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Herbaspirillum seropedicae Z67 is a nitrogen-fixing endophyte that colonizes many
important crops. Like in almost all organisms, vital cellular processes of this endophyte
are iron dependent. In order to efficiently acquire iron to fulfill its requirements, this
bacterium produces the siderophores serobactins. However, the presence in its genome
of many others iron acquisition genes suggests that serobactins are not the only
strategy used by H. seropedicae to overcome metal deficiency. The aim of this work
was to identify genes and proteins differentially expressed by cells growing in low iron
conditions in order to describe H. seropedicae response to iron limitation stress. For
this purpose, and by using a transcriptomic approach, we searched and identified a
set of genes up-regulated when iron was scarce. One of them, Hsero_2337, codes
for a TonB-dependent transporter/transducer present in the serobactins biosynthesis
genomic locus, with an unknown function. Another TonB-dependent receptor, the one
encoded by Hsero_1277, and an inner membrane ferrous iron permease, coded by
Hsero_2720, were also detected. By using a proteomic approach focused in membrane
proteins, we identified the specific receptor for iron-serobactin internalization SbtR
and two non-characterized TonB-dependent receptors (coded by genes Hsero_1277
and Hsero_3255). We constructed mutants on some of the identified genes and
characterized them by in vitro growth, biofilm formation, and interaction with rice
plants. Characterization of mutants in gene Hsero_2337 showed that the TonB-
dependent receptor coded by this gene has a regulatory role in the biosynthesis of
serobactins, probably by interacting with the alternative sigma factor PfrI, coded by
gene Hsero_2338. Plant colonization of the mutant strains was not affected, since the
mutant strain normally colonize the root and aerial part of rice plants. These results
suggest that the strategies used by H. seropedicae to acquire iron inside plants are far
more diverse than the ones characterized in this work. In vivo expression studies or
colonization competition experiments between the different mutant strains could help
us in future works to determine the relative importance of the different iron acquisition
systems in the interaction of H. seropedicae with rice plants.
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INTRODUCTION

Bacterial endophytes are classically defined as bacteria isolated
from superficially sterilized plants that colonize the internal
plant tissues without causing visible damage to their hosts
(Reinhold-Hurek and Hurek, 2011; Gaiero et al., 2013). These
groups of strains spend at least part of their life cycle in
the endosphere of the plant (Hardoim et al., 2015) and are
different from the ones that colonize the plant root surface
(Edwards et al., 2015). Bacterial endophytes research is important
because these bacteria contribute to plant health (Berg et al.,
2016; Wemheuer et al., 2017). Many endophytic isolates can
promote the growth and increase the fitness of the host
plants by different mechanisms such as cycling nutrients,
controlling pathogens, protecting against herbivores, reducing
abiotic stresses, producing phytohormones, or by biological
nitrogen fixation (Rosenblueth and Martinez-Romero, 2006;
Ryan et al., 2008; Abdalla and Matasyoh, 2014; Hardoim et al.,
2015).

A common feature present in published endophyte genomes
and metagenomes is the presence of a wide variety of iron
acquisition systems (Sessitsch et al., 2012; Malfanova et al., 2013;
Mitter et al., 2013). Iron is an essential metal that acts as cofactor
of many enzymes and participates in several cellular processes,
such as respiration, photosynthesis, or nitrogen fixation (Sandy
and Butler, 2009; Ilbert and Bonnefoy, 2013; Ahmed and
Holmstrom, 2014). It also has a relevant role for biofilm
formation in different species (Wu and Outten, 2009; Ahmed
and Holmstrom, 2014). Although it is one of the most abundant
elements on the Earth crust, under physiological conditions iron
availability is limited (Cornelis et al., 2011).

The most common strategy used by bacteria to circumvent
this low availability is the production of siderophores (Miethke,
2013). These are low molecular weight chelators with high
affinity for ferric iron that, once in complex with the metal, are
recognized and actively internalized to the cell cytosol by specific
receptors (Andrews et al., 2003; Chu et al., 2010). In the case
of Gram-negative bacteria, specific outer membrane proteins,
known as TonB-dependent receptors, are the ones involved
in iron-siderophore complex internalization to the periplasm
(Ferguson et al., 2007; Krewulak and Vogel, 2011). Some TonB-
dependent receptors contain an extra domain (pfam07660) and
are usually transcribed with an anti-sigma/sigma factor cognate
pair. Besides acting as transporters, these proteins act in genetic
regulation by cell-surface signaling systems and are referred
as TonB-dependent transducers (Koebnik, 2005; Llamas et al.,
2008).

Herbaspirillum seropedicae Z67 (Baldani et al., 1986) is a
Gram-negative diazotrophic endophytic bacterium that belongs
to the β-Proteobacteria subclass and colonizes and survives inside
many important agricultural crops, such as sorghum, wheat,
maize, and rice (Elbeltagy et al., 2001; James et al., 2002).
Like other bacterial endophytes, the genome of H. seropedicae
SmR1, our reference genome strain, shows a high repertoire
of genes putatively involved in iron acquisition systems. This
includes 28 different TonB-dependent receptors, more than 4
inner membrane internalization systems, and only 1 siderophore

biosynthetic cluster, the one responsible for the production and
transport of serobactins, a family of siderophores produced
by H. seropedicae in response to iron starvation (Rosconi
et al., 2013). Our previous results suggested that although
endogenous serobactins confers a competitive advantage on the
plant colonization, H. seropedicae is able to use alternative iron
sources besides serobactins to deal with iron deficiency, because
the serobactin defficient mutant is still able to colonize and
survive inside rice plants (Rosconi et al., 2015).

Since iron uptake systems are important for the endophytic
lifestyle of H. seropedicae as for many bacterial endophytes, the
aim of the present work was to have a more global picture of
iron acquisition systems used by this model endophyte. For this
purpose, we applied RNA-seq, RT-qPCR, proteomics approaches,
and gene reporter constructs to identify genes differentially
expressed under iron-limited conditions. Using these approaches,
we identified genes related to the serobactins mediated iron
uptake system, indicating the accuracy of our strategy, but we
also were able to identify genes encoding several TonB-dependent
receptors and inner membrane proteins hypothetically involved
in iron transport. A triple mutant in the TonB-dependent
receptors identified by mass spectrometry was constructed. Plant
colonization was not altered in this mutant, suggesting that
more transporters, not identified in our in vitro approach, could
be active inside plants. Serobactin production by a mutant
of Hsero_2337, a TonB-dependent receptor, showed that this
protein acts in the transcriptional regulation of the serobactin
biosynthetic genes probably by acting as a TonB-dependent
transducer. The results of this work increased our understanding
of the responses to iron deficiency in H. seropedicae, the only
bacterial endophyte in which these systems have been described.

MATERIALS AND METHODS

Bacterial Strain and Growth Conditions
Wild type, mutant strains and plasmids used in this work are
listed in Supplementary Table S1. H. seropedicae strains were
grown in minimal medium NFbHP-malate (Klassen et al., 1997)
or TY (5 g/l tryptone, 3 g/l yeast extract, 0.05 g/l CaCl2; Beringer,
1974) at 30◦C. Escherichia coli was grown in LB medium (Bertani,
1951) at 37◦C.

Bioassays experiments were carried out as previously
described (Amarelle et al., 2008) in TY medium with 400 µM of
the metal-chelator ethylenediamine-di-o-hydroxyphenylacetic
acid (EDDHA), at 30◦C for 24 h. In each well, 10 µl of a different
iron source were added. The iron sources tested were 37 mM
FeCl3 as positive control, and 0.5 mM ferrichrome, 2 mM ferric
dicitrate, and 300 nM ferric serobactin. Serobactin siderophores
were purified from a culture of H. seropedicae Z67 wild-type
strain as previously described (Rosconi et al., 2013).

Siderophore production was evaluated as the formation of
an orange halo using the chromo azurol sulfonate (CAS) agar
plate method (Schwyn and Neilands, 1987). Briefly, 10 µl of late
exponential phase culture containing 1 × 106 colony forming
units (CFU) were spotted on CAS solid medium and incubated
for 24 or 48 h at 30◦C.
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Total RNA Extractions
Transcriptomic approaches were made in NFbHP-malate
medium. H. seropedicae Z67 primary culture without iron
addition was grown until it reached an optical density (OD)
of 1.5. Then, secondary cultures with different iron availability
conditions were inoculated with it, at an initial OD = 0.5. At
30, 60, 120, and 180 min cell samples of 10 ml were pelleted
and stored at 4◦C in RNAlater R© until RNA extraction. Working
conditions were as follows: (a) 37 µM FeCl3, (b) without iron
added, and (c) 75 µM 2′2-dipyridyl (DP).

RNA extractions were carried on using the Trizol method
(Chomczynski, 1993). In brief, cells were resuspended in lysis
buffer (50 mM Tris–HCl pH 8, 10 mM EDTA pH 8, 0.5% SDS).
After the addition of Trizol reagent and chloroform, samples were
centrifuged, and the aqueous phase was transferred to a new tube.
These fractions were precipitated with isopropanol, incubated
at room temperature, and centrifuged at 13,000 g for 10 min.
RNA pellet was washed with 70% ethanol, dried, resuspended in
nuclease-free water, and stored at −70◦C. RNA extractions were
treated with DNAse I to eliminate any contaminating genomic
DNA. RNA concentration was estimated using a spectrometer
(NanoDrop). The integrity of purified RNA was evaluated by
visualization on an agarose gel and in an Agilent 2100 Bioanalyzer
RNA chip.

RNA-Seq: Sample Preparation and Data
Analysis
RNA-seq was done only with the RNA extractions at 60 min.
For rRNA depletion, we used the MICROB Express KitTM

(Ambion), following manufacturer’s specifications. Starting from
7 µg of RNA of each sample, cDNA libraries were constructed
using ION Total RNA-seq kit v2 for whole transcriptome
libraries (Life Technologies), following manufacturer’s protocols.
Correct size of cDNA libraries was analyzed in an Agilent
2100 Bioanalyzer chip. Sequencing was performed in an ION
Proton semiconductor sequencer (Life Technologies) generating
single-ended 100-basepair reads. Two runs were made with two
biological replicates. The filtered reads, based on quality and
length, were mapped to the reference genome of H. seropedicae
SmR1 (NC_014323.1) using CLC Genomic Workbench 6.5.1.
Expression values were normalized and reported in RPKM (reads
per kilobase per million mapped reads). We considered two
genes as differentially expressed when the absolute value of their
fold-change was 2 or higher. Statistical analysis was performed
using GraphPad Prism version 7.0 days for Mac OS X, GraphPad
Software, La Jolla CA, United States1. We applied a multiple t-test
with false discovery rate (FDR) approach correction (Benjamini,
Krieger and Yekutieli two-stage step-up method) and without
correcting for multiple comparisons (α = 0.005). We didn’t
consider those genes with RPKM = 0 in one of the replicates
and RPKM > 5 in the other replicate. In the case when in one
of the compared conditions the RPKM was 0 in both replicates,
we consider only those genes with a mean RPKM > 10 in
the other condition to be considered as differentially expressed.

1www.graphpad.com

A minimum read coverage of threefold was considered for a gene
to be expressed (number of mapped reads multiplied by read
length and divided by the gene length).

RT-qPCR
cDNA was generated from 2 µg of each purified RNA, from
the three condition extractions at all times (30, 60, 120, and
180 min), using the High Capacity RNA-to-cDNA kitTM (Life
Technologies). By manual search in the genome, we found and
selected three genes thought to be involved in iron uptake
mechanisms. To detect and quantify them, we designed specific
primers using Primer Express 3.0 software (Applied Biosystems),
which are listed on Supplementary Table S2. Primers efficiency
was tested with qPCR using a pool of all cDNA samples as
template in different serial dilutions (1:10, 1:5, and 1:2). 16S
rDNA gene was used as normalization gene. As negative controls
we used RNA samples, not treated with reverse transcriptase
enzyme. Quantitative PCR was performed in StepOnePlusTM

Real-Time PCR System (Applied Biosystems). Amplification
reactions were carried out in a final volume of 5 µl containing
2.5 µl of 2× Power SYBR R© Green PCR Master Mix (Life
Technologies), 1 µM forward primer, and 1 µM reverse primer
for each gene, and 1 µl of cDNA 1:5 dilution. The amplification
protocol consisted on an initial incubation at 95◦C for 10 min,
followed by 40 cycles of 95◦C for 15 s, and 60◦C for 1 min. PCR
runs were analyzed using automatic software settings. We made
relative expression quantification (RQ) of the genes using the
2−11Ct method (Livak and Schmittgen, 2001), with +Fe 30 min
as calibrating condition.

Total Membrane Proteins Extraction,
SDS-PAGE, and Identification by
MALDI-TOF
Proteomic assays were made in NFbHP-malate medium. Primary
culture (5 µl) without iron added and with an OD of
approximately 1 were used to inoculate flasks containing 50-
ml of media supplemented with 37 µM FeCl3 or 50 µM DP.
Secondary cultures were incubated for 12 h until they reached
early stationary phase (OD = 1).

Total membrane protein enriched fractions were obtained by
centrifugation at high acceleration of cellular lysates as previously
described (Rosconi et al., 2015). Aliquots of each sample were run
on a 12% acrylamide SDS-PAGE gel, at 30 mA for approximately
2 h. Bands differentially expressed were cut and identified by
peptide mapping by MALDI-TOF/TOF, using the service of the
UByPA Unit at Institut Pasteur of Montevideo, Uruguay. The
results were analyzed using the Mascot search engine2.

Construction of Plasmid and Mutants
Strains and plasmids used in this study are listed in
Supplementary Table S1, and primers in Supplementary
Table S2. A mutant strain unable to produce FecA protein was
constructed by interrupting the fecA gene with the lacZaacC1
cassette obtained from plasmid pAB2002 (Becker et al., 1995).

2www.matrixscience.com
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First, the fecA gene was amplified by PCR using FecA1 and
FecA2 primers and cloned into the EcoRV site of pBluescript
SK+ R© (pBSK, Stratagene), generating plasmid pBfecA. Then,
pBfecA was digested with EcoRV and then ligated with the
lacZaacC1 cassette, generating the plasmid with the interrupted
gene (pBfecA::lacZaacC1), which then was sub-cloned in the
BglII restriction site of suicide plasmid pWS233 (Selbitschka
et al., 1993) (pWSfecA::lacZaacC1).

In-frame deletion mutation in Hsero_3255 (fiu) and
Hsero_2720 (ftr) genes were constructed by crossover PCR
(Horton et al., 1989), followed by two events of homologous
recombination. Two rounds of amplifications were done with
H. seropedicae genomic DNA using Pfu polymerase (Fermentas).
The first round was done with primer pairs FiuP1-P2 and FiuP3-
P4 for fiu, or FtrP1-P2 and FtrP3-P4 for ftr. The second round of
amplification was performed with P1-P4 pairs, obtaining unique
fragments of c.a. 500 bp flanking region of the fiu or ftr genes
in a single product. These products were cloned in the EcoRV
restriction gen site of the cloning vector pBluescript SK+ R©

(pB1gene). The 1gene region was excised from this construction
by a digestion with EcoRI/XbaI or just EcoRI and the fragment
was sub-cloned in the suicide plasmid pWS233 (pWS1gene).

The entire gene Hsero_2337 (cirA) was amplified using
primers CirA1 and CirA2. PCR product was double digested with
XbaI/XhoI enzymes and cloned in the same sites of pBluescript
SK+ R© (pBcirA). Using this constructed plasmid as template, an
inverted PCR was performed with primers CirA3 and CirA4
using Pfu polymerase (Fermentas). The obtained product was
re-circularized (pB1cirA), digested with PstI, and cloned in the
same site of plasmid pAB2001 (Becker et al., 1995) generating
plasmid pA11cirA. This last construct was digested with BamHI
and cloned in the BglII site of plasmid pWS233 (pWS1cirA).
Complementation plasmid pCcirA was constructed by sub-
cloning a PstI digestion fragment from pBcirA containing the
gene in the same site of plasmid pCPP30 (Huang et al., 1992).

To obtain a Hsero_2339 mutant construct, pfrI gene was
amplified with Pfu polymerase using primers PfrI1 and PfrI2
and cloned in the EcoRV site of pBluescript SK+ R© (pBpfrI).
A lacZaacC1 cassette was obtained after digestion of pAB2001
with SmaI and cloned in an EcoRV site present in the middle
of gene Hsero_2339 (pBpfrI::lacZaacC1). A BamHI-HindIII
fragment from this construct containing the interrupted gene was
cloned in the same site of pAB2002 (pA2pfrI::lacZaacC1), and
finally this plasmid was digested with EcoRI and the fragment
containing the interrupted gene was cloned in the same site
of the pWS233 (pWpfrI::lacZaacC1). Complementation plasmid
pCpfrI was constructed by sub-cloning a HindIII-EcoRI digestion
fragment from pBpfrI containing the gene in the plasmid pCPP30
digested with the same enzymes.

Plasmid p237mbthpr, which contains the promoter region
of gene Hsero_2339 (mbtH) controlling the expression of the
reporter gene cyan fluorescent protein (CFP), was obtained as
follow: intergenic region between pfrI and mbtH was amplified
with Pfu polymerase using primers MbtHpr1 and MbtHpr2 and
cloned in the EcoRV site of pBluescript SK+ R© (pBmbtHpr). This
plasmid was digested with EcoRI-XbaI and cloned in the same
sites of plasmid pSEVA237-C (Martinez-Garcia et al., 2015).

The constructs were introduced in H. seropedicae Z67 strain
by triparental mating as previously described (Rosconi et al.,
2015), using the E. coli TOP10 strain containing the constructed
plasmids and the E. coli TOP10 strain containing a pRK2013 as
helper plasmid (Ditta et al., 1980). Mutants constructed using
pWSgene plasmids were obtained by two events of homologous
recombination, selecting first the simple recombination events
in TY 5 µg/µl nalidixic acid and 5 µg/µl tetracycline and
double recombination events in NFbHP-malate medium with 8%
saccharide (Rosconi et al., 2015). Deletions and insertions were
confirmed by colony PCR, using the correct designed primers
for each gene and in the case of fecA mutant also by Southern
blot analysis of SacI-digested genomic DNA using a biotinylated
probe of wild-type fecA gene (Sambrook et al., 1989).

Double and triple mutants generated in this work were
constructed by successive matings in the appropriate parental
strains with the appropriate plasmids carried in E. coli TOP10
donors and a E. coli TOP10 pRK2013 as a helper strain.

Restriction enzymes were purchased from Promega, and
ligation reactions were performed using T4 ligase (Invitrogen).
Plasmid preparation by alkaline lysis, preparation of competent
cells, and transformation by heat shock were performed by
standard protocols (Sambrook et al., 1989). DNA electrophoresis
was carried out on 0.8% (w/v) agarose gel and visualized
by staining with SYBR Safe R© (Thermo) and exposure to UV
light. DNA purification from agarose gels was made using the
QIAquick Gel Extraction Kit R© (QIAGEN).

Gene Expression Assays
Transcriptional activity of fecA gene was evaluated using
β-galactosidase activity using the lacZ cassette present in Z67-
fecA mutant. Assays were performed essentially as previously
described (Miller, 1972), with few modifications (Rosconi et al.,
2006). Strains were grown in NFbHP-malate medium with (a)
37 µM FeCl3, (b) 50 µM EDDHA, (c) 50 µM EDDHA 0.1 µM
ferric dicitrate, (d) 50 µM EDDHA 1 µM ferric dicitrate, (e)
50 µM EDDHA 10 µM ferric dicitrate, and (f) 50 µM EDDHA
100 µM ferric dicitrate.

Transcriptional activity of pfrI gene was also evaluated using
β-galactosidase activity using the lacZ cassette present in Z67-pfrI
mutant but using a 96-well plate protocol previously described
(Rosconi et al., 2015). Different conditions evaluated were
NFbHP-malate medium with 37 µM FeCl3 or 50 µM DP.

Transcriptional regulation of the Hsero_2339 gene was
determined using the CFP as a reporter gene contained in
plasmid p237mbtHpr. Strains were grown in Cell Star R©, Greiner
Bio One 96 well plates, and incubated at 30◦C in a rotary
shaker until early stationary phase. The plate was loaded in a
Varioskan Flash R© (Thermo), OD was determined by measuring
the absorbance at 620 nm, and CFP concentration was measured
by exciting the plate wells at 435 nm and recording the
emission at 485 nm. Expression arbitrary units were normalized
and presented as fluorescence/OD ratio. Different conditions
evaluated were NFbHP-malate medium with 37 µM FeCl3 or
50 µM DP.

Results are the average of three independent experiments with
at least four replicates in each experiment.
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In Vitro Biofilm Formation
Crystal violet assays were performed as described before (Villegas
et al., 2013). Pre-cultures in TY medium were incubated in
U-bottom Cell Star R© Greiner Bio One 96-well plates at 37◦C
overnight. Second cultures were inoculated in TY medium
with different iron availability conditions, each well grown in
triplicate, in flat-bottom Cell Star R© Greiner Bio One 96-well
plates. The different iron availability conditions were obtained
with the addition of 37 µM FeCl3 or 200 µM DP. Plates were
incubated at 37◦C for 48 h. After crystal violet stain, wash,
and solubilization of CV with 95% ethanol, the absorbance
was measured in a spectrophotometer VarioskanTM Flash
Multimode Reader (Thermo Scientific). Results are expressed as
the average of three independent experiments, each with three
wells per condition tested. Statistical differences were evaluated
by Duncan’s test with a p-value of 0.05. The classification of the
strains was done considering the scale based on Villegas et al.
(2013) for this OD 590 nm: less than 0.21 is not considered a
biofilm producer; from 0.21 to 0.42 weak producers; from 0.42
to 0.84 moderate biofilm producers; and more than 0.84 strong
producers.

Plant Colonization Assays
Colonization assays of rice plants grown in gnotobiotic
conditions and bacterial recovery from plant-aerial parts were
essentially as describe before (Alberton et al., 2013). Seeds from
Oryza sativa cv. Tacuarí (generously provided by Sebastián
Martínez, from INIA, Treinta y Tres, Uruguay) were used. For
plant inoculation, axenic seedlings were incubated for 30 min
with a bacterial suspension containing 1 × 106 CFU/ml of
H. seropedicae Z67 wild type strain or the derived mutant strains.
Inoculated seedlings were transferred to 25 ml of carbon-free
Hoagland nutrient solution (Hoagland and Arnon, 1950) pH
6.5-7.0, and incubated for 8 days at 26◦C and a 16-h light
photoperiod. After that, plant-aerial parts were superficially
sterilized as explained by Alberton et al. (2013), macerated in
1 ml of saline solution, and serial dilutions were plated onto
solid NFbHP-malate for CFU counts. Results are expressed as the
average of three independent experiments, each with five tubes
per condition tested. Statistical differences were evaluated with a
p-value of 0.05.

Confocal Microscopy Observations
Sterilized rice seedlings inoculated with wild-type or Z67-
sbtI/sbtR mutant strains were grown as described above. At
eight days post-inoculation (PI), plants were harvested and
cuts performed both on roots and aerial parts using scalpel
(thick cuts) or cryostat (Leica CM1800) (thin cuts). Cuts were
stained by incubating them for 15 min in a wet chamber
in the presence of 12 µM Syto9 Stain (Life Technologies), a
DNA intercalating agent. Cuts were mounted in slides and
acquisition of 3D images was performed by a confocal laser
scanning microscopy (CLSM) Olympus BX-61 direct FV300,
100× immersion objective, N.A. 1.35 and 488 nm/520 nm
excitation/emission wavelength. Images obtained in xy-axis of
1024 × 1024 pixels and Z-stacks acquired with a step size of

0.3 µm were reconstructed using Volocity 3D Image Analysis
Software (Perkin Elmer). Experiments were carried out with three
tubes as biological replicates, each containing three plants, and
four cuts per plant were observed.

In Silico Analysis and Visualization Tools
Differentially expressed genes features were obtained at the
Integrated Microbial Genomics platform at http://img.jgi.doe.
gov/ (Markowitz et al., 2010). Figure 1 was created using
Cytoscape 3.6.1 (Shannon et al., 2003).

RESULTS

Iron Deficiency Differentially Expressed
Genes Identified at the RNA Level
As described in many bacteria, the main response to iron
deficiency starts at the transcriptional level by the de-repression
and activation of different genes usually through the action
of different master regulators (O’Brian and Fabiano, 2010).
Through RNAseq, we aimed to obtain a global knowledge of
the genes tendency to be repressed or over-expressed under
iron limiting conditions in H. seropedicae. Using the annotated
H. seropedicae SmR1 as the reference genome, we mapped the
reads, assembled the transcripts, and analyzed the expression
differences (Supplementary Table S3). Figure 1 depicts the results
obtained in the RNAseq where we consider as differentially
expressed those genes with an absolute fold change higher
than 2 and an uncorrected p-value lower than 0.005. When
comparing expression of genes between NFbHP-malate with
or without iron added only eight genes matched our criteria
(five down and three up-regulated in the condition without
iron). These few observed differences suggest that iron traces
in the growth medium may be sufficient for H. seropedicae
to keep high affinity iron-uptake systems off. But, when we
compared these two conditions with the one with the chelating
agent DP (Figure 1 and Supplementary Table S3), we found
several genes with an expression fold-change higher than 2.
When comparing the condition against the media without added
iron, the number of differentially expressed genes is 17 (10
down and 7 up-regulated in the condition with DP). In the
case of the medium with DP against medium with added
iron, the number of differentially expressed genes increases
to 45 (38 down and 7 up-regulated). Six genes showed to
be up-regulated when comparing the DP containing medium
against the other two. These genes included two coding
for outer membrane TonB-dependent receptors: Hsero_1277
(fecA), homolog to ferric dicitrate transporters and Hsero_2337
(cirA), which codes for a putative TonB-dependent receptor
encoded in the serobactin biosynthetic cassette with unknown
function in the iron-serobactin acquisition system (Rosconi
et al., 2015). The other three of these six genes are probably
inner membrane proteins: Hsero_2720, a gene encoding a
putative Fe2+/Pb2+ high affinity permease homolog to Ftr;
Hsero_3248, described as a gene coding for an iron-regulated
membrane protein; and gene Hsero_0084 which codes an anti-
sigma protein annotated as FecR. Finally, Hsero_1987 (epsL),
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FIGURE 1 | RNA-seq results summary. In this network, rectangular nodes correspond to the experimental conditions compared, circular nodes correspond to genes
(named by gene symbol or by the # in the Hsero_# locus tag) differentially expressed according to our criteria. Red edges connect a conditions comparison with the
up-regulated genes, while green edges connect the down-regulated ones. Nodes colors represent putative protein cellular localization: red outer membrane, orange
inner membrane, light violet cytoplasmic, blank not enough information. Nodes diameter correlate with the absolute fold change from the comparison connected by
an edge. In the case of nodes connected to two comparisons, fold change is the one from the comparison with the higher difference in iron availability between
conditions. Nodes border thickness correspond to the Log2 of the mean RPKM of the condition in the comparisons nodes (rectangles) with the lower iron availability.

the first gene of a cluster involved in EPS biosynthesis was also
over expressed in the presence of DP. This gene contains a
putative beta-barrel porin 2 domain (pfam 10082) and a signal
peptide (Supplementary Table S3), which suggests it is an outer
membrane protein. Considering the serobactins biosynthetic
genomic locus (Hsero_2337 to Hsero_2349), only cirA appeared
as differentially expressed according our criteria. However, we
can’t state that the rest of the genes are not being expressed,
since the RPKMs for all of those genes in the DP medium
are much higher than the RPKMs in the other two conditions
(Supplementary Table S3), but very different between the two
replicates.

To confirm RNAseq results, RT-qPCR genes expression
analyzes were performed for Hsero_2720 coding a high affinity
Fe2+/Pb2+permease (ftr) and Hsero_1277 coding for the ferric
dicitrate transporter (fecA). Hsero_0051 (feoB), coding for a
putative ferrous iron transport transmembrane protein was
included in this analysis, because it was identified by in silico
search in the reference genome of H. seropedicae SmR1. The
relative quantification by RT-PCR of gene expression under
different iron conditions and at different times is summarized in
Figure 2. Results confirmed that fecA and ftr were over-expressed
in iron-limited conditions, but they also showed that feoB gene
was up-regulated (in RNAseq studies it had a fold-change of 5.87,
but its p-value was of 0.2). There is also a marked peak in the

expression of these three genes at 60 min of incubation, which
decayed at 180 min.

Considering the results obtained in the RNA studies, we chose
genes Hsero_1277 (fecA), Hsero_2337 (cirA), and Hsero_2720
(ftr) to construct mutants and phenotypically characterize them,
as described in following sections.

Iron Deficiency Differentially Expressed
Membrane Proteins
Since most of the identified genes in our transcriptomic approach
are membrane proteins (Figure 1), we performed a proteomic
approach to identify membrane proteins induced under iron
starvation conditions at the initial stationary phase.

Membrane proteins enriched fractions of H. seropedicae Z67
cultures grown with high and low iron availability (37 µM
FeCl3 and 50 µM DP, respectively) were analyzed by SDS-PAGE.
Seven bands with differential expression intensities were selected
for identification by peptide mapping in a MALDI-TOF mass
spectrometer (Figure 3). Three bands that migrate very close
in the low iron availability environment were analyzed as a
single sample in the MALDI-TOF, and are collectively referred
to as band E. As a control we included one band with similar
intensity in both conditions, which was named band A and
was shown to be the product of the gene Hsero_4295, an outer
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FIGURE 2 | Expression levels of three genes probably involved in iron
metabolism measured by RT-PCR. Relative quantification is expressed as
base-10 logarithm (RQlog10) for each gene at each assayed time (30, 60,
120, and 180 min), using the 2-11Ct quantifying method; the 16S rDNA as
the normalization gene and +Fe 30 min as the calibrator condition. Standard
deviation of the three biological replicates is indicated in each bar.

membrane porin identified recently as a candidate essential gene
of H. seropedicae (Rosconi et al., 2016). Band B, highly expressed
in iron sufficient condition, was identified as the product
of Hsero_2973, a homolog of sdhA, encoding the succinate
dehydrogenase flavoprotein subunit that contains a Fe-S cluster
(McNeil et al., 2014). Band C corresponded to another protein
with induced expression under iron sufficient conditions; it
was identified as the one coded by the gene Hsero_0972,
a sugar ABC transporter periplasmic protein. On the other
hand, four proteins were identified as over-expressed in iron
limiting condition: the NRPS SbtI (Hsero_2343) (band D); the

serobactin receptor SbtR (Hsero_2345), a TonB-dependent outer
membrane receptor for iron monomeric catechols annotated
as fiu (Hsero_3255), and the outer membrane ferric dicitrate
transport protein FecA (Hsero_1277) (the latest three genes
in band E). fecA was previously identified as iron regulated
by RNAseq and qRT-PCR. The fact that we identified the
NRPS SbtI as a membrane associated protein, suggests that
biosynthesis of serobactins is membrane located, as occurs
with Pseudomonas aeruginosa siderophores pioverdins and
their described siderosomes (Gasser et al., 2015). Under the
assayed growth conditions, no inner membrane transporters
were identified by this approach suggesting that iron may be
transported to the cytoplasm by non-differentially expressed
systems. In the light of these results we decided to include
mutants of the gene Hsero_3255 (fiu) to the functional studies.

Mutants’ Phenotypic Studies
In order to clarify the importance of the different iron-uptake
systems in the growth behavior of H. seropedicae, the wild type
strain and some selected mutants (Supplementary Table S1)
were characterized phenotypically. Phenotypic analyses included
bioassays and biofilm formation. In the case of fecA mutant,
we exploited the lacZ insertion (fecA::lacZaacC1) to study its
regulation by analyzing β-galactosidase activity (Supplementary
Figure S1). Citrate is a molecule with a moderate affinity for iron
used by some bacteria as an iron source and by vascular plants to
transport iron along the xylem (Braun et al., 2006; Rellan-Alvarez
et al., 2010). As fecA is annotated as a ferric dicitrate transporter,
we tested its expression at different ferric dicitrate concentrations.
We noticed that at low concentration of ferric dicitrate (0.1–
10 µM), fecA had high expression levels, while as we increased the
ferric dicitrate concentrations its expression diminished. On the
other hand, bioassays experiments showed no growth differences
between wild-type strain and fecA or fiu mutants, all showing
growth halos around ferric dicitrate (Supplementary Figure S2).
In these bioassays experiments we also tested ferrichrome and
ferric serobactin as iron nutritional sources. Ferrichrome is an
abundant molecule in soil produced by various fungi (Olofsson
Madelen and Bylund, 2015). All of the mutants grew in the
presence of ferrichrome. As expected, only mutant strains lacking
the sbtR gene, were unable to grow at expenses of serobactins. The
strain that showed the most compromised in vitro growth under
low iron availability liquid medium was the mutant in the three
TonB-dependent receptors fecA/sbtR/fiu; however, this growth
defect was not much lower than the one presented by the mutant
Z67-sbtR (data not shown).

We previously demonstrated that iron acquisition systems
mediated by serobactins in H. seropedicae confer competition
fitness inside rice plants (Rosconi et al., 2015). But these
results also suggested that H. seropedicae is using different iron
uptake mechanisms when passing through an endophytic lifestyle
since the serobactin minus mutant is still able to colonize and
survive inside rice plants. So we tested the ability of different
mutants to effectively colonize rice plants and, by using confocal
microscopy, we looked for bacteria inside the plant. After
8 days of individually inoculation, H. seropedicae wild-type strain
was able to colonize the aerial parts of rice in the order of
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FIGURE 3 | Membrane proteins regulated by iron availability at late
exponential growth phase. SDS-PAGE 12% acrylamide gel of total membrane
protein enriched fractions of bacteria grown in NFbHP-malate media with
different iron conditions: 37 µM FeCl3 (lane 2); 50 µM 2′2-dipyridyl (lane 3).
Molecular weight marker in KDa (lane 1). Letters from (A–E) are bands
differentially expressed, identified by MALDI-TOF as: Hsero_4295 (A);
Hsero_2973, sdhA (B); Hsero_0972 (C); Hsero_2343, sbtI (D); Hsero_3255
(fiu), Hsero_2345 (sbtR) and Hsero_1277 (fecA) (E).

107 CFU/g of fresh weight. At the same time, mutant strains
were recovered in the order of 105–107 CFU/g of fresh weight
from the interior plant, although values were not statistically
different due to variability of assays (Supplementary Figure S3).
Confocal microscopy analyses clearly shown that both wild type
and sbtI/sbtR strains form similar biofilm-like bacterial aggregates
in plant surfaces (Supplementary Figure S4). Iron availability
was reported to differentially affect biofilm formation in different
bacteria (Wu and Outten, 2009). So we aimed to test the ability
of biofilm formation by H. seropedicae Z67 and derived mutants
described in this work. Although the in vitro biofilm formation

assay presented high variation, results showed that H. seropedicae
is a moderate biofilm producer (0.5 a.u., SD = 0.3). However, this
ability is not affected by iron availability nor genetic context.

CirA and PfrI Role in the Production of
Serobactins
Two TonB-dependent receptors for siderophores, coded
by Hsero_2337 and Hsero_2345, appear in the serobactin
biosynthesis genomic cassette. One of them, SbrT (Hsero_2345),
we previously demonstrated that is responsible for serobactin
internalization. The other, CirA (Hsero_2337) was identified in
this work as differentially expressed in the RNAseq experiments.
These ORFs have 63% identity between them. However, CirA has
a STN domain (Pfam 07660), characteristic of TonB-dependent
transducers, which is absent in SbrT. A probable ORF homolog
to the iron starvation extra cytoplasmic sigma factor pvdS (pfrI)
is located downstream the cirA gene. No homologs for a cognate
anti-sigma factor is present in this region. Interestingly, CirA
was not identified in the enriched membrane fractions of our
proteomic approach. In order to shed light on CirA function we
constructed knock out mutants in the cirA and pfrI genes as well
as complementation plasmids (Supplementary Table S1). Then,
we analyzed mutants’ phenotype in CAS medium (Figures 4A,B).
In mutant strain Z67-pfrI serobactin production is completely
abolished, while the mutant Z67-cirA CAS halo is less than
half than the one of the wild type, suggesting that serobactin
production is reduced. Both mutants are complemented in trans
with plasmids containing the respective intact genes, but also,
mutant Z67-cirA is complemented by the plasmid containing
the intact copy of pfrI (pCpfrI). It was previously reported that
mutants in TonB-dependent transducers can be complemented
by increasing the copy numbers of the cognate sigma factor
(Llamas et al., 2008).

Genes Hsero_2339 to Hsero_2343 code for serobactins
biosynthetic genes. In the upstream region of gene Hsero_2339
(mbtH), we found a canonical IS box (TAAAT-N16-CGT), the
recognition sequence for the extracytoplasmic sigma factors PvdS
of Pseudomonas aeruginosa (Tiburzi et al., 2008). We cloned
the promoter region of mbtH containing the IS sequence in
front of a promoter-less CFP. We introduced this construct
(pSEVAmbtHpr) in Z67 wild type and in the Z67-pfrI and
cirA mutant strains (Figure 4C). In the wild type context,
CFP expression is only activated under low iron conditions, in
mutant Z67-pfrI context the fluorescent protein is not expressed
at all, and in the mutant Z67-cirA context expression in low
iron conditions is reduced by more than half of the wild type
one. These results show that serobactin production is totally
dependent on PfrI and that it needs CirA to reach a maximum
expression. As expected, pfrI is also expressed under low iron
conditions (Figure 4C).

DISCUSSION

The high number of iron acquisition systems found in
endophytes genomes including H. seropedicae, plus the results
we published before on this bacterium led us to investigate in
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FIGURE 4 | Phenotypic characterization of mutant strains Z67-pfrI and Z67-cirA. Serobactins production/internalization of H. seropedicae Z67 wild-type strain,
Z67-pfrI (A) and Z67-cirA (B) mutant strains on solid CAS medium with or without complementing plasmids as indicated. Ten microliters of a late exponential phase
culture containing 1 × 106 CFU were spotted onto the CAS solid medium and incubated for 24 h (A) or 48 h (B) at 30◦C. (C) Left: β-galactosidase activity of the
Z67-pfrI mutant strain growing in NfbHP-malate with 37 µM FeCl3 (red bar) or with 50 µM DP (blue bar). Right: CFP expression of different strains containing the
plasmid p237mbtHpr or the empty vector pSEVA237-C. The expression of all strains in NfbHP-malate with 37 µM FeCl3 presented similar values close to 1 and
similar to the wild type strain with the empty vector in the same condition. Only the wild type is represented (Z67 p237mbtHpr, third bar). Z67 pSEVA237-C bar
correspond to the expression of this strain in NfbHP-malate with 50 µM DP. The remaining three bars correspond to the expression of CFP in the indicated strain in
NfbHP-malate with 50 µM DP. Results are the average of at least three independent experiments with four or more technical replicates each. Bars represent the
95% CI of the mean. Statistical analysis was performed using ordinary One-way ANOVA without correction for multiple comparisons. ∗∗∗∗p < 0.0001.

more depth the iron acquisition strategies of this endophyte. This
work used various approaches to indentify several genes activated
by H. seropedicae in response to iron limitation. Our results
from RNA differential expression experiments showed us that
most of the genes over-expressed in low iron conditions encodes
for membrane-associated proteins (Figure 1 and Supplementary
Table S3). Hence, we proceeded to perform a proteomic approach
where we identified membrane proteins regulated by iron
availability. Differential expression of some of the genes identified
by RNA-seq and some non-identified genes were validated and
confirmed to be iron-regulated by RT-PCR or by using reporter
genes. As expected, in our in vitro assays in which H. seropedicae

grows isolated, serobactin-mediated acquisition systems appear
to be the most successful strategy to overcome iron limitation. In
our RT-PCR experiments (Figure 2), we showed that the initial
response changed after 180 min. This could be due to the fact that
iron is successfully taken by serobactins and the iron starvation
inside cells becomes less stringent.

However, other two TonB-dependent receptors (FecA and
Fiu) not related to iron-serobactin acquisition (Supplementary
Figure S1) are also up-regulated in low iron conditions, and their
expression is maintained even in early stationary phase, when
serobactin acquisition systems are fully established. Usually,
TonB-dependent receptors have two levels of regulation: first a
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master regulator, like Fur, Irr, RirA, de-represses certain signal
transduction systems or transcriptional regulators that sense the
presence of specific iron nutritional sources in the environment
(O’Brian and Fabiano, 2010). If one of these specific sources is
present, the signal transduction systems or the transcriptional
regulator activate the expression of transport genes as TonB-
dependent receptors. If this were the case for FecA and Fiu,
the expression of some molecules present on the Nfb-malate
medium or produced by H. seropedicae would be induced.
But, it could be possible that both FecA and Fiu have only
one level of regulation: de-repression when available iron is
low. If this were the case, one plausible hypothesis would be
that iron complexes transported by both proteins are readily
available in the natural environment of H. seropedicae. Ferric
citrate complexes are abundant in plant xylem and other plant
tissues, and ferrichrome is abundant in soil. Although we showed
that H. seropedicae can use both molecules as iron nutritional
sources, FecA and Fiu are not involved or are not the only
proteins involved in ferric citrate or ferrichrome transport. In
Mycobacterium smegmatis for instance, ferric citrate is acquired
through porins by diffusion (Jones and Niederweis, 2010),
so maybe the same passive mechanisms can be acting on
H. seropedicae. In the case of ferrichrome, many other TonB-
receptor homologs to ferrichrome transporters are present in the
H. seropedicae genome, and most of them are genetically linked
to signal transduction systems or transcriptional regulators.

Results obtained from plant assays showed that the mutants
we tested in this work successfully colonize the host plant. It
is well known that flooded rice plants can form iron crusts on
its roots (Huang et al., 2015). So, when growing at the root
surface, H. seropedicae could be taking and storing iron and
can be using this stored iron during its endophytic stage. This
could explain why we couldn’t see phenotypes for the mutants in
our experiments. However, we cannot rule out that iron uptake
mechanisms mediated by Fiu and FecA may confer a competitive
advantage for colonization of the plant niche, as occurs for the
ones mediated by serobactins.

RNAseq experiments results showed that the TonB-dependent
receptor CirA, coded by Hsero_2337, is expressed under low
iron availability. However, in a previous work and in this
one, this protein was not identified in fractions enriched in
membrane proteins. We can hypothesize that CirA is not
expressed at the early stationary phase when we isolated the
membrane proteins, or CirA is expressed at a very low level, not
detectable by silver staining on a SDS-PAGE gel. In any case,
RNAseq results led us to investigate the role of CirA in iron-
serobactin acquisition systems. From the results obtained by the
phenotypic characterization of mutant strains Z67-cirA and Z67-
pfrI phenotypic characterization (Figure 4), we propose a model
where CirA acts as a TonB-dependent transducer that senses
the feasibility of using iron-serobactins as nutritional sources. In
a positive scenario, CirA inactivates a not identified anti-sigma
factor that releases PfrI, which then activates at its maximum the
production of serobactins. In all other bacterial species described,
the TonB-dependent transducer also acts as a transporter, but in
H. seropedicae these two functions are performed by two different
proteins: CirA and SbtR.

CONCLUSION

The future outcomes arising from this work could be focused
in two directions: first, to identify and describe in detail
the strategies used by H. seropedicae to acquire iron in the
different stages of its host plant colonization. Competition
assays between multiple mutants or in vivo gene expression
analysis can shed light to achieve this goal. Second, it could
be interesting to complete the description of the mechanisms
of iron acquisition mediated by serobactins. As an example,
we don’t know how iron is internalized to the cytoplasm after
entering to the periplasm through SbtR. One plausible hypothesis
would be that this role is fulfill by the concerted action of a
ferric iron reductase (Hsero_2348) present in the serobactin
biosynthetic genomic locus, in interaction with the ferrous
iron permeases Ftr (Hsero_2720) and FeoB (Hsero_0051), both
identified in this work as differentially expressed under low iron
conditions.

AUTHOR CONTRIBUTIONS

MT contributed to the RNAseq, RT-qPCR, proteomics,
mutagenesis, biofilm assays, plant assays, microscopic
assays, experimental design, results analysis, and manuscript
writing. PS contributed to the biofilm assays, microscopic
assays, and manuscript correction. RP contributed to the
mutagenesis, experimental design, and manuscript correction.
EdS contributed to the experimental design, results analysis,
and manuscript correction. EF contributed to the experimental
design, results analysis, and manuscript correction. FR was
the principal investigator and idea generator, and contributed
to the experimental design, mutagenesis, results analysis, and
manuscript writing.

FUNDING

This work was partially supported by ANII and PEDECIBA
(Uruguay) and PROSUL-CNPq (Brazil).

ACKNOWLEDGMENTS

The authors thank Dr. Sebastián Martínez from INIA Treinta
y Tres (Uruguay) for kindly provided the rice seeds. They also
thank Dr. José Sotelo-Silveira and Guillermo Eastman for their
help with bioinformatic analysis, and Michelle Zibetti Tadra for
her enormous technical contribution to the work. Authors wish
to thank Stephen James Wood for English correction of the
manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2018.
01430/full#supplementary-material

Frontiers in Microbiology | www.frontiersin.org 10 July 2018 | Volume 9 | Article 1430

https://www.frontiersin.org/articles/10.3389/fmicb.2018.01430/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2018.01430/full#supplementary-material
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01430 June 30, 2018 Time: 16:13 # 11

Trovero et al. Herbaspirillum seropedicae Iron Limitation Response

REFERENCES
Abdalla, M. A., and Matasyoh, J. C. (2014). Endophytes as producers of peptides:

an overview about the recently discovered peptides from endophytic microbes.
Nat. Prod. Bioprospect. 4, 257–270. doi: 10.1007/s13659-014-0038-y

Ahmed, E., and Holmstrom, S. J. (2014). Siderophores in environmental research:
roles and applications. Microbial. Biotechnol. 7, 196–208. doi: 10.1111/1751-
7915.12117

Alberton, D., Muller-Santos, M., Brusamarello-Santos, L. C., Valdameri, G.,
Cordeiro, F. A., Yates, M. G., et al. (2013). Comparative proteomics analysis
of the rice roots colonized by Herbaspirillum seropedicae strain SmR1 reveals
induction of the methionine recycling in the plant host. J. Proteome Res. 12,
4757–4768. doi: 10.1021/pr400425f

Amarelle, V., O’Brian, M. R., and Fabiano, E. (2008). ShmR is essential for
utilization of heme as a nutritional iron source in Sinorhizobium meliloti. Appl.
Environ. Microbiol. 74, 6473–6475. doi: 10.1128/AEM.01590-08

Andrews, S. C., Robinson, A. K., and Rodriguez-Quinones, F. (2003). Bacterial iron
homeostasis. FEMS Microbiol. Rev. 27, 215–237. doi: 10.1016/S0168-6445(03)
00055-X

Baldani, J. I., Baldani, B. V., Seldin, L., and Döbereiner, J. (1986). Characterization
of Herbaspirillum seropedicae gen. Nov., a root-associated nitrogen-fixing
bacterium. Int. J. Syst. Bacteriol. 36, 86–93. doi: 10.1099/00207713-36-1-86

Becker, A., Schmidt, M., Jager, W., and Puhler, A. (1995). New gentamicin-
resistance and lacZ promoter-probe cassettes suitable for insertion mutagenesis
and generation of transcriptional fusions. Gene 162, 37–39. doi: 10.1016/0378-
1119(95)00313-U

Berg, G., Rybakova, D., Grube, M., and Koberl, M. (2016). The plant microbiome
explored: implications for experimental botany. J. Exp. Bot. 67, 995–1002.
doi: 10.1093/jxb/erv466

Beringer, J. E. (1974). R factor transfer in Rhizobium leguminosarum. J. Gen.
Microbiol. 84, 188–198. doi: 10.1099/00221287-84-1-188

Bertani, G. (1951). Studies on lysogenesis. I. The mode of phage liberation by
lysogenic Escherichia coli. J. Bacteriol. 62, 293–300.

Braun, V., Mahren, S., and Sauter, A. (2006). Gene regulation by transmembrane
signaling. Biometals 19, 103–113. doi: 10.1007/s10534-005-8253-y

Chomczynski, P. (1993). A reagent for the single-step simultaneous isolation
of RNA, DNA and proteins from cell and tissue samples. Biotechniques 15,
532–534, 536–537.

Chu, B. C., Garcia-Herrero, A., Johanson, T. H., Krewulak, K. D., Lau, C. K.,
Peacock, R. S., et al. (2010). Siderophore uptake in bacteria and the battle for
iron with the host; a bird’s eye view. Biometals 23, 601–611. doi: 10.1007/s10534-
010-9361-x

Cornelis, P., Wei, Q., Andrews, S. C., and Vinckx, T. (2011). Iron homeostasis and
management of oxidative stress response in bacteria. Metallomics 3, 540–549.
doi: 10.1039/c1mt00022e

Ditta, G., Stanfield, S., Corbin, D., and Helinski, D. R. (1980). Broad host range
DNA cloning system for gram-negative bacteria: construction of a gene bank
of Rhizobium meliloti. Proc. Natl. Acad. Sci. U.S.A. 77, 7347–7351. doi: 10.1073/
pnas.77.12.7347

Edwards, J., Johnson, C., Santos-Medellin, C., Lurie, E., Podishetty, N. K.,
Bhatnagar, S., et al. (2015). Structure, variation, and assembly of the root-
associated microbiomes of rice. Proc. Natl. Acad. Sci. U.S.A. 112, E911–E920.
doi: 10.1073/pnas.1414592112

Elbeltagy, A., Nishioka, K., Sato, T., Suzuki, H., Ye, B., Hamada, T., et al. (2001).
Endophytic colonization and in planta nitrogen fixation by a Herbaspirillum
sp. isolated from wild rice species. Appl. Environ. Microbiol. 67, 5285–5293.
doi: 10.1128/AEM.67.11.5285-5293.2001

Ferguson, A. D., Amezcua, C. A., Halabi, N. M., Chelliah, Y., Rosen, M. K.,
Ranganathan, R., et al. (2007). Signal transduction pathway of TonB-dependent
transporters. Proc. Natl. Acad. Sci. U.S.A. 104, 513–518. doi: 10.1073/pnas.
0609887104

Gaiero, J. R., McCall, C. A., Thompson, K. A., Day, N. J., Best, A. S., and
Dunfield, K. E. (2013). Inside the root microbiome: bacterial root endophytes
and plant growth promotion. Am. J. Bot. 100, 1738–1750. doi: 10.3732/ajb.12
00572

Gasser, V., Guillon, L., Cunrath, O., and Schalk, I. J. (2015). Cellular organization of
siderophore biosynthesis in Pseudomonas aeruginosa: evidence for siderosomes.
J. Inorg. Biochem. 148, 27–34. doi: 10.1016/j.jinorgbio.2015.01.017

Hardoim, P. R., van Overbeek, L. S., Berg, G., Pirttila, A. M., Compant, S.,
Campisano, A., et al. (2015). The hidden world within plants: ecological and
evolutionary considerations for defining functioning of microbial endophytes.
Microbiol. Mol. Biol. Rev. 79, 293–320. doi: 10.1128/MMBR.00050-14

Hoagland, D. R., and Arnon, D. I. (1950). The water-culture method for growing
plants without soil. Circ. Calif. Agric. Exp. Station 347.

Horton, R. M., Hunt, H. D., Ho, S. N., Pullen, J. K., and Pease, L. R. (1989).
Engineering hybrid genes without the use of restriction enzymes: gene splicing
by overlap extension. Gene 77, 61–68. doi: 10.1016/0378-1119(89)90359-4

Huang, H. C., He, S. Y., Bauer, D. W., and Collmer, A. (1992). The Pseudomonas
syringae pv. syringae 61 hrpH product, an envelope protein required for
elicitation of the hypersensitive response in plants. J. Bacteriol. 174, 6878–6885.
doi: 10.1128/jb.174.21.6878-6885.1992

Huang, Q., Yu, Y., Wang, Q., Luo, Z., Jiang, R., and Li, H. (2015). Uptake
kinetics and translocation of selenite and selenate as affected by iron plaque on
root surfaces of rice seedlings. Planta 241, 907–916. doi: 10.1007/s00425-014-
2227-7

Ilbert, M., and Bonnefoy, V. (2013). Insight into the evolution of the iron oxidation
pathways. Biochim. Biophys. Acta 1827, 161–175. doi: 10.1016/j.bbabio.2012.
10.001

James, E. K., Gyaneshwar, P., Mathan, N., Barraquio, W. L., Reddy, P. M.,
Iannetta, P. P., et al. (2002). Infection and colonization of rice seedlings by the
plant growth-promoting bacterium Herbaspirillum seropedicae Z67. Mol. Plant
Microbe Interact. 15, 894–906. doi: 10.1094/MPMI.2002.15.9.894

Jones, C. M., and Niederweis, M. (2010). Role of porins in iron uptake by
Mycobacterium smegmatis. J. Bacteriol. 192, 6411–6417. doi: 10.1128/JB.
00986-10

Klassen, G., Pedrosa, F. O., Souza, E. M., Funayama, S., and Rigo, L. U.
(1997). Effect of nitrogen compounds on nitrogenase activity in Herbaspirillum
seropedicae SMRl. Can. J. Microbiol. 43, 887–891. doi: 10.1139/m97-129

Koebnik, R. (2005). TonB-dependent trans-envelope signalling: the exception or
the rule? Trends Microbiol. 13, 343–347. doi: 10.1016/j.tim.2005.06.005

Krewulak, K. D., and Vogel, H. J. (2011). TonB or not TonB: is that the question?
Biochem. Cell Biol. 89, 87–97. doi: 10.1139/o10-141

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2−11CT method. Methods 25,
402–408. doi: 10.1006/meth.2001.1262

Llamas, M. A., Mooij, M. J., Sparrius, M., Vandenbroucke-Grauls, C. M.,
Ratledge, C., and Bitter, W. (2008). Characterization of five novel Pseudomonas
aeruginosa cell-surface signalling systems. Mol. Microbiol. 67, 458–472.
doi: 10.1111/j.1365-2958.2007.06061.x

Malfanova, N., Lugtenberg, B. J. J., and Berg, G. (2013). “Bacterial endophytes: who
and where, and What are they doing there?,” in Molecular Microbial Ecology of
the Rhizosphere, ed. F. J. D. Bruijn (Hoboken, NJ: John Wiley & Sons, Inc).

Markowitz, V. M., Chen, I. M., Palaniappan, K., Chu, K., Szeto, E., Grechkin, Y.,
et al. (2010). The integrated microbial genomes system: an expanding
comparative analysis resource. Nucleic Acids Res. 38, D382–D390. doi: 10.1093/
nar/gkp887

Martinez-Garcia, E., Aparicio, T., Goni-Moreno, A., Fraile, S., and de Lorenzo, V.
(2015). SEVA 2.0: an update of the Standard European Vector Architecture for
de-/re-construction of bacterial functionalities. Nucleic Acids Res. 43, D1183–
D1189. doi: 10.1093/nar/gku1114

McNeil, M. B., Hampton, H. G., Hards, K. J., Watson, B. N., Cook, G. M., and
Fineran, P. C. (2014). The succinate dehydrogenase assembly factor, SdhE, is
required for the flavinylation and activation of fumarate reductase in bacteria.
FEBS Lett. 588, 414–421. doi: 10.1016/j.febslet.2013.12.019

Miethke, M. (2013). Molecular strategies of microbial iron assimilation: from
high-affinity complexes to cofactor assembly systems. Metallomics 5, 15–28.
doi: 10.1039/c2mt20193c

Miller, J. (1972). Experiments in Molecular Genetics. Cold Spring Harbor, NY: Cold
Spring Harbor Laboratory.

Mitter, B., Petric, A., Shin, M. W., Chain, P. S., Hauberg-Lotte, L., Reinhold-
Hurek, B., et al. (2013). Comparative genome analysis of Burkholderia
phytofirmans PsJN reveals a wide spectrum of endophytic lifestyles based on
interaction strategies with host plants. Front. Plant Sci. 4:120. doi: 10.3389/fpls.
2013.00120

O’Brian, M., and Fabiano, E. (2010). “Mechanisms and regulation of
iron homeostasis in the rhizobia,” in Iron Uptake and Homeostasis in

Frontiers in Microbiology | www.frontiersin.org 11 July 2018 | Volume 9 | Article 1430

https://doi.org/10.1007/s13659-014-0038-y
https://doi.org/10.1111/1751-7915.12117
https://doi.org/10.1111/1751-7915.12117
https://doi.org/10.1021/pr400425f
https://doi.org/10.1128/AEM.01590-08
https://doi.org/10.1016/S0168-6445(03)00055-X
https://doi.org/10.1016/S0168-6445(03)00055-X
https://doi.org/10.1099/00207713-36-1-86
https://doi.org/10.1016/0378-1119(95)00313-U
https://doi.org/10.1016/0378-1119(95)00313-U
https://doi.org/10.1093/jxb/erv466
https://doi.org/10.1099/00221287-84-1-188
https://doi.org/10.1007/s10534-005-8253-y
https://doi.org/10.1007/s10534-010-9361-x
https://doi.org/10.1007/s10534-010-9361-x
https://doi.org/10.1039/c1mt00022e
https://doi.org/10.1073/pnas.77.12.7347
https://doi.org/10.1073/pnas.77.12.7347
https://doi.org/10.1073/pnas.1414592112
https://doi.org/10.1128/AEM.67.11.5285-5293.2001
https://doi.org/10.1073/pnas.0609887104
https://doi.org/10.1073/pnas.0609887104
https://doi.org/10.3732/ajb.1200572
https://doi.org/10.3732/ajb.1200572
https://doi.org/10.1016/j.jinorgbio.2015.01.017
https://doi.org/10.1128/MMBR.00050-14
https://doi.org/10.1016/0378-1119(89)90359-4
https://doi.org/10.1128/jb.174.21.6878-6885.1992
https://doi.org/10.1007/s00425-014-2227-7
https://doi.org/10.1007/s00425-014-2227-7
https://doi.org/10.1016/j.bbabio.2012.10.001
https://doi.org/10.1016/j.bbabio.2012.10.001
https://doi.org/10.1094/MPMI.2002.15.9.894
https://doi.org/10.1128/JB.00986-10
https://doi.org/10.1128/JB.00986-10
https://doi.org/10.1139/m97-129
https://doi.org/10.1016/j.tim.2005.06.005
https://doi.org/10.1139/o10-141
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1111/j.1365-2958.2007.06061.x
https://doi.org/10.1093/nar/gkp887
https://doi.org/10.1093/nar/gkp887
https://doi.org/10.1093/nar/gku1114
https://doi.org/10.1016/j.febslet.2013.12.019
https://doi.org/10.1039/c2mt20193c
https://doi.org/10.3389/fpls.2013.00120
https://doi.org/10.3389/fpls.2013.00120
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01430 June 30, 2018 Time: 16:13 # 12

Trovero et al. Herbaspirillum seropedicae Iron Limitation Response

Microorganisms, eds P. Cornelis and S. C. Andrews (Norflok, VA: Caister
Academic Press), 37–63.

Olofsson Madelen, A., and Bylund, D. (2015). Analysis of hydroxamate
siderophores in soil solution using liquid chromatography with mass
spectrometry and tandem mass spectrometry with on-line sample precon-
centration. J. Sep. Sci. 38, 3305–3312. doi: 10.1002/jssc.201500509

Reinhold-Hurek, B., and Hurek, T. (2011). Living inside plants: bacterial
endophytes. Curr. Opin. Plant Biol. 14, 435–443. doi: 10.1016/j.pbi.2011.
04.004

Rellan-Alvarez, R., Giner-Martinez-Sierra, J., Orduna, J., Orera, I., Rodriguez-
Castrillon, J. A., Garcia-Alonso, J. I., et al. (2010). Identification of a tri-iron(III),
tri-citrate complex in the xylem sap of iron-deficient tomato resupplied with
iron: new insights into plant iron long-distance transport. Plant Cell Physiol.
51, 91–102. doi: 10.1093/pcp/pcp170

Rosconi, F., Davyt, D., Martinez, V., Martinez, M., Abin-Carriquiry, J. A., Zane, H.,
et al. (2013). Identification and structural characterization of serobactins, a suite
of lipopeptide siderophores produced by the grass endophyte Herbaspirillum
seropedicae. Environ. Microbiol. 15, 916–927. doi: 10.1111/1462-2920.12075

Rosconi, F., de Vries, S. P., Baig, A., Fabiano, E., and Grant, A. J. (2016). Essential
genes for in vitro growth of the endophyte Herbaspirillum seropedicae SmR1 as
revealed by transposon insertion site sequencing. Appl. Environ. Microbiol. 82,
6664–6671. doi: 10.1128/AEM.02281-16

Rosconi, F., Souza, E. M., Pedrosa, F. O., Platero, R. A., Gonzalez, C., Gonzalez, M.,
et al. (2006). Iron depletion affects nitrogenase activity and expression of
nifH and nifA genes in Herbaspirillum seropedicae. FEMS Microbiol. Lett. 258,
214–219. doi: 10.1111/j.1574-6968.2006.00218.x

Rosconi, F., Trovero, M. F., de Souza, E. M., and Fabiano, E. (2015).
Serobactins mediated iron acquisition systems optimize competitive fitness of
Herbaspirillum seropedicae inside rice plants. Environ. Microbiol. 18, 2523–
2533. doi: 10.1111/1462-2920.13202

Rosenblueth, M., and Martinez-Romero, E. (2006). Bacterial endophytes and their
interactions with hosts. Mol. Plant Microbe Interact. 19, 827–837. doi: 10.1094/
MPMI-19-0827

Ryan, R. P., Germaine, K., Franks, A., Ryan, D. J., and Dowling, D. N. (2008).
Bacterial endophytes: recent developments and applications. FEMS Microbiol.
Lett. 278, 1–9. doi: 10.1111/j.1574-6968.2007.00918.x

Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989). Molecular Cloning.
A Laboratory Manual. New York, NY: Cold Spring Harbor Laboratory Press.

Sandy, M., and Butler, A. (2009). Microbial iron acquisition: marine and terrestrial
siderophores. Chem. Rev. 109, 4580–4595. doi: 10.1021/cr9002787

Schwyn, B., and Neilands, J. B. (1987). Universal chemical assay for the detection
and determination of siderophores. Anal. Biochem. 160, 47–56. doi: 10.1016/
0003-2697(87)90612-9

Selbitschka, W., Nieman, S., and Pühler, A. (1993). Construction of gene
replacement vectors for gram- bacteria using a genetically modified sacRB
gene as a positive selection marker. App. Microbiol. Biotech. 38, 615–618. doi:
10.1007/BF00182799

Sessitsch, A., Hardoim, P., Doring, J., Weilharter, A., Krause, A., Woyke, T., et al.
(2012). Functional characteristics of an endophyte community colonizing rice
roots as revealed by metagenomic analysis. Mol. Plant Microbe Interact. 25,
28–36. doi: 10.1094/MPMI-08-11-0204

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D.,
et al. (2003). Cytoscape: a software environment for integrated models of
biomolecular interaction networks. Genome Res. 13, 2498–2504. doi: 10.1101/
gr.1239303

Tiburzi, F., Imperi, F., and Visca, P. (2008). Intracellular levels and activity of
PvdS, the major iron starvation sigma factor of Pseudomonas aeruginosa. Mol.
Microbiol. 67, 213–227. doi: 10.1111/j.1365-2958.2007.06051.x

Villegas, N. A., Baronetti, J., Albesa, I., Polifroni, R., Parma, A., Etcheverria, A.,
et al. (2013). Relevance of biofilms in the pathogenesis of Shiga-toxin-producing
Escherichia coli infection. Sci. World J. 2013:607258. doi: 10.1155/2013/607258

Wemheuer, F., Kaiser, K., Karlovsky, P., Daniel, R., Vidal, S., and Wemheuer, B.
(2017). Bacterial endophyte communities of three agricultural important grass
species differ in their response towards management regimes. Sci. Rep. 7:40914.
doi: 10.1038/srep40914

Wu, Y., and Outten, F. W. (2009). IscR controls iron-dependent biofilm formation
in Escherichia coli by regulating type I fimbria expression. J. Bacteriol. 191,
1248–1257. doi: 10.1128/JB.01086-08

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Trovero, Scavone, Platero, de Souza, Fabiano and Rosconi. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 12 July 2018 | Volume 9 | Article 1430

https://doi.org/10.1002/jssc.201500509
https://doi.org/10.1016/j.pbi.2011.04.004
https://doi.org/10.1016/j.pbi.2011.04.004
https://doi.org/10.1093/pcp/pcp170
https://doi.org/10.1111/1462-2920.12075
https://doi.org/10.1128/AEM.02281-16
https://doi.org/10.1111/j.1574-6968.2006.00218.x
https://doi.org/10.1111/1462-2920.13202
https://doi.org/10.1094/MPMI-19-0827
https://doi.org/10.1094/MPMI-19-0827
https://doi.org/10.1111/j.1574-6968.2007.00918.x
https://doi.org/10.1021/cr9002787
https://doi.org/10.1016/0003-2697(87)90612-9
https://doi.org/10.1016/0003-2697(87)90612-9
https://doi.org/10.1007/BF00182799
https://doi.org/10.1007/BF00182799
https://doi.org/10.1094/MPMI-08-11-0204
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1111/j.1365-2958.2007.06051.x
https://doi.org/10.1155/2013/607258
https://doi.org/10.1038/srep40914
https://doi.org/10.1128/JB.01086-08
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Herbaspirillum seropedicae Differentially Expressed Genes in Response to Iron Availability
	Introduction
	Materials and Methods
	Bacterial Strain and Growth Conditions
	Total RNA Extractions
	RNA-Seq: Sample Preparation and Data Analysis
	RT-qPCR
	Total Membrane Proteins Extraction, SDS-PAGE, and Identification by MALDI-TOF
	Construction of Plasmid and Mutants
	Gene Expression Assays
	In Vitro Biofilm Formation
	Plant Colonization Assays
	Confocal Microscopy Observations
	In Silico Analysis and Visualization Tools

	Results
	Iron Deficiency Differentially Expressed Genes Identified at the RNA Level
	Iron Deficiency Differentially Expressed Membrane Proteins
	Mutants' Phenotypic Studies
	CirA and PfrI Role in the Production of Serobactins

	Discussion
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


