDTs tested, FepAsm, FciA, and SbaA were the TBDTs for ferri-stenobactin uptake in KJ strain. Because fciA 
is a member of fciTABC operon, the involvement of fciTABC operon in ferri-stenobactin uptake was also investigated. 
Of the fciTABC operon, fciA, fciB and fciC, but not fciT, contributed to ferri-stenobatin acquisition. SbaE is the homolog 
of FepD/FepG, the inner membrane transporters for ferri-enterobactin in E. coli; therefore, sbaBCDEF operon 
was selected as a candidate for the post-TBDT transport system of ferri-stenobactin. All proteins encoded by sbaBC-
DEF operon participated in ferri-stenobactin acquisition. Due to the contribution of the putative periplasmic esterase 
SbaB to ferri-stenobactin acquisition, FeoB, a ferrous iron inner membrane transporter, was included as a candidate 
and proved to be involved in ferri-stenobactin acquisition. Accordingly, contributions of feoB and sbaE to ferri-steno-
bactin acquisition illustrated that ferric and ferrous iron could be transported across the inner membrane via SbaE 
and FeoB, respectively.

Conclusions  FepAsm, fciABC, sbaA, sbaBCDEF, and feoB contribute to ferri-stenobatin acquisition in Stenotrophomonas 
maltophilia KJ.
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Background
Iron, an essential element for bacterial pathogens, plays 
a significant role in signaling pathways and is used as a 
cofactor or prosthetic group for several proteins required 
for growth and development [1, 2]. Ferric iron has low 
solubility under biological pH and aerobic conditions 
[3]; thus, it is sequestered by biomolecules in the human 
serum, making it inaccessible to pathogens [4]. To survive 
in the host, pathogens have evolved several mechanisms 
for iron acquisition. First, pathogens can utilize spe-
cific TonB-dependent transporters (TBDTs) to directly 
acquire iron from sequestered sources, such as hemin, 
ferritin, and transferrin. Second, pathogens can syn-
thesize and secrete iron chelators such as siderophores, 
hemophores, and citrate to acquire iron [2]. These iron-
containing complexes are specifically uptaken by their 
cognate TBDTs and are subsequently transported to the 
periplasm and cytosol for utilization [5].

Siderophores have a high affinity for ferric iron. 
Secreted siderophores bind to ferric iron to form a ferri-
siderophore complex; however, the capability of sidero-
phores to form stable complexes with ferrous iron is low. 
Based on the structure of their chelate-forming sites, 
siderophores can be classified as hydroxamates, cat-
echolates, carboxylates, phenolates, and mixed types [6]. 
Enterobactin of Escherichia coli is the best well-known 
catecholate-type siderophore. Under iron-depletion 
stress, enterobactin is synthesized in a non-ribosomal 
peptide synthetase (NRPSs)-dependent manner [4] via 
the action of EntA, EntB, EntC, EntD, EntE, and EntF 
enzymes. The synthesized enterobactins are secreted into 
the periplasm via the inner membrane protein EntS and 
then exported into the extracellular environment via tri-
partite efflux pumps [7]. Enterobactin captures ferric iron 
and the resultant ferri-enterobactin is mainly uptaken by 
TBDT FepA [8]. Once across the outer membrane, ferri-
enterobactin is shuttled by the periplasmic enterobactin-
binding protein FepB and delivered to the cytoplasmic 
transmembrane transporters FepD and FepG. The trans-
port of ferri-enterobactin across the cytoplasmic mem-
brane is an ATP-dependent process that is mediated by 
the ATP-binding protein FepC [4]. In the cytoplasm, 
enterobactin is hydrolyzed by esterase Fes, releasing 
ferric iron [9]. Alternatively, ferric iron in enterobactin 
is reduced by the NADPH-dependent reductase YqjH, 
which releases ferrous iron [10].

The expression of genes associated with siderophore 
synthesis, secretion, uptake, release, and energy sup-
ply is tightly regulated by pathogens. In bacteria, iron 
homeostasis is modulated at the transcriptional level by 
the ferric uptake repressor Fur. When an adequate con-
centration of iron is present, Fur functions as a repres-
sor [11, 12]. The Fur-Fe2+ complex binds to consensus 

DNA sequences, termed Fur boxes, located in the pro-
moter region of these Fur-regulated genes and represses 
gene expression [13]. Iron depletion serves as a signal to 
release the Fur protein from the Fur box and trigger the 
expression of Fur regulon genes.

Stenotrophomonas maltophilia  is ubiquitously dis-
tributed in the environment and regarded as an oppor-
tunistic pathogen [14]. S. maltophilia infections are 
difficult to treat due to its intrinsic and acquired resist-
ance to several antibiotics such as aminoglycosides, 
β-lactams, and macrolides [15]. Iron homeostasis is 
crucial for pathogens; hence, a comprehensive under-
standing of iron homeostasis may provide new insights 
into the control of pathogenic infections [16].

Given its diverse habitats, S. maltophilia has evolved 
many iron-acquisition systems [17]. The character-
ized iron acquisition systems of S. maltophilia include 
the PacIRA system for Pseudomonas aeruginosa pyro-
chelin [18], the FciTABC-FeoABI system for ferric 
citrate uptake [19], the HemA-HemU-TonB1 system 
for hemin uptake in the KJ strain [20, 21], and FepA 
TBDT for ferri-siderophore uptake in the K279a strain 
[22]. In response to iron-depletion stress, S. malt-
ophilia can synthesize a catecholate-type siderophore, 
stenobactin, relying on entCEBB’FA gene cluster [23]. 
SmeYZ, SmeDEF, and SbiAB pumps are known out-
lets for stenobactin export [24]. Once bound to ferric 
iron, ferri-stenobactin is uptaken by TBDT FepA [25]. 
Nas and Cianciotto demonstrated that FepA appears 
to be the sole TBDT for ferri-stenobactin uptake in the 
K279a strain, because its fepA deletion mutant cannot 
utilize ferri-stenobactin as an iron source for growth in 
iron-depleted conditions [22]. Excep for FepA, little is 
known about how ferri-stenobactin is acquired for uti-
lization. In our recent study, we noticed that the fepA 
deletion mutant of KJ strain, a clinical isolate isolated in 
Taiwan, displayed comparable viability with wild-type 
KJ in 2,2′-dipyridyl (DIP)- and FeCl3-supplemented 
medium (Fig.  1), suggesting that the involvement of 
additional TBDT for ferri-stenobactin uptake is not 
yet fully elucidated. In this study, we sought to identify 
additional TBDTs involved in ferri-stenobactin uptake 
in the KJ strain. In addition, a post-outer-membrane 
transport system for ferri-stenobactin acquisition was 
also investigated.

Methods
Bacterial strains, plasmids, and primers
The bacterial strains and plasmids used in this study 
were summarized in Table  S1. Table  S2 lists the 
sequences and purposes of the primers used in this 
study.
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Fig. 1  Roles of fepA, sbaA, and fciTABC in ferri-stenobactin acquisition in iron-depleted conditions. For cell viability, the logarithmic-phase 
bacterial cells tested of 2 × 105 CFU/μL were tenfold serially diluted. A bacterial aliquot (5 µL) was spotted on the LB agar plates as indicated. After 
a 24-h incubation at 37℃, bacterial viability was imaged. For growth curve, overnight culture was inoculated into LB broth with DIP and FeCl3 
at an initial OD450nm of 0.15. Bacterial growth was monitored for 24 h. The concentrations of 2,2′-dipyridyl (DIP) and FeCl3 used were 50 µg/
mL and 35 µM, respectively. The images and graphs are representatives of at least three replicated experiments. A Cell viability of wild-type KJ 
and its derived fepA-, fciA-, and sbaA-associated mutants in DIP and FeCl3-supplemented LB agar. B Growth curve of wild-type KJ and its derived 
fepA-, fciA-, and sbaA-associated mutants in DIP and FeCl3-supplemented LB broth. C Growth curve of wild-type KJ, KJΔFepAΔFciAΔSbaA, 
and KJΔFepAΔFciAΔSbaA-derived complementary strains in DIP and FeCl3-supplemented LB broth. D Cell viability of wild-type KJ and its derived 
fepA-, fciTABC-, and sbaA-associated mutants in DIP and FeCl3-supplemented LB agar. E Growth curve of wild-type KJ and fciTABC operon-associated 
complementary strains in DIP and FeCl3-supplemented LB broth
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Construction of in‑frame deletion mutants
A double-crossover recombination strategy was used to 
construct in-frame deletion mutants, as described pre-
viously [26]. Briefly, two DNA fragments containing the 
upstream and downstream regions of the intended dele-
tion region were amplified by PCR from S. maltophilia 
KJ and subsequently cloned into pEX18Tc to gener-
ate pEX18Tc-derived recombinant plasmids (Table  S1). 
Table  S2 lists the primers used. The pEX18Tc-derived 
recombinant plasmids were transferred to S. maltophilia 
KJ via conjugation. Transconjugant selection and dou-
ble-crossover mutant confirmation were performed as 
described previously [26].

Construction of complementation plasmids
The target gene for the complementation assay was 
amplified by PCR and subsequently cloned into pRK415. 
The resulting plasmids were transferred into the assayed 
strains via conjugation. Primers used to construct the 
complementary plasmids were listed in Table S2.

Iron source utilization assay‑cell viability
An iron source utilization assay was conducted to assess 
the ability of the bacteria to utilize exogenous iron 
sources under iron-depleted conditions. The addition of 
50 µg/mL DIP was enough to create an iron-limited con-
dition, in which KJ cells lost viability unless an exogenous 
iron source was supplied [23]. The logarithmic-phase 
cells of 2 × 105 CFU/µL were tenfold serially diluted. Five 
microliters of bacteria were spotted onto agar plates, 
as indicated. After a 24-h incubation at 37℃, bacterial 
growth was observed and recorded. Each experiment was 
conducted in triplicate.

Iron source utilization assay‑growth curve
Overnight culture was inoculated into LB broth with DIP 
(50  µg/mL) and FeCl3 (35  µM) at an initial OD450nm of 
0.15. Bacterial growth was monitored by recording the 
OD450nm of bacterial aliquot at an interval of 2  h. Each 
experiment was conducted in triplicate.

Reverse‑transcription PCR and operon verification
DNA-free RNA was isolated from KJ cells treated with 
30  µg/mL DIP. Reverse transcription was conducted 
using the SbaF-C primer. The SbaF-C-derived cDNA 
was used as the template for PCR with the primer sets 
SbaBQ94-F/R, SbaCQ106-F/R, SbaDQ98-F/R, SbaEQ92-
F/R, SbaFQ108-F/R, and 2358Q86-F/R (Table  S2). 
The PCR products were separated by 2% agarose gel 

electrophoresis and visualized by ethidium bromide 
staining.

Quantitative real‑time PCR (qRT‑PCR)
DNA-free RNA was prepared from mid-exponential 
phase bacterial cells and converted to cDNA using a 
High-Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems). qRT-PCR was performed using the Ste-
pOnePlus Real-Time PCR System following the manu-
facturer’s protocol. The primer sets used were listed 
in Table  S2. Gene expression levels were normalized to 
those of 16S rRNA. Fold change was calculated using the 
ΔΔCT method [27]. All experiments were performed at 
least three times.

Results
FepAsm is not the sole receptor for ferri‑stenobactin 
uptake in KJ strain
In our previous study, we established an iron source utili-
zation assay to evaluate bacterial iron utilization in iron-
depleted conditions [23]. Consistent with our previous 
reports, the KJ strain lost viability in 50 μg/mL DIP-con-
taining LB agar and reverted viability when 35 μM FeCl3 
was added to the media (Fig.  1A). However, KJ∆Ent, a 
stenobactin-null isogenic mutant [23], was unable to 
restore growth in FeCl3-containing medium (Fig.  1A), 
verifying that stenobactin-mediated iron acquisition 
is the dominant way to support bacterial growth in our 
assay system.

FepA is a critical TBDT for enterobactin uptake in E. 
coli [8]. The FepA homolog (Smlt1426) has been reported 
to be the sole TBDT responsible for ferri-stenobactin 
uptake in S. maltophilia K279a because the fepA deletion 
mutant of S. maltophilia K279a cannot utilize FeCl3 as 
the sole iron source to support growth in iron-depleted 
conditions [22]. To distinguish Smlt1426 from E. coli 
FepA, we designated Smlt1426 as FepAsm. S. maltophilia 
KJ was used as the parental strain in our series of stud-
ies on iron utilization [18–21, 23, 24, 26, 28]. We noticed 
that the fepAsm deletion mutant of S. maltophilia KJ, 
KJ∆FepA, displayed comparable viability in DIP- and 
FeCl3-supplemented medium to wild-type KJ (Fig.  1A), 
indicating that FepAsm is not the sole receptor for ferri-
stenobactin uptake in the KJ strain.

FepAsm, FciA, and SbaA are the receptors 
for ferri‑stenobactin uptake in KJ strain
Two approaches were used to select TBDT candidates 
for ferri-stenobactin uptake. First, the S. maltophilia 
K279a genome was queried for homologs of known iron-
acquisition TBDTs from other bacteria. Second, it is pre-
sumed that iron acquisition systems are upregulated in 
iron-depleted conditions. The comparative transcriptome 
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analysis of wild-type KJ with and without DIP treatment 
was available in our recent study [24]. By integrating the 
homolog prediction and transcriptome data, we identified 
12 candidates, whose expression are significantly upregu-
lated in DIP-treated condition (at least tenfold upregula-
tion compared to non-treated counterpart), including 
hemA (Smlt0795), fciA (Smlt1148), Smlt1233, fepAsm 
(Smlt1426), Smlt1762, pacA (Smlt2666), Smlt2714, fecA 
(Smlt2858), Smlt2937, Smlt3022, Smlt3898, and Smlt4135 
(designated as SbaA, stenobactin receptor, based on the 
following study) (Table S3).

To determine their involvement in ferri-siderophore 
uptake, we constructed 12 TBDT deletion mutants in KJ 
to test their ability to utilize FeCl3 as the sole iron source 
to support growth in iron-depleted conditions. In the fol-
lowing study, cell viability and growth curve assays were 
used to assess bacterial ability to utilize FeCl3 as the sole 
iron source to support growth in solid and liquid media, 
respectively. All tested mutants exhibited noticeable 
cell viability in DIP- and FeCl3-supplemented LB agar 
(KJ∆FepA, KJ∆FciA, and KJ∆SbaA as representatives in 
Fig. 1A), and broth (KJ∆FepA, KJ∆FciA, and KJ∆SbaA as 
representatives in Fig. 1B), suggesting that the 12 TBDTs 
were not individually critical for ferri-stenobactin uptake 
in S. maltophilia.

Considering the possibility of functional redundancy 
in TBDTs, we constructed double mutants of TonB-
dependent receptors using KJ∆FepA as the parental 
strain, which yielded KJ∆FepA∆HemA, KJ∆FepA∆FciA, 
KJ∆FepA∆1233, KJ∆FepA∆1762, KJ∆FepA∆PacA, KJ∆ 
FepA∆2714, KJ∆FepA∆2858, KJ∆FepA∆2937, KJ∆Fep 
A3022, KJ∆FepA∆3898, and KJ∆FepA∆SbaA. Of the 11  
double mutants tested, KJ∆FepA∆FciA and KJ∆FepA∆ 
SbaA displayed compromised viability in DIP- and FeCl3- 
supplemented LB agar (Fig.  1A) and broth (Fig.  1B).  
A fepAsm, fciA, and sbaA triple mutant, KJ∆FepA∆ 
FciA∆SbaA, was constructed. No viability was observed 
when KJ∆FepA∆FciA∆SbaA grew in DIP- and FeCl3- 
containing LB agar (Fig. 1A) and broth (Fig. 1B). Comple-
mentation of KJ∆FepA∆FciA∆SbaA with fepAsm-, fciA-, 
and sbaA-containing plasmids, respectively, partially 
restored the viability in the DIP- and FeCl3-supplemented 
LB agar (Fig. 1A) and broth (Fig. 1C), verifying the con-
tribution of FepAsm, FciA, and SbaA to the ferri-steno-
bactin uptake.

FciA, FciB, and FciC contribute to ferri‑stenobactin 
acquisition in KJ strain
Since fciA is a member of the fciTABC operon [19], we 
were interested in understanding the involvement of 
fciT, fciB, and fciC in ferri-stenobactin acquisition. Intro-
duction of ∆fciT, ∆fciB, and ∆fciC alleles into the chro-
mosome of KJ∆FepA∆SbaA respectively resulted in a 

loss of cell viability in DIP- and FeCl3-supplemented LB 
agar (Fig.  1D), and individual complementary strains, 
except fciT, partially restored viability (Fig. 1D and E). It 
is known that the inactivation of fciT has a polar effect 
on the expression of fciA, but not on fciB and fciC [19]. 
To further clarify fciT involvement in ferri-stenobactin 
acquisition, KJ∆FepA∆SbaA∆FciT was complemented 
with fciA and fciT-fciA genes, respectively, and the result-
ant complementary strains were subjected to a FeCl3 
utilization assay. KJ∆FepA∆SbaA∆FciT complemented 
with fciA and fciT-fciA displayed comparable ability in 
FeCl3 utilization (Fig. 1D and E), ruling out the contribu-
tion of fciT to ferri-stenobactin acquisition. Collectively, 
FciA, FciB, and FciC are involved in ferri-stenobactin 
acquisition.

Smlt2353‑2357 (sbaBCDEF) operon contribute 
to ferri‑stenobactin acquisition in KJ strain
To consider the post-TBDT transport system of ferri-
stenobactin, the FepB-FepD/FepG-FepC-Fes-YqjH system 
of E. coli is the closest model for reference. A genome-
wide survey of S. maltophilia K279a, using FepD and 
FepG as query, revealed that Smlt2356 was the candi-
date. Smlt2356 (designated as SbaE hereafter) encodes 
an inner membrane protein that displayed 35%/50% and 
31%/51% identity/similarity with FepD and FepG pro-
teins of E. coli, respectively. Surrounding sbaE, a five-gene 
cluster (Smlt2353-Smlt2357), which resembles an operon 
encoding a putative iron-complex transportation system, 
attracted our attention because it was co-upregulated in 
DIP-treated KJ cells (Table S3) [24]. These genes (named 
sbaBCDEF) encode a putative periplasmic esterase SbaB, 
a periplasmic ATP-binding protein SbaC, a periplasmic 
ABC transporter substrate-binding protein SbaD, an 
inner membrane ABC transporter permease SbaE, and 
a cytosolic ABC transporter ATP-binding protein SbaF 
(Fig.  2A). To assess whether the sbaBCDEF genes were 
organized into an operon, RT-PCR was performed, and 
the results indicated the presence of a sbaBCDEF tran-
script (Fig. 2B).

To investigate the involvement of sbaBCDEF operon 
in ferri-stenobactin acquisition, an in-frame dele-
tion mutant of each gene was constructed, generating 
KJ∆SbaB, KJ∆SbaC, KJ∆SbaD, KJ∆SbaE, and KJ∆SbaF. 
These mutants and their complementary strains were 
subjected to cell viability assay and growth curve assay. 
Compared to wild-type KJ, all mutants tested displayed 
compromised viability in DIP- and FeCl3-supplemented 
LB agar (Fig.  2C) and poor growth in DIP- and 
FeCl3-supplemented LB broth (Fig. 2D). Individual com-
plementary strains, except sbaE, restored their ability to 
utilize FeCl3 as the sole iron source (Fig. 2C and E). Fail-
ure of sbaE complementation led us to consider the polar 
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effect of sbaE deletion on sbaF expression. The pres-
ence of a polar effect was verified using qRT-PCR (data 
not shown). Complementation of KJ∆SbaE with pSbaEF, 
a plasmid containing sbaE and sbaF genes, restored the 
viability in the DIP- and FeCl3-supplemented media 
(Fig. 2C and E). Thus, sbaBCDEF operon participates in 
post-TBDT transportation of ferri-stenobactin.

FeoB contribute to ferri‑stenobactin acquisition in KJ strain
SbaB is annotated as a periplasmic esterase and the 
above results demonstrated its contribution to ferri-
stenobactin acquisition (Fig.  2C, D, and E). These 

observations suggested that ferri-stenobactin may be 
hydrolyzed by SbaB in the periplasm. If this is the case, 
we wonder whether the released ferric iron is reduced 
by reductase in the periplasm or is immediately trans-
ported into the cytoplasm. If the former occurs, the 
reduced ferrous iron might be transported into the 
cytoplasm via FeoB [19]. To test this hypothesis, the cell 
viability and growth curve of KJ∆FeoB, a feoB deletion 
mutant [19], in DIP- and FeCl3-containig medium was 
investigated. Compared to the wild-type KJ, KJ∆FeoB 
displayed a compromised ability to grow in DIP- and 
FeCl3-containing LB agar (Fig.  3A) and LB broth 

Fig. 2  sbaBCDEF is an operon and contributes to ferri-stenobactin acquisition in iron-depleted conditions. A The genetic organization of sbaBCDEF 
operon in S. maltophilia. Black arrows represent genes and the direction of transcription. The small red arrow indicates the position of primer 
SbaF-C used for reverse transcription. Bars represent the positions of PCR amplicons amplified using the primer pairs labeled above or below 
the bars. B Agarose gel electrophoresis of the PCR products. DNA-free RNA was prepared from KJ cells treated with 30 µg/mL DIP and cDNAs were 
obtained by reverse transcription using primer SbaF-C. The cDNA was used as the template for PCR. PCR amplicons were separated by 2% agarose 
gel electrophoresis and stained with ethidium bromide. Lane 1, PCR amplicon generated by SbaBQ94-F and SbaBQ94-R; lane 2, PCR amplicon 
generated by SbaCQ106-F and SbaCQ106-R; lane 3, PCR amplicon generated by SbaDQ98-F and SbaDQ98-R; lane 4, PCR amplicon generated 
by SbaEQ92-F and SbaEQ92-R; lane 5, PCR amplicon generated by SbaFQ108-F and SbaFQ108-R; lane 6, PCR amplicon generated by 2358Q86-F 
and 2358Q86-R. The 2358Q86-F/R primer pairs were used as a control for a check of DNA contamination during cDNA preparation. C Cell viability 
of wild-type KJ and its derived sbaBCDEF-associated mutants in DIP and FeCl3-supplemented LB agar. The logarithmic-phase bacterial cells tested 
of 2 × 105 CFU/μL were tenfold serially diluted. A bacterial aliquot (5 µL) was spotted on the LB agar plates as indicated. After a 24-h incubation 
at 37℃, bacterial viability was imaged. The image is a representative of at least three replicated experiments. D Growth curve of wild-type KJ 
and its derived sbaBCDEF-associated mutants in DIP and FeCl3-supplemented LB broth. Overnight culture was inoculated into LB broth with DIP 
and FeCl3 at an initial OD450 of 0.15. Bacterial growth was monitored for 24 h. The concentrations of 2,2′-dipyridyl (DIP) and FeCl3 used were 
50 µg/mL and 35 µM, respectively. The graph is a representative of at least three replicated experiments. E Growth curve of wild-type KJ and its 
derived sbaBCDEF-associated complementary strains in DIP and FeCl3-supplemented LB broth. Overnight culture was inoculated into LB broth 
with DIP and FeCl3 at an initial OD450nm of 0.15. Bacterial growth was monitored for 24 h. The concentrations of DIP and FeCl3 used were 50 µg/mL 
and 35 µM, respectively. The graph is a representative of at least three replicated experiments
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(Fig. 3B). Furthermore, we also observed that a feoB and 
sbaE double mutant, KJ∆FeoB∆SbaE, lost viability in 
DIP- and FeCl3-containing media (Fig. 3A & B).

SipA (Smlt3577), a YqjH homolog, is not involved 
in ferri‑stenobactin utilization
In the E. coli model, iron detachment from ferri-enter-
obactin occurs in the cytoplasm via enterobactin ester-
ase (Fes) and YqjH [9, 10]. S. maltophilia K279a genome 
survey was conducted to identify possible fes and yqjH 
homologs. Smlt3577, an yqjH homolog, was discovered; 
however, no significant hits for fes were observed. The 
protein encoded by Smlt3577 was annotated as a sidero-
phore-interacting FAD-binding protein (designated 

as SipA hereafter), which showed 29% similarity and 
41% identity with E. coli YqjH. To investigate the role 
of SipA in ferri-stenobactin acquisition, KJ∆SipA was 
constructed and subjected to the FeCl3 utilization assay. 
KJ∆SipA and wild-type KJ showed comparable cell via-
bility in DIP- and FeCl3-containing LB agar (Fig. 3A) and 
broth (Fig.  3B), ruling out the involvement of SipA in 
ferri-stenobactin acquisition.

Ferri‑stenobactin acquisition‑associated genes are 
regulated by Fur and iron availability
Fur is a global regulator involved in iron homeostasis 
[29]. Thus, the role of Fur in the expression of fepAsm, 
fciTABC operon, sbaA, sbaBCDEF operon, and feoABI 

Fig. 3  Role of sbaE, feoB, and sipA in ferri-stenobactin acquisition in iron-depleted conditions. A The logarithmic-phase bacterial cells tested 
of 2 × 105 CFU/μL were tenfold serially diluted. A bacterial aliquot (5 µL) was spotted on the LB agar plates as indicated. After a 24-h incubation 
at 37℃, bacterial viability was imaged. The image is a representative of at least three replicated experiments. B Overnight culture was inoculated 
into LB broth with DIP and FeCl3 at an initial OD450nm of 0.15. Bacterial growth was monitored for 24 h. The concentrations of 2,2′-dipyridyl (DIP) 
and FeCl3 used were 50 µg/mL and 35 µM, respectively. The graph is a representative of at least three replicated experiments



Page 8 of 11Yeh et al. BMC Microbiology           (2025) 25:91 

operon was investigated using qRT-PCR. Compared to 
wild-type KJ, fepAsm, fciA, sbaA, and sbaE transcripts 
were increased in fur mutant and almost reverted to 
wild-type level when fur was complemented. Further-
more, DIP treatment-mediated iron limitation also 
upregulated the expression of fepAsm, fciA, sbaA, and 
sbaE. However, feoB transcript level was hardly affected 
by fur inactivation and DIP treatment (Fig. 4). Therefore, 
the ferri-stenobactin acquisition-associated genes, except 
feoB, are regulated by Fur and iron availability.

Discussion
As a highly conserved iron assimilation pathway in gram-
negative bacteria, ferri-siderophore acquisition requires 
the coordination of multiple components from the outer 
membranes to the cytoplasm. Stenobactin is the only cat-
echolate-type siderophore in S. maltophilia. Enterobactin 
of E. coli is a well-characterized catecholate-type sidero-
phore. The homologs of E. coli enterobactin synthesis 
genes are highly conserved in S. maltophilia genome, 
except entD [30], highly suggesting that the acquisition 
systems for ferri-enterobactin and ferri-stenobactin share 
some degree of similarity. Nas and Cianciotto have dem-
onstrated that the fepA mutant of S. maltophilia K279a 
is unable to utilize ferric iron as the sole iron source to 
support growth in iron-depleted conditions [22], indi-
cating that FepAsm is the sole (or primary) TBDT for 
stenobactin uptake. There are at least five known TBDTs 
capable of ferri-enterobactin uptake in E. coli, but the five 

TBDT genes are not highly conserved in all E. coli iso-
lates [31]. Thus, the functional redundancy of TBDTs in 
bacterial species is common, but the types of redundant 
TBDTs may vary among different isolates. Our study is 
the first to demonstrate that FciA and SbaA function as 
ferri-stenobactin receptors in addition to FepAsm in S. 
maltophilia KJ (Fig.  1). We noticed that complementa-
tion of triple mutant KJ∆FepA∆FciA∆SbaA with sbaA 
barely restored viability in DIP- and FeCl3-supplemented 
media compared to complementation with fepA or fciA; 
however, KJΔFepAΔFciA still kept moderate viability in 
DIP- and FeCl3-supplemented media (Fig. 1). This obser-
vation suggested that of the three TBDTs, SbaA seems 
to exhibit the poorest ability in ferri-stenobactin uptake. 
However, SbaA may be complementarily upregulated in 
the case of fepAsm and fciA inactivation.

Potential advantages of TBDT redundancy include 
(i) insurance against iron acquisition if one TBDT loses 
function, (ii) increased ability of a pathogenic strain to 
acquire iron during host infection, and (iii) better fitness 
for bacterial adaptation to specific host niches during 
infection.

Siderophores, hemophores, and citrate are common 
ferric iron chelators used by bacteria to capture extracel-
lular ferric iron in iron-depleted conditions. The specific-
ity between TBDT and the ferric complex is strict; thus, 
a TBDT with a broad spectrum for different ferric com-
plexes is less mentioned. The involvement of fciTABC in 
ferric citrate acquisition was reported in our recent study 

Fig. 4  Impact of iron availability and Fur on the expression of fepA, fciA, sbaA, sbaE, and feoB. Overnight cultures of S. maltophilia KJ, KJΔFur, 
and KJΔFur(pFur) were inoculated into fresh LB broth at an initial OD450nm of 0.15. KJ cells were prepared as two experimental groups, 
with or without the treatment of 30 μg/mL DIP. The fepA, fciA, sbaA, sbaE, and feoB transcripts were quantified by qRT-PCR after a 15-h incubation. 
The relative transcript level was calculated using the transcript level of KJ cells without DIP treatment as 1. Data is the means from three 
independent experiments. Bars represent the average values from three independent experiments. Error bars represent the standard deviation 
for triplicates. *, P < 0.001, significance calculated by Student’s t-test
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[19]. In this study, we further revealed the contribution 
of FciA to the uptake of ferri-stenobactin. However, the 
participation of fciTABC operon in the acquisition of fer-
ric citrate and ferri-stenobactin is not the same. FciA and 
FciC contribute to the acquisition of both ferric citrate 
and ferri-stenobactin. However, FciT and FciB uniquely 
participated in ferric citrate and ferri-stenobactin acqui-
sition, respectively [19].

Compared with the shuttle role of periplasmic FepB 
in the enterobactin model, the periplasmic proteins 
involved in ferri-stenobactin shuttle, including FciB, 
SbaC, and SbaD, seem to be more complicated. None of 
the three proteins had significant similarity with FepB. 
FciB is a SEL1-like repeat family protein that may func-
tion as an adaptor protein for the assembly of macro-
molecular complexes [32]. Thus, the possibility that the 
three proteins (FciB, SbaC, and SbaD) may be assembled 
into a complex for the shuttle of ferri-stenobactin cannot 
be immediately ruled out.

The contribution of the putative periplasmic ester-
ase SbaB and inner membrane FeoB to ferri-stenobactin 
acquisition supported the idea that ferri-stenobactin is 
hydrolyzed in the periplasm, which is different from the 

enterobactin model of E. coli [9]. This assumption is fur-
ther supported by the fact that (i) no Fes homolog was 
found in S. maltophilia genome, and (ii) SipA, a homolog 
of E. coli YqjH, is not involved in ferri-stenobactin utiliza-
tion (Fig.  3). Hisatomi et  al. demonstrated that S. malt-
ophilia can produce 2,3-dihydroxybenzoylserine (DHBS) 
as a monomeric unit of stenobactin; however, the exact 
structure of stenobactin (DHBS complex) has not been 
elucidated [33]. In addition, Nas and Cianciotto found 
that FepAsm in S. maltophilia cannot uptake E. coli 
enterobactin [22]. These findings strongly suggest that 
stenobactin and enterobactin share the same DHBS mon-
omer but have distinct structures in the DHBS complex. 
If this is true, this may explain why no significant protein 
similarity was observed between E. coli Fes and S. malt-
ophilia SbaB.

The involvement of periplasmic esterases in ferri-enter-
obactin hydrolysis has been demonstrated in the IroE 
of Salmonella [34], PfeE of P. aeruginosa [35], and Cee 
of Campylobacter [36]. Sequence analysis indicated that 
SbaB displayed homology to the IroE of Salmonella (35% 
identity and 50% similarity), Cee of Campylobacter jejuni 
(28% identity and 44% similarity), and PfeE of P. aeruginosa 

Fig. 5  Stenobactin-mediated iron acquisition system in S. maltophilia KJ In an iron-depleted condition, stenobactins, the sole siderophore in S. 
maltophilia KJ, are synthesized by the proteins encoded by entCEBB’FA gene cluster and exported into extracellular environment via three efflux 
pumps SmeDEF, SmeYZ, and SbiAB. Stenobactin binds with ferric iron, and then the ferri-stenobactin complex is uptaken into periplasm via three 
TBDTs, FepA, FciA, and SbaA. There are two possible routes for the further processing of periplasmic ferri-stenobactin. First, ferri-stenobactin 
is hydrolyzed by SbaB, and ferric iron is released. Ferric irons are transported into cytoplasm via inner membrane transporter SbaE. SbaC, SbaD, 
and FciB may assemble as a complex, assisting in this transportation. The ferric iron is further reduced into ferrous iron in cytoplasm. Second, 
the released ferric iron is reduced into ferrous iron by an unidentified periplasmic reductase. Then, the ferrous iron is transported into cytoplasm 
via FeoB
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(40% identity and 52% similarity). The structure of PfeE 
was resolved, and the involvement of the GXSXXG motif 
(residues 155–160), E217, and H258 residues in the cata-
lytic triad was proposed. Alignment of IroE, Cee, PfeE, and 
SbaB showed that GHSXGG, E217, and H258 are highly 
conserved among these proteins (Fig. S1), further support-
ing the possibility that SbaB is an esterase.

If ferri-enterobactin is hydrolyzed in the periplasm, two 
possibilities should be considered for subsequent iron 
transportation. First, the released ferric iron is directly 
reduced to ferrous iron, which is then transported to the 
cytoplasm via the inner membrane FeoB transporter. 
Second, the released ferric iron is directly shuttled by 
periplasmic proteins to a non-FeoB inner membrane 
transporter and transported into the cytoplasm. Inactiva-
tion of feoB hardly affected Cee- and PfeE-mediated ferri-
enterobactin utilization in C. jejuni and P. aeruginosa, 
respectively [35, 36], indicating that the ferric iron model 
is the favorable one for Cee- and PfeE-mediated inner 
membrane transportation. However, the feoB and sbaE 
mutants of S. maltophilia exhibited compromised viabil-
ity in DIP- and FeCl3-supplemented media (Fig. 3), sug-
gesting that FeoB and SbaE function as the ferrous iron 
and ferric iron inner membrane transporters, respec-
tively, in S. maltophilia KJ. The fact that feoB and sbaE 
double mutant (KJ∆FeoB∆SbaE) lost the ability to utilize 
ferri-stenobactin in iron-depleted conditions further sup-
ports this assumption.

Conclusion
To integrate the findings of this study with known steno-
bactin synthesis/secretion systems [19, 24], we portraited 
a ferri-stenobactin acquisition model in S. maltophilia 
KJ (Fig.  5). Stenobactin, a catecholate-type siderophore, 
is synthesized in the cytoplasm by proteins encoded by 
entCEBB’FA gene cluster [19] and then secreted into the 
extracellular environment via the SmeYZ, SmeDEF, and 
SbiAB pumps [24]. Stenobactin is loaded with ferric iron, 
and the ferri-stenobactin is subsequently transported into 
the periplasm by three TBDTs, FepAsm, FciA, and SbaA. 
Ferri-stenobactin is hydrolyzed by the putative periplas-
mic esterase SbaB, releasing ferric iron. Some ferric irons 
are immediately reduced to ferrous iron by an unidentified 
periplasmic reductase and then transported into the cyto-
plasm via FeoB. The other ferric irons are directly trans-
ported into the cytoplasm via SbaE. In this process, SbaC, 
SbaD, and FciB may assemble into a complex to facilitate 
transportation. Subsequently, ferric iron is reduced to fer-
rous iron by an uncharacterized cytoplasmic reductase.
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