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The Two-Component Regulators GacS and GacA Positively Regulate a
Nonfluorescent Siderophore through the Gac/Rsm Signaling Cascade
in High-Siderophore-Yielding Pseudomonas sp. Strain HYS
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Siderophores, which are produced to overcome iron deficiency, are believed to be closely related to the adaptability of bacteria.
The high-siderophore-yielding Pseudomonas sp. strain HYS simultaneously secretes the fluorescent siderophore pyoverdine and
another nonfluorescent siderophore that is a major contributor to the high siderophore yield. Transposon mutagenesis revealed
siderophore-related genes, including the two-component regulators GacS/GacA and a special cluster containing four open read-
ing frames (the nfs cluster). Deletion mutations of these genes abolished nonfluorescent-siderophore production, and expression
of the nfs cluster depended on gacA, indicating that gacS-gacA may control the nonfluorescent siderophore through regulation
of the nfs cluster. Furthermore, regulation of the nonfluorescent siderophore by GacS/GacA involved the Gac/Rsm pathway. In
contrast, inactivation of GacS/GacA led to upregulation of the fluorescent pyoverdine. The two siderophores were secreted under
different iron conditions, probably because of differential effects of GacS/GacA. The global GacS/GacA regulatory system may
control iron uptake by modulating siderophore production and may enable bacteria to adapt to changing iron environments.

I ron is crucial for almost all organisms to maintain normal life, as
it functions as a cofactor for many metabolic enzymes mediating
redox reactions and electron transfer (1, 2). However, the iron
available in the environment is insufficient because of its low sol-
ubility under physiological pH and aerobic conditions, which has
led to the development of elaborate high-affinity iron uptake sys-
tems in many organisms (3). However, excess free iron can be
deleterious due to the formation of oxygen radicals (4). Conse-
quently, iron uptake must be tuned carefully to avoid both star-
vation and toxicity (5). Microorganisms can synthesize and se-
crete siderophores to overcome iron deficiency (3, 6, 7).
Siderophores are high-affinity iron chelators that can combine
Fe(III) from the environment and transport it into cells effectively
via membrane-associated transport systems (1, 8). Many bacteria
produce more than one siderophore: one primary high-affinity
siderophore and one or several lower-affinity siderophores. By
employing and regulating these siderophores, bacteria can adjust
to changing iron conditions in the environment and maintain
intracellular iron homeostasis.

Pseudomonads are widely distributed in diverse niches and are
extremely versatile and adaptable. This adaptability is thought to
be associated with their diverse and hierarchical siderophore sys-
tems (9, 10). Among the various siderophores of pseudomonads,
the fluorescent high-affinity peptidic pyoverdines are usually pro-
duced as the primary siderophore and have been studied inten-
sively (10-12). Diverse secondary siderophores, such as pyochelin
(13), pseudomonine (14), quinolobactin (15), and thioquinolo-
bactin (16), are less well understood because their production and
functions are usually masked by pyoverdines. However, these sec-
ondary siderophores could play essential roles in the growth of
pyoverdine-negative mutants under iron-limited conditions and
sometimes could provide additional functions, such as pathoge-
nicity, biocontrol, and transport of other metals (16—18). Because
of these interesting functions and the greater diversity of second-
ary siderophores than of pyoverdines, they may better reflect the
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competition between strains and the fitness of pseudomonads in
diverse environments.

In addition to siderophores, the extreme adaptability of pseu-
domonads is also strongly related to their exquisite regulatory
systems. The intensively investigated GacS/GacA two-component
system is a global signal transduction system that is highly con-
served in Gram-negative bacteria (19). GacS is a sensing trans-
membrane protein that can respond to yet-to-be-identified envi-
ronmental signals and activate the cognate response regulator
GacA through a phosphorelay mechanism (20, 21). GacA in turn
triggers the expression of small regulatory RNA molecules (e.g.,
RsmY/RsmZ), which titrate translational repressors (e.g., RsmA/
RsmE) and relieve the translational inhibition of target mRNAs
(22-24). The GacS/GacA two-component system has been dem-
onstrated to be widely required for the production of many sec-
ondary metabolites, including extracellular enzymes, virulence
factors, and biocontrol factors, which are closely related to adapt-
ability to the environment (19, 24).

Despite the global control of secondary metabolism by GacS/
GacA, the relationship between GacS/GacA and siderophores, ubig-
uitous secondary metabolites, is still unclear. In Pseudomonas fluo-
rescens and Pseudomonas chlororaphis, a defect in gacS-gacA causes
increased production of siderophores, including pyoverdine and
pyochelin (25-28), together with an increase in the expression of
siderophore-related genes, as shown by transcriptome analysis of
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P. fluorescens (28, 29). In contrast, gacA mutants of Pseudomonas
aeruginosa M18 and Pseudomonas marginalis exhibit reduced py-
overdine production (30, 31). Recently, a study showed that the
Gac/Rsm signaling network positively controls pyoverdine and
pyochelin production in P. aeruginosa PAO1 (32). In summary,
previous studies have focused only on the common siderophores
pyoverdine and pyochelin, and the effects are elusive and even
discordant. Further exploration of the correlation between this
global signaling system and more diverse siderophores may better
explain bacterial mechanisms of adaptation to the environment.

In this study, we used the high-siderophore-yielding Pseu-
domonas strain HYS to investigate the correlation between GacS/
GacA and siderophores. We found that this strain can simultane-
ously secrete the fluorescent siderophore pyoverdine and another
nonfluorescent siderophore, and they tend to be produced under
different iron conditions. Furthermore, the two types of sidero-
phores are differentially regulated by the GacS/GacA system:
GacS/GacA positively controls the nonfluorescent siderophore
through the Gac/Rsm signaling pathway and a special nfs (non-
fluorescent siderophore) cluster, but a defect in gacS-gacA results
in increased pyoverdine. The different regulatory effects may al-
low HYS to adjust siderophore production through this two-com-
ponent system to adapt to changing environments.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Table 1 lists the bacterial strains
and plasmids used in this study, and the oligonucleotides used are given in
Table SI in the supplemental material. Escherichia coli strains were rou-
tinely grown in Luria-Bertani (LB) medium at 37°C. Pseudomonas sp.
strain HYS and its derivative strains were grown in iron-poor modified
King’s B (MKB) medium (15 ml/liter glycerol, 2.5 g/liter K,HPO,, pH 7.2,
subsequently supplemented with 5 g/liter Casamino Acids and 2.5 g/liter
MgSO, - 7H,0) and LB medium at 30°C. When required, FeSO, or 8-hy-
droxyquinoline was added at the indicated concentrations to the MKB
medium. Antibiotics, when necessary, were added at the following con-
centrations: for Pseudomonas sp. HYS and its derivative strains, 50 pg/ml
gentamicin, 25 pg/ml chloramphenicol, 50 pg/ml kanamycin, and 50
pg/ml tetracycline; for E. coli, 10 pg/ml gentamicin, 50 pug/ml kanamycin,
10 pg/ml tetracycline, and 100 pg/ml ampicillin.

DNA manipulations and plasmid construction. Standard molecular
methods were used for PCR, agarose gel electrophoresis, restriction en-
zyme digestion, and transformation (33). All of the reaction enzymes were
purchased from Fermentas. Plasmids for laboratory procedures were pu-
rified using a Tianprep Mini Plasmid Kit (Tiangen). DNA fragments were
purified from agarose gels with a gel extraction kit (Omega). Chromo-
somal DNA from Pseudomonas spp. was prepared with a Genomic DNA
Purification Kit (Promega).

The promoterless lacZ reporter vector pBBR5Z was constructed
from the broad-host-range vector pBBRIMCS-5 (34). The plasmid
pBBRIMCS-5 was digested with Sacl and Pvul to remove the T7 pro-
moter. The resulting products were treated with T4 DNA polymerase and
blunt-end ligated to form pBBR5-T7. Then, the 3-kb fragment containing
the lacZ gene was amplified by PCR using the primers lacZ-1 and lacZ-2
and cloned into the Xhol-Apal sites of pPBBR5-T7 to generate pBBR5Z.

Fragments containing the promoters and several amino acids of the
genes studied were amplified and ligated into pBBR5Z, yielding transla-
tional-fusion vectors. Complementation and overexpression plasmids
were constructed by cloning the Shine-Dalgarno (SD) sequences and
open reading frames (ORFs) of target genes into the broad-host-range
vector pPBBRIMCS-2 (34).

Siderophore measurements. The quantities of siderophores were
measured using the following methods. On universal chrome azurol S
(CAS) agar plates (35), the siderophores secreted by the bacteria can che-
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late iron from the medium, resulting in a color shift from blue to orange.
In our study, 10 pl of overnight MKB culture (optical density at 600 nm
[ODg¢y0] = 1.0) was dropped onto a CAS agar plate, and siderophore
production was assessed by the formation of chelated halos after incuba-
tion for 24 h at 30°C. For liquid MKB medium, the appropriate dilution of
the filtered culture supernatant was mixed with an equal volume of CAS
assay solution (35) using double-distilled water (ddH,O) as a reference.
After 1 h of incubation at room temperature, the reference and sample
absorbances at 630 nm were measured. Siderophore units were calculated
using the difference in absorbance between the reference and the sample
according to a previously used equation (36).

The siderophore pyoverdine was detected by its characteristic absorbance
at 405 nm in liquid culture supernatant and was observed under UV light by
the formation of a fluorescent zone around the colony. Pyoverdine produc-
tion in liquid MKB medium was estimated using a fluorescence spectrometer
(emission at 460 nm after excitation at 405 nm) (37) and normalized to the
0Dy, of the bacterial culture. The presence of catechol-type and/or hydrox-
amate-type siderophores in cell-free supernatants of MKB cultures was deter-
mined using the Arnow (38) and modified Cséky (39) colorimetric assays,
respectively. Cell-free culture supernatants of E. coli MG1655 (which pro-
duces enterobactin) and P. aeruginosa PAO1 (which produces pyover-
dine) were used as positive controls in the Arnow and modified Cséky
tests, respectively. To obtain the characteristic peaks of the siderophores,
filtered supernatants of 24-h MKB cultures were normalized to an OD,
of 0.5. Then, the absorption spectra were measured every 0.5 nm using a
UV-2550 spectrophotometer (Shimadzu).

Transposon mutagenesis, screening of siderophore-reduced mu-
tants, and insertion site determination. Bacterial conjugation was per-
formed to introduce the minitransposon vector pBT20 into Pseudomonas
sp. HYS according to the method of Kulasekara et al. (40). Then, the
siderophore-reduced mutants were screened according to the orange ha-
los produced on CAS agar plates. Transposon-flanking sequences of these
mutants were obtained by thermal asymmetric interlaced (TAIL)-PCR
(41), arbitrarily primed PCR (42), and rescue cloning (43) methods.
TAIL-PCR was carried out as described by Liu and Whittier (41) using U1,
U2, and U3 as the specific primers for three sequential PCRs and AD-1,
AD-2, AD-3, and AD-4 as the arbitrary degenerate primers. Arbitrarily
primed PCR was conducted in two amplification steps using a previously
described method (42). The primer pairs Ul plus ARB1 and U2 plus ARB2
were used for the first and second reactions, respectively. For rescue clon-
ing, genomic DNA of the mutant was digested with Sall, ligated into
pUCI1S8, and transformed into E. coli DH5a. To isolate clones harboring
the transposon, transformants were selected on LB agar containing gen-
tamicin. The products obtained using the three methods were all se-
quenced using the transposon-derived primer U3. Each sequence was
aligned to the HYS whole-genome shotgun contigs in the NCBI database
(accession no. NZ_AJJP00000000) (44), and the interrupted genes were
identified. Sequence analysis and homology searches were performed us-
ing the BLAST tools at NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
For protein motif searching, the Conserved Domain Search at NCBI
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and SMART
(http://smart.embl-heidelberg.de/) programs were used.

Construction of in-frame deletion mutants. To construct deletion
plasmids, PCR products containing 500- to 600-bp regions upstream and
downstream of target genes, and several nucleotides of the ORFs, were di-
gested with primer-specific restriction enzymes and ligated into the pEX18T¢c
or pEX18Gm gene replacement vector (45). The correct recombinant plas-
mids were verified by sequencing and introduced into HYS and its derivative
strains via conjugation from E. coli S17-1 (Apir). Single recombinants were
selected based on resistance to two antibiotics. These transformants were
further cultured overnight in 5 ml of liquid LB medium without antibiot-
ics, allowing a second allelic exchange to occur. Appropriately diluted
culture was spread onto LB agar plates supplemented with 5% sucrose and
incubated at 30°C. The correct gene deletion mutants were selected from
these isolates through further verification by PCR and sequencing.
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TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Description® Source or reference
E. coli strains
DH5a N~ $80dlacZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17(ry~ my ) supE44 thi-1 gyrA relAl Laboratory collection
MG1655 F~ N ilvG rfb-50 rph-1; enterobactin siderophore producer Laboratory collection
S17-1 \pir thi pro hsdR recA; chromosomal RP4-2; (Tc:Mu) (Km:Tn7) Tp" Sp” 62
Pseudomonas strains
P. fluorescens CHAQ Wild-type P. fluorescens CHAQ 63
P. fluorescens AB92001 Wild-type P. fluorescens CCTCC AB92001 CCTCC?
P. putida ATCC 12633 Wild-type P. putida ATCC 12633 ATCC
P. aeruginosa PAO1 Wild-type P. aeruginosa ATCC 15692 64
Pseudomonas sp.
HYS Wild type; Cm* Laboratory collection
HYS1 ApvdA This study
HYS2 AgacS This study
HYS3 AgacA This study
HYS4 AgacS ApvdA This study
HYS5 AgacA ApvdA This study
HYS6 AgacS complemented with pBBR2-gacS This study
HYS7 AgacS complemented with pBBRIMCS-2 This study
HYS8 AgacA complemented with pBBR2-gacA This study
HYS9 AgacA complemented with pBBRIMCS-2 This study
HYS18 Aorfl This study
HYS17 Aorf2 This study
HYS16 Aorf3 This study
HYS15 Aorf4 This study
HYS22 ArsmY This study
HYS23 ArsmZ This study
HYS24 ArsmY ArsmZ This study
HYS33 AgacA ArsmA ArsmE This study
HYS39 HYS complemented with pBBRIMCS-2 This study
HYS40 HYS complemented with pBBR2-rsmA This study
HYS41 HYS complemented with pBBR2-rsmE This study
HYS45 HYS containing pBBR5Z-Pnfs This study
HYS46 AgacA containing pBBR5Z-Pnfs This study
Plasmids
pUC18 Cloning and sequencing vector; Ap" Commercially available
pBT20 Mariner transposon mutagenesis vector; Ap” Gm" 40
pEX18Tc Gene replacement vector with MCS from pUC18; Tc" oriT " sacB™* 45
pEX18Gm Gene replacement vector with MCS from pUC18; Gm" oriT" sacB™ 45
pEX18Tc-pvdA Gene replacement vector for pvdA This study
pEX18Tc-gacS Gene replacement vector for gacS This study
pEX18Tc-gacA Gene replacement vector for gacA This study
pEX18Gm-orfl Gene replacement vector for orfl This study
pEX18Gm-orf2 Gene replacement vector for orf2 This study
pEX18Gm-orf3 Gene replacement vector for orf3 This study
pEX18Gm-orf4 Gene replacement vector for orf4 This study
pEX18Gm-rsmY Gene replacement vector for rsmY This study
pEX18Gm-rsmZ Gene replacement vector for rsmZ This study
pEX18Tc-rsmA Gene replacement vector for rsmA This study
pEX18Gm-rsmE Gene replacement vector for rsmE This study
pBBRIMCS-2 Mobilizable broad-host-range cloning vector; Km" 34
pBBR2-gac$ 2,783-bp EcoRI-BamHI fragment containing the gacS gene of HYS cloned into pBBRIMCS-2 This study
pBBR2-gacA 688-bp EcoRI-BamHI fragment containing the gacA gene of HYS cloned into pBBRIMCS-2 This study
pBBR2-rsmA 214-bp Sall-EcoRI fragment containing the rsmA gene of HYS cloned into pBBRIMCS-2 This study
pBBR2-rsmE 223-bp Sall-EcoRI fragment containing the rsmE gene of HYS cloned into pBBRIMCS-2 This study
pBBRIMCS-5 Mobilizable broad-host-range cloning vector; Gm" 34
pBBR5-T7 Sacl-Pvul fragment containing the T7 promoter removed from pBBRIMCS-5 This study
pBBR5Z Promoterless lacZ reporter vector; Gm* This study
pBBR5Z-Pnfs nfs'-'lacZ transcriptional fusion cloned in pBBR5Z; Gm" This study

@ Ap, ampicillin; Gm, gentamicin; Cm, chloramphenicol; Km, kanamycin; Tc, tetracycline; Sp, spectinomycin; Tp, trimethoprim; MCS, multiple-cloning site.
? CCTCC, China Center for Type Culture Collection.
¢ ATCC, American Type Culture Collection.

September 2014 Volume 196 Number 18 jb.asm.org 3261


http://jb.asm.org

Yu et al.

1. HYS; 2. P.f CHAO;
3. CCTCC AB92001;
4. ATCC 12633; 5. P.a PAO1
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FIG 1 Comparison of siderophore production in Pseudomonas sp. HYS and other pseudomonads. (A) Siderophore production in the five strains was detected
on CAS agar plates. (B) Siderophore production in the five strains in liquid MKB medium was determined as siderophore units (percent) by the CAS liquid assay.
(C) Curves of growth and siderophore accumulation of HYS. The error bars indicate standard deviations.

RNA isolation and reverse transcription (RT)-PCR. Total RNA was
extracted from the culture of Pseudomonas sp. HYS grown in MKB at an
ODy,, 0f 0.8 (exponential phase) using TRIzol reagent (Ambion) accord-
ing to the manufacturer’s instructions. Residual DNA was removed, and
the RNA was then reverse transcribed to generate cDNA using a Prime-
Script RT Reagent Kit with gDNA Eraser (TaKaRa). To determine the
transcriptional relationships of the gene cluster, primer pairs connecting
neighboring ORFs were used. As a control, chromosomal DNA and total
RNA with genomic DNA removed were used in the same PCRs.

B-Galactosidase assays. Pseudomonas cells were grown with shaking
in MKB medium or MKB medium supplemented with FeSO, at 30°C.
B-Galactosidase activities were determined by the Miller method (46),
using cells permeabilized with 0.1% sodium dodecyl sulfate and chloro-
form, and normalized to the ODy, of the bacterial culture before assays.

Accession numbers. The GenBank accession numbers for the pro-
teins GacS, GacA, PvdA, RsmA, RsmE, ORF1, ORF2, ORF3, and ORF4
from HYS are WP_010220373, WP_010221877, WP_010222460,
WP_010226667, WP_010223936, WP_010220692, WP_010220691,
WP_010220690, and WP_010220689, respectively. The small RNAs
(sRNAs) rsmY and rsmZ are located in AJJP01000026 (31812 to 31931)
and AJJP01000134 (28554 to 28682), respectively.

RESULTS

Characteristics of siderophores of Pseudomonas sp. strain HYS.
HYS, isolated from the water of East Lake in Wuhan, China, is a
siderophore-producing Pseudomonas strain. As shown in Fig. 1A,
compared with four common Pseudomonas strains, HYS pro-
duced significantly larger chelated halos on CAS agar plates. Con-
sistent with this, the amount of siderophores in the liquid culture
supernatant of HYS was approximately two to three times higher
than in those of other Pseudomonas strains assayed (Fig. 1B). In
conclusion, HYS has a greater ability to secrete siderophores.
From the siderophore secretion curve, we found that siderophores
of HYS accumulate from the early exponential phase and reach a
peak during the late exponential phase (Fig. 1C).

The types of siderophores produced by HYS were further ana-
lyzed. In pseudomonads, the fluorescent pyoverdine is the most
common siderophore. By sequence analysis, we found the biosyn-
thetic locus of pyoverdine in the HYS genome (44), which implied
the production of fluorescent pyoverdine in HYS. Under UV light,
the siderophores produced by HYS indeed exhibited yellow-green
fluorescence (Fig. 2A), in accordance with that characteristic of
pyoverdine (12). To confirm the production of pyoverdine in
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FIG 2 Effects of pvdA on siderophore production in Pseudomonas sp. HYS.
(A) Siderophore production in wild-type (WT) HYS and a ApvdA mutant was
detected on CAS agar plates under normal light (left) and under UV light
(right). (B) Siderophore production in wild-type HYS and a ApvdA mutant in
liquid MKB medium was determined as siderophore units (percent) by the
CAS liquid assay. (C) Pyoverdine production by 24-h MKB cultures of wild-
type HYS and the ApvdA mutant. The error bars indicate standard deviations.
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TABLE 2 Characteristics of the 14 transposon mutants of HYS
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Relative siderophore production®

Mutant” Insertion site Insertion gene function” CAS plate Liquid medium
M32 Scaffold1 91950-91951 Pyruvate decarboxylase 0.31 = 0.01 0.10 = 0.00
M58 Scaffold1 93834-93835 Phenylacetate-CoA ligase 0.20 £ 0.00 0.16 * 0.01
M30 Scaffoldl 94178-94179 Phenylacetate-CoA ligase 0.16 £ 0.01 0.21 = 0.00
M38 Scaffold] 94422-94423 Phenylacetate-CoA ligase 0.17 = 0.00 0.17 = 0.01
Mil6 Scaffold1 94637-94638 Phenylacetate-CoA ligase 0.15 £ 0.01 0.17 = 0.00
M52 Scaffoldl 94637-94638 Phenylacetate-CoA ligase 0.14 £ 0.01 0.16 = 0.00
MI12 Scaffoldl 95250-95251 Acyl-CoA dehydrogenase 0.17 = 0.00 0.17 = 0.01
M55 Scaffoldl 95252-95253 Acyl-CoA dehydrogenase 0.17 £ 0.00 0.16 * 0.01
M48 Scaffoldl 95451-95452 Acyl-CoA dehydrogenase 0.16 £ 0.02 0.12 = 0.00
M5 Scaffold1 96196-96197 Thioesterase 0.37 £ 0.01 0.17 = 0.01
M13 Scaffold1 96357-96358 Thioesterase 0.36 = 0.00 0.16 = 0.00
M2 Scaffold4 115281-115282 GacA 0.02 = 0.00 0.17 = 0.01
M35 Scaffold33 33826-33827 GacS 0.02 £ 0.00 0.16 = 0.00
Ml11 Scaffold33 33887-33888 GacS 0.02 = 0.00 0.13 = 0.00

“ The mutants are arranged according to their relative positions in the genome.

¥ Gene designation and proposed functions are based on the annotated genome sequence from Pseudomonas sp. HYS.
¢ Relative siderophore production is expressed as the ratio of mutants to the wild-type HYS. On CAS plates, it was determined as the semidiameter of chelated halos; in liquid
medium, it was determined as siderophore units (%) and normalized to the ODyg, of the bacterial culture in MKB medium (see Materials and Methods for details). Each value is

the average of three different cultures * standard deviation.

HYS, we constructed a deletion mutant of pvdA in which pyover-
dine production should be abolished. As expected, the yellow-
green fluorescence completely disappeared, and pyoverdine was
not detected in the liquid culture supernatant of the pvdA mutant
(Fig. 2A and C). These results demonstrate that HYS indeed pro-
duces pyoverdine.

It should also be noted that the fluorescence of the chelated
halo produced by HYS was faint, and the yield of pyoverdine was
low compared with the total siderophore level (Fig. 2A). Further-
more, overall siderophore production in the pvdA mutant was
similar to that of the wild type (Fig. 2A and B). Taken together,
these results suggest that HYS simultaneously secretes the fluores-
cent pyoverdine and a nonfluorescent siderophore(s) and that the
latter is a major contributor to the high siderophore yield. This
situation is quite different from that of many other pseudomon-
ads, in which pyoverdines account for the majority of the total
siderophores, suggesting special siderophore production in HYS.

Isolation and characterization of siderophore-reduced
transposon mutants. To identify the siderophore-related genes in
HYS, transposon mutagenesis was carried out using the vector
pBT20 (40). By screening transconjugants based on the universal
CAS method (35), 14 mutants that exhibited strongly decreased
siderophore yields were obtained (listed in Table 2).

Combining TAIL-PCR, arbitrarily primed PCR, and rescue
cloning approaches, we obtained the transposon-flanking se-
quences of all 14 mutants. Comparison with the draft genome
sequence of HYS (44) showed that the insertion sites represent six
different genes. Three of these mutants (M35, M11, and M2)
showed insertions within gacS or gacA, and the other 11 mutants
had interruptions in four ORFs arranged sequentially in the ge-
nome (Table 2 shows the details). gacS and gacA form the global
two-component transduction system that is responsible for the
production of many secondary metabolites (19, 24). The four
neighboring ORFs appear to constitute an operon, as inferred
from their arrangement and the distances between them.

GacS/GacA has different effects on nonfluorescent and fluo-
rescent siderophores. It has been proposed that the two-compo-
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nent regulatory system GacS/GacA is related to the production of
siderophores, but its effect is debatable and the mechanism re-
mains unclear. In the case of HYS, the gacS-gacA transposon mu-
tants produced markedly decreased total siderophore levels (Ta-
ble 2). As HYS produces the fluorescent pyoverdine and the
nonfluorescent siderophore(s), we constructed gacS-gacA in-
frame deletion mutants to investigate the correlation between the
two genes and the two types of siderophores in HYS.

As shown in Fig. 3A, the gacS-gacA mutants showed signifi-
cantly reduced total amounts of siderophores, which the comple-
mented strains could restore to wild-type levels. Furthermore, the
reduced total siderophore levels may be attributable to a marked
reduction in the level of the nonfluorescent siderophore; fluores-
cent-siderophore production did not decrease but increased
slightly compared with the wild type. Consistent with these re-
sults, the total amount of siderophores in gacS-gacA mutants dras-
tically decreased to ~15%, but pyoverdine production increased
by ~75% compared with the wild type in the liquid MKB medium
(Fig. 3B and C).

To further explore the effect of gacS-gacA on the two sidero-
phores, the absorption spectra of filtered culture supernatants of
HYS and its mutants were determined. HYS and the pvdA mutant
showed two characteristic peaks at 330 nm and 392 nm (Fig. 3D).
As the pvdA mutant secretes only the nonfluorescent siderophore,
the peaks at 330 nm and 392 nm are the characteristic peaks of the
nonfluorescent siderophore. Based on these characteristic peaks,
the effect of gacS-gacA on the nonfluorescent siderophore was
examined. For the gacS-gacA mutants, the two characteristic peaks
of the nonfluorescent siderophore disappeared, and a 405-nm
peak, which is reported to be the characteristic peak of pyoverdine
(37), emerged instead. These results suggest that the gacS-gacA
mutants produce only pyoverdine and not the nonfluorescent sid-
erophore. To confirm this hypothesis, the pyoverdine-related
gene pvdA was deleted based on gacS and gacA mutations. Double
gacS pvdA and gacA pvdA deletion mutants did not produce any
siderophores either on CAS agar plates or in liquid medium (Fig.
3A to C), and all absorbance peaks above 300 nm disappeared
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FIG 3 Effects of gacS-gacA on siderophore production in Pseudomonas sp. HYS. (A) Siderophore production in wild-type HYS and its derivative strains was
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(Fig. 3D). All of these results demonstrate that gacS-gacA posi-
tively regulates the nonfluorescent siderophore, designated NFS,
but has a negative effect on pyoverdine in HYS.

The two types of siderophores respond to external iron con-
ditions differently. Siderophores are produced under iron-de-
pleted conditions and can be repressed by high iron levels (47). We
examined the responses of the two siderophores to iron condi-
tions by adding iron and the iron chelator 8-hydroxyquinoline to
MKB medium to create iron-replete and extremely iron-depleted
conditions, respectively.

As shown in Fig. 4A, the supernatant of HYS showed strong
siderophore absorption peaks in MKB medium, suggesting the
production of siderophores. With increased iron concentrations,
the absorption peaks of the siderophores declined significantly
and finally disappeared when the supplemented iron concentra-
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tion reached 10 wM, indicating the suppression of siderophore
production under high iron concentrations. The responses of the
two siderophores to high iron levels were further assessed. No
pyoverdine could be detected with a final FeSO, concentration of
1 uM (Fig. 4B). However, NES production was completely re-
pressed only when the supplemented iron concentration was in-
creased to 10 uM (Fig. 4B). We conclude from these data that HYS
produces NFS under relatively high-iron conditions.

In the case of iron limitation, with an increasing 8-hydroxy-
quinoline level, the peak at 330 nm gradually declined (Fig. 4C),
showing that levels of NFS decreased when iron availability de-
creased (Fig. 4D). In contrast, pyoverdine levels increased slightly
under the same conditions (Fig. 4D). When the final concentra-
tion of 8-hydroxyquinoline was increased to 10 pg/ml, the char-
acteristic absorption peak changed to 405 nm (Fig. 4C), suggesting
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the secretion of only pyoverdine. Collectively, these results indi-
cate that HYS produces NFS under mildly iron-limited conditions
and fluorescent pyoverdine under extremely iron-restricted con-
ditions.

The nfs cluster is essential for NFS production and is under
the control of GacS/GacA. In addition to gacS and gacA, the four
genes identified in our transposon mutagenesis also had remark-
able effects on siderophore production (Table 2). The four ORFs
are arranged sequentially in a 5-kb region of the HYS genome and
display the same transcription polarity. Figure 5A shows the ar-
rangement of the four ORFs, which we named ORF1 to ORF4
according to the transcriptional direction.

To interpret their properties, we performed homology
searches and conserved-domain analyses of the four predicted
translational products (the results are shown in Table 3). The de-
duced amino acid sequence of ORF1 showed high homology with
thioesterase superfamily proteins and was in the hot_dog super-
family. The ORF2 protein shared remarkable similarity with acyl
coenzyme A (CoA) dehydrogenases, containing the N-terminal,
middle, and C-terminal domains. The protein encoded by ORF3
possessed the AMP-binding domain and was highly similar to
phenylacetate-CoA ligases. The putative product of ORF4 dis-
played homology with pyruvate decarboxylases, with thiamine
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pyrophosphate (TPP) binding domains in the N- and C-terminal
parts of the sequence. We further compared the entire region con-
taining the four ORFs to the nucleotide database collection at
NCBI using BLAST. Unexpectedly, such a string of genes was not
found in other sequenced bacteria.

To investigate the effect of this region on siderophores of HYS,
we performed gene deletions for each ORF. Similar to their trans-
poson mutants, the individual deletions of ORFs 1 to 4 resulted in
significantly reduced siderophore production both on CAS agar
plates and in liquid medium (Fig. 5B and C). Moreover, these
mutants showed a 405-nm absorption peak (Fig. 5D), suggesting
the presence of pyoverdine and the absence of NFS. These results
indicate that the region containing ORF1 to ORF4 is essential for
NES production. We therefore named it the nfs cluster.

We further examined the correlation between expression of the
nfs cluster and the iron concentration. Because of the tandem
arrangement and short intergenic regions, we first confirmed the
transcriptional relationship among the four ORFs by RT-PCR.
The results showed that HYS cDNA generated products similar to
those obtained using genomic DNA as the template for all three
primer pairs (Fig. 6), suggesting cotranscription of the four ORFs.
Furthermore, when we searched for and analyzed potential pro-
moters in this region, we found only a predicted promoter in front
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of ORF1. This promoter sequence was used to construct an nfs’-
'lacZ translational fusion to assess expression of the nfs cluster. We
observed significantly decreased levels of B-galactosidase under
high-iron conditions (30 wM) relative to those under low-iron
conditions (Fig. 7A), indicating that expression of the nfs cluster is
suppressed by iron. This suggests that HYS controls NFS produc-
tion by regulating expression of the nfs cluster under different iron
conditions.

As gacS-gacA and the nfs cluster are both essential for NFS
production in HYS, we further tested whether expression of the nfs
cluster is regulated by gacS-gacA. To address this question, expres-
sion of the nfs cluster in the wild type and the gacA mutant was
measured using the nfs’-'lacZ translational fusion. We found that
expression of the nfs'-'lacZ fusion throughout the growth cycle
was about 167- to 374-fold higher in wild-type HYS than in the

TABLE 3 Characteristics of genes in the nfs cluster”

gacA mutant (Fig. 7B). Moreover, its expression remained at a
constant low level in the gacA mutant, indicating effective inhibi-
tion of the nfs cluster because of the gacA defect. We conclude
from the above-mentioned results that gacS-gacA positively con-
trols NFS through the nfs cluster in HYS.

GacS/GacA positively regulates NFS through the Gac/Rsm
signaling cascade. It has been documented that the conserved
signal transduction system GacS/GacA regulates many target
genes by activating noncoding small RNAs, such as RsmY and
RsmZ, which can combine the posttranscriptional repressors
RsmA/RsmE to negate their inhibition of target genes (24, 48, 49).
To reveal whether gacS-gacA regulates NFS of HYS by the Gac/
Rsm pathway, a series of mutant strains was constructed. As ex-
pected, the rsmY rsmZ double mutant showed a notable reduction
in the production of siderophores both on CAS agar plates and in

No. of
amino
acid Conserved domain(s) % similarity/ % Significance
Gene residues (position) Superfamily ~ Function(s) Organism % identity ~ coverage (E value)
orfl 137 4HBT (20-102) Hot_dog Thioesterase superfamily Phaeobacter gallaeciensis ~ 83/73 99 6e—68
protein TdaD
orf2 380 Acyl-CoA_dh_N (6-116)  ACAD Butyryl-CoA dehydrogenase Burkholderia vietnamiensis 74/61 98 2e—161
Acyl-CoA_dh_M (119-170)
Acyl-CoA_dh_ 1 (225-374)
orf3 437 AMP-binding domain AFD_class_I  Phenylacetate-CoA ligase ~ Pseudomonas sp. strain 85/72 99 0
(67-354) GM49
orf4 563 TPP_enzyme_N (3-178) TPP_enzymes Putative pyruvate Burkholderia xenovorans ~ 69/55 98 0

TPP_enzyme_M (197-332)
TPP_enzyme_C (382-528)

decarboxylase

“ Similarity values are for the most similar proteins, determined by BLASTP analysis, whose functions and source organisms are also shown.
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liquid MKB medium (Fig. 8A and B). Moreover, the absorption
maximum of the double mutant was at 405 nm (Fig. 8C), in line
with the properties of gacS-gacA mutants. The siderophore pro-
duction and absorption spectra of the rsmY and rsmZ single mu-
tants were both similar to those of the wild type (Fig. 8). These data
convincingly demonstrate that the effect of gacS-gacA on NFS is
mediated by two small RNAs (RsmY and RsmZ), whose roles ap-
pear to be redundant (22).

HYS also has two posttranscriptional repressors: RsmA and
RsmE. In the gacS-gacA mutants, in which no RsmY or RsmZ
existed to inhibit their functions, RsmA and RsmE repressed the
expression of downstream genes, while in the gacA rsmA rsmE
triple mutant, siderophore production was restored to the wild-
type level (Fig. 8A and B). The characteristic peaks of the triple-
deletion mutant were at 330 nm and 392 nm, indicating restora-
tion of NES production (Fig. 8C). Furthermore, overexpression of
rsmA or rsmE in the wild type greatly reduced the siderophore
level, and the characteristic peak was changed to 405 nm (Fig. 8).
These results suggest that rsmA and rsmE inhibit NFS production.

Taken together, the roles of RsmY/RsmZ/RsmA/RsmE in HYS
indicate that regulation of NFS by gacS-gacA agrees with the Gac/
Rsm model.

DISCUSSION

Microorganisms secrete a great variety of siderophores to acquire
the iron that is critical for their survival. In changing environ-
ments, accurate regulation of siderophore production is very im-
portant for bacteria to maintain intracellular iron homeostasis
and enhance their adaptability and competitiveness (3, 10, 50). In
this study, we investigated the relationship between the global
regulatory system GacS/GacA and siderophore production in the
high-siderophore-yielding Pseudomonas sp. HYS. For the two sid-
erophores secreted under different iron conditions, GacS/GacA
positively regulates the production of the nonfluorescent sidero-
phore NFS through the Gac/Rsm signaling cascade but has a neg-
ative impact on the fluorescent siderophore pyoverdine. Through
this regulatory strategy, HYS can adapt to diverse environments
by modulating the production of the two siderophores.
Pseudomonas sp. HYS has a markedly greater ability to produce
siderophores than some common pseudomonads. Like many
other Pseudomonas species, HYS produces the fluorescent sidero-
phore pyoverdine. Notably, it secretes a significant amount of
NFS, which accounts for the majority of the high siderophore
yield. Moreover, siderophores of HYS are secreted during the ex-
ponential phase. This secretion at a relatively early stage of growth,
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(AgacA/pBBR5Z-Pnfs). Open symbols, B-galactosidase activity; solid symbols,
ODg. Each value is the average from three different cultures = standard
deviation.

in combination with the significantly higher yield of siderophores,
may facilitate iron acquisition by HYS in the presence of other
bacteria. We preliminarily investigated the chemical nature of
NES. The cell-free supernatant of the pydA mutant did not give
positive reactions in either the Arnow or modified Csdky assay
(see Fig. S1 in the supplemental material), indicating that NFS is
not a classical catechol-type or hydroxamate-type siderophore. Its
characteristic peaks at 330 nm and 392 nm indicate the presence of
arelatively large conjugated system (51), implying that NFS might
have a unique structure.

Through the genetics experiments, a four-gene iron-regulated
cluster (the nfs cluster) was determined to be related to NFS pro-
duction. To our knowledge, phenylacetate-CoA ligase and pyru-
vate decarboxylase encoded by ORF3 and ORF4 have not been
reported to be related to siderophore biosynthesis. The ORF2
product, acyl-CoA dehydrogenase, has only been demonstrated to
be implicated in mycobactin synthesis in Mycobacterium tubercu-
losis (52). Regarding the ORF1 product thioesterase, many nonri-
bosomal peptide synthetases (NRPSs) required for siderophore
synthesis possess a C-terminal thioesterase domain to release the
peptide from the enzyme by cyclization or hydrolysis (53). Be-
cause of the special gene arrangement and enzyme functions of the
nfs cluster, it is probably involved in a previously unreported
mode of siderophore biosynthesis.

Further illustrating the roles of the two siderophores produced
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by HYS, we found that in addition to providing considerable iron-
scavenging capacity, they also have individual divisions. NFS
tends to be produced under less severely iron-depleted conditions,
while pyoverdine is produced under extremely iron-depleted con-
ditions (Fig. 4). This is consistent with the fact that a large amount
of NFS is secreted at an early growth stage, when iron limitation is
usually not serious. A similar situation has been observed in Er-
winia chrysanthemi, which produces two siderophores with differ-
ent affinities for iron, achromobactin and chrysobactin, in se-
quential growth phases reflecting different iron conditions (54).
The coexistence and complementation of the two different sidero-
phores may enable bacteria to adapt to a wider and more variable
external iron environment. In addition, the expression of sidero-
phore systems is believed to require a set of synthesis, assembly,
and transport machineries to be triggered and thus consumes a lot
of energy (53). The fact that HYS produces different siderophores
under different iron conditions indicates that HYS may produce
the siderophore that is most suitable for the iron status and
thereby avoid wasting energy.

Since two types of siderophores exist, achieving their precise
regulation seems to be especially important for HYS. As a master
regulatory system, GacS/GacA has been proposed to affect sidero-
phores in other Pseudomonas species, but the effects are discor-
dant. However, in the same strain, GacS/GacA exerts a concordant
impact on its multiple siderophores (25, 32). The situation is quite
special in HYS. GacS/GacA has different effects on the two sidero-
phores of HYS: its inactivation leads to the loss of NFS but to a
slight increase in pyoverdine. The differential effects may be con-
nected with changes in the expression of the two siderophores
depending on the iron status. By differential regulation of the two
siderophores, HYS may be able to adjust their production accord-
ing to the environmental iron level. In addition, because GacS/
GacA is influenced by many environmental signals, in combina-
tion with the spontaneous mutation of gacS-gacA observed in P.
fluorescens (26), its state seems to be susceptible. In HYS, being
differentially regulated by GacS/GacA, the two siderophores may
function in a complementary manner according to the activation
state of GacS/GacA, which guarantees stable iron uptake capacity.
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In summary, because of the higher siderophore yield and the
differential effects of GacS/GacA on the two different sidero-
phores, HYS can survive under a wider range of conditions and
adapt to a changing environment. Together with the results for
some other Pseudomonas species, our data suggest that GacS/
GacA is likely to have universal regulatory roles for siderophores.
However, the effects differ between strains because of diverse eco-
logical habitats and genetic backgrounds. Additionally, GacS/
GacA and siderophores both have cross talk with many other
pathways, such as quorum sensing (55, 56), biofilm formation
(57-59), and stress response (19, 60, 61). Further studies on the
relationships among GacS/GacA, siderophores, and other factors
in diverse strains will provide more insights into the strategies
through which bacteria adapt to a changing environment.
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