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Abstract

Siderophores are low-molecular weight ligands secreted by bacteria as a survival strategy in Fe(IlI)-lacking environments.
They bind not only Fe(III), but Co(II), Zn(II), Mn(II), Ni(II), Ga(III) as a detoxification alternative. The synthesis, purification
and characterization of siderophores produced by Pseudomonas veronii 2E were evaluated to be applied in future environ-
mental technologies. Optimal production was obtained in Fe(III)-free M9-succinate at 25 °C, 40 h and pH 6.9. Siderophores
were chemically characterized as hydroxamate and catechol mixed-type. Spectroscopic analysis indicated their belonging to
the pyoverdine family, behaving as ligand to Cd(II), Zn(II), Cu(II), Ni(II) and Cr(III), which promoted siderophoregenesis
during growth. Siderophore-Cd(II) complexation was studied by electrochemical monitored titration revealing one family of
moderate-strength binding sites. Mass spectral analysis evidenced the secretion of a variety of molecules (molecular mass
ca.1200 u). Non pathogenic Pseudomonas veronii 2E siderophores represent a safe alternative for the concrete application

of environmental technologies and clinical procedures.
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Introduction

Siderophores are low molecular weight molecules that
chelate Fe(IIl), forming soluble complexes that can then
be incorporated by organisms to provide iron (Saha et al.
2016). Iron is an essential micronutrient in almost all micro-
organisms and is abundant in the environment. At neutral
pH values, Fe(Il) is soluble and available to be incorporated
by bacteria, fungi and plants mediated by divalent metal
transporters (Miethke and Marahiel 2007). However, in the
presence of oxygen or enzymes, Fe(Il) is easily oxidized
to Fe(IlI) forming insoluble compounds in water at neutral
to basic pH. As consequence, the soluble and bioavailable
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ferrous ion concentration remains in the order of 1071° to
10~ '8 mol L™!, whereas the necessary concentration for the
microbial development is 107® mol L™! (Boukhalfa and
Crumbliss 2002; Johnstone and Nolan 2015). Hence the
biological production of siderophores is particularly active
in environments with iron limitations. These compounds
are divided into four main families depending on the char-
acteristic functional group that interacts with Fe(IIl), i.e.,
hydroxamate, catechol, carboxylate or a mixed group. For
example, fluorescent pseudomonads produce siderophores
corresponding to a mixed-type hydroxamate and catechol
group, usually called pyoverdines (Miethke and Mara-
hiel 2007). These yellow—green siderophores bind Fe(III)
with high affinity at neutral pH values (Log K'f ~24-30.8)
(Albrecht-Gary et al. 1994; Cézard et al. 2015; Visca et al.
2007). Pyoverdines present three distinct structural parts:
the conserved fluorescent chromophore (derived from dihy-
droxyquinoline) attached via its carbonyl group to a variable
peptide chain composed of 6—14 amino acids and a side
chain corresponding to a carboxylic acid derivative (Fuchs
et al. 2001; Meyer et al. 2002).

Siderophores also play an important role in the expres-
sion of virulence (Saha et al. 2012), development of biofilms
(Banin et al. 2005), quorum sensing (Guan et al. 2001) and
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plant growth-promoting properties of rhizobacteria (PGPR)
(Crowley 2006; Masalha et al. 2000). They have also rel-
evant applications in medical field, i.e., as in delivery of
antibiotics by carrying drugs into antibiotic-resistant bac-
teria cells (Braun et al. 2009; Huang et al. 2013; Mollmann
et al. 2009). These microbial metabolites have received more
attention in recent years because of their potential applica-
tions in the environmental area, i.e., as biopesticides or bio-
sensors for ferric ion, in phytoremediation and bioremedia-
tion of toxic metals (Ahmed and Holmstrom 2014; Barrero
et al. 1993; Saha et al. 2012, 2016). Although the primary
function is to chelate Fe(IIl), they also form complexes with
other essential or non-essential metals as Cd(II), Cu(Il),
Mn(I), Zn(II), Co(II), Ga(IIl), AI(III), In(IIT), Th(IV),
UV) and Pu(IV) (Braud et al. 2009b; Johnstone and Nolan
2015; Nair et al. 2007; Mehri et al. 2012; Schalk et al. 2011;
Visca et al. 1992). This ability primarily depends on their
ligand functionalities and several studies have reported that
siderophores impact in the mobility of these metals in the
environment (Ahmed and Holmstrom 2014; Saha et al.
2012). In this way, siderophores become a useful and envi-
ronmentally friendly tool for metal removal.

The aim of this work is focused on non reported sidero-
phores of Pseudomonas veronii 2E, in particular production,
chemical characterization and the evaluation of the ligand
behaviour with Cd(II), Cu(II), Ni(II), Cr(III) and Zn(II) as a
potential tool for environmental technologies. Being P. vero-
nii 2E a non-pathogenic strain, the production of the secreted
siderophores and their application in environmental technolo-
gies are promising, ecofriendly and safe enough to be imple-
mented both in metal removal and metal recovery processes.

Materials and methods
Microorganisms

Pseudomonas veronii 2E is an autochthonous microorgan-
ism isolated from sediments associated to the Reconquista
River basin (Buenos Aires Metropolitan Area). P. veronii 2E
was identified by 500 bp 16S r-RNA gene sequencing and
is able to retain Cd(II), Zn(II) and Cu(Il) and biotransform
Cr(VI) from aqueous systems, as described in previous stud-
ies (Alessandrello and Vullo 2016; Garavaglia et al. 2010;
Meéndez et al. 2011; Vullo et al. 2008). The optimal growth
conditions for P. veronii 2E are 32 °C and pH 6-7.

Detection of siderophores
Different assays were used for siderophore detection.
To evaluate siderophore production in the culture media

three tests were carried out: absorbance measurement at
A =404 nm (Kumar and Dube 1991; Merja and Tiina 1994;
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Meyer and Abdallah 1978), the universal CAS-agar assay
and CAS-liquid assay. For all the determinations, cells were
separated by centrifugation (7000xg, 15 min) and the super-
natants were filtered through cellulose nitrate membrane fil-
ters (0.45 pm diameter).

For Chrome Azurol S (CAS) assay, CAS-agar (100 mL)
was prepared according to Schwyn and Neilands (1987) with
modifications. 7.5 mL of 2 mmol L™! Chrome Azurol S were
mixed with 1.5 mL iron solution (1 mmol L~! FeCl,-6H,0,
10 mmol L~! HCI). Under stirring, 6.0 mL of 10 mmol L}
cetyltrimethylammonium bromide (CTAB) solution were
added and the resulting blue solution was kept at 50 °C. In
addition, buffer solution was prepared using 0.6 g of PIPES
[piperazine-N,N'-bis(2-ethanesulfonic acid)] dissolved in
85 mL in ultrapure water (18 MQ cm, Millipore) adjusting
a final pH to 6.8 using 6 mol L™! KOH. To this solution,
1.5 g agar—agar was added and then heated at 50 °C to dis-
solve it. The blue and the agar solutions were finally mixed,
and Petri dishes (10 cm diameter) were prepared with 30 mL
of CAS-agar. After gelling, 5 mm diameter holes were made
and dried 1 h at 32 °C. Each hole was filled with 75 puL
culture supernatant. A non-inoculated medium as negative
control and cell-free supernatant from Pseudomonas aer-
uginosa PAO1 cultures (Cox and Graham 1979; Visca et al.
1992) as positive control was used. After 1-day incubation at
room temperature, the diameter of each orange halo formed
around the holes was measured. Siderophore production was
expressed as relative diameter (Eq. 1).

Relative diameter = (diameter/ODgoo0m) p pronis 2 /

(dlameter/ OD600HH1 ) P.aeruginosa pa(|

ey
CAS-liquid assay was also used, because of its higher
sensitivity and faster response compared to the CAS-agar
test. This assay was performed to evaluate the production
of siderophores by P. veronii 2E in M9S (see composition
below) at different temperatures and pH values. CAS-liquid
(100 mL) was prepared according to Schwyn and Neilands
(1987) with modifications. 7.5 mL of 2 mmol L™ Chrome
Azurol S were mixed with 1.5 mL iron solution (1 mmol L™!
FeCl;.6H,0, 10 mmol L! HCI). Under stirring, 6.0 mL of
10 mmol L~! CTAB solution were added resulting in a blue
solution. Buffer solution was prepared using 0.6 g of PIPES
in 85 mL ultrapure water, and pH was adjusted at 6.8 using
6 mol L~! KOH. This solution was added to the blue solution
and the mix was completed to a final volume of with ultrapure
water. 1.5 mL CAS-liquid solution was mixed with 1.5 mL of
cell-free supernatant and absorbance was measured at 630 nm
after 30 min. A non-inoculated medium was used as negative
control. Results were expressed as % siderophore (Eq. 2).

% siderophore = [(Ar — As)/(Ar X ODggopn )] X 100 (2)
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Ar represents the absorbance at 630 nm of reference
(CAS-liquid solution with non-inoculated medium) and As
the absorbance at 630 nm of the sample (Sayyed et al. 2005).

Production of siderophores

First, siderophore production was tested in different culture
media. To evaluate the effect of carbon and nitrogen sources,
an enriched medium PYG (g L™': 2.5 peptone, 1.25 yeast
extract, 0.5 glucose) and a minimal basal Fe-free medium
M9 (g L™ ': 7.3 K,HPO,, 3.0 KH,PO,, 6.6 NH,Cl, 3.3 NaCl,
pH adjusted at 7 before autoclaving) supplemented with
5.0 g L™ ! succinate (M9S) or 14 g L~ ! glycerol (M9G) were
used. Cultures were grown in batch system, 40 h at 25 °C
with constant shaking at 120 rpm in 125 mL Erlenmeyer
containing 10 mL of medium and 1 mL inoculums, previ-
ously obtained in the same conditions for 24 h (exponential
phase). All material was cleaned in 6 mol L™! HCl ensuring
iron removal. Ultrapure water was used to rinse the glass
material and for the preparation of culture media and all
solutions. A non-inoculated medium was used as negative
control in each case.

To evaluate the temperature effect, P. veronii 2E was
grown in MO9S below optimal growth temperature (20 °C
and 25 °C), optimal growth temperature (32 °C) and above
optimal growth temperature (38 °C). First, P. veronii 2E was
pre-cultured in 25 mL of the medium at 120 rpm until late
exponential phase. A total of 1 mL culture was transferred
into another 10 mL MO9S and incubated in the same condi-
tions as the pre-culture for 40 h. A non-inoculated medium
was used as negative control.

To check the effect of pH on siderophore production,
the P. veronii 2E was grown in M9S by adjusting the pH
before inoculation. Four 0.01 mol L™! buffer solutions
below and above the optimal growth pH were used: pH
5.8, MES (2-[N-morpholino]ethanesulfonic acid); pH 6.2,
PIPES [Piperazine-N, N'-bis(2-ethanesulfonic acid)]; pH 6.9,
HPO42_/H2PO4_ and pH 7.8, HEPES (N-[2-hydroxyethyl]
piperizine-N'-[2-ethanesulfonic acid]).

Finally, to study the production of siderophores in time,
P. veronii 2E was grown in M9S under the optimal pH and
temperature conditions. Biomass and siderophore production
were monitored up to 40 h.

In all cases, biomass was estimated from OD at 600 nm.

Chemical characterization of molecules

Catechol and hydroxamate groups of the siderophores pro-
duced by P. veronii 2E were qualitatively detected. Csdky
assay (Csaky 1948) and its modification introduced by Gil-
lam et al. (1981) were used to detect hydroxamate motives.
Catechol-type siderophores in supernatants were detected
by Arnow (1973) and modified Rioux assays (Rioux et al.

1983). Arnow test is not sensitive enough when positions
3 and 4 are substituted by catechol groups. In such case
the Rioux assay is recommended. 2, 3-dihydroxybenzoic
(DHBA) and P. aeruginosa PAO1 culture supernatant were
used as a positive controls and cell-free medium was used
as negative control.

Effect of metals on siderophore biosynthesis assays

To evaluate the effect of metal ions in siderophore biosyn-
thesis, 10 umol L™!, 100 umol L~! and 500 pymol L=! of
Zn(II), CdII), Ni(II), Cu(II) and Cr(III) as final concentra-
tions in M9S medium were used. For each metal, a concen-
tration below the minimum inhibitory concentration (MIC)
was chosen according to previous studies (Garavaglia et al.
2010; Vullo et al. 2008). The initial pH value was 6.0 to
ensure metal bioavailability.

10 mmol L~! metal stock solutions were prepared with:
CdCl,-H,0O (maximum content Fe(III) 0.001%), ZnSO,-7
H,0 (maximum content Fe(III) 0.001%), Cu(NO;),.3H,0
(maximum content Fe(II) 0.002%), NiSO,-6H,0 (maximum
content Fe(III) 0.001%) and CrCl;-6H,0 (maximum content
Fe(III) 0.001%) and sterilized by filtration through 0.45 um
diameter-cellulose nitrate membrane.

Bacterial growth and siderophore production were respec-
tively registered by measuring OD at 600 nm and absorbance
at 404 nm as explained above.

Screening of metal-siderophore interactions

Sterile culture supernatants containing siderophores were
used to study metal-siderophore interactions. For that pur-
pose, the supernatants were incubated 3 h with 1, 10 or
100 umol L™! of Zn(II), Cd(II), Ni(II), Cu(II) or Cr(III). The
interaction was determined by spectrophotometric scanning
(A=300-480 nm), using non-inoculated M9S as control.

Siderophores as Cd(ll) ligand
Siderophore separation

To separate and purify siderophores for ligand behavior
evaluation, they were produced in 1000 mL MO9S, 40 h,
25 °C, pH 6.9. After growth, cells were separated by cen-
trifugation (7000xg, 15 min) and the supernatants were
filtered through cellulose nitrate membrane to elimi-
nate cells (1.2 um pre-filter and 0.45 um filter diameters
respectively). 2.2 volumes of cold ethanol were added
to the filtered solution and kept overnight at 4 °C. The
pellet, containing extracellular polymeric substances
(Ferreira et al. 2017), was discarded and the supernatant
was concentrated to dryness using vacuum evaporator.
The resulting pellet was dissolved in 30 mL of ultrapure
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water (pH 4). The solution was incubated for 6 h with of
XAD-2 resin (Amberlite, XAD-2) previously stabilized
in H,O-CH;OH 1:1. After incubation, resin loaded with
siderophores was placed in a column and washed with 3
volumes of ultrapure water. Siderophores were eluted with
H,0-CH,;0H 1:1; partially purified siderophores present
in the solvent were again dried in the vacuum concentra-
tor. The solid was dissolved in 10 mL ultrapure water and
incubated 1 h with 0.5 g ion exchange resin (Chelex®100)
to remove any metal traces interacting with the binding
sites. After incubation, the resin was removed and the final
supernatant was used to study the interaction with Cd(II).

Determination of ligand concentration and conditional
complexation constants

The ability of siderophores to complex Cd(II) was stud-
ied using an electrochemically monitored titration where
the non-bound metal was measured after the addition of
increasing amounts of a standard Cd(II) solution (10 ppm
or 100 ppm).

400 pL of a purified siderophore solution was added
to 15 mL of 0.01 mol L™! buffer MES (pH 6.2) contain-
ing 0.05 mol L™! KNO; as supporting electrolyte. The pH
value was chosen to minimize siderophore decomposition.
After each Cd(II) addition, the mixture was stirred for 5 min
for equilibration (determined in preliminary experiments).
Titrations were monitored by Square Wave Anodic Strip-
ping Voltamperometry (SW-ASV), applying —0.75 V during
2 min to achieve Cd(II) preconcentration. Each measurement
was performed twice with good reproducibility. A 663VA
polarographic stand and an Autolab PGStat10 potentiostat
(Metrohm-Ecochemie) were used, both instruments con-
trolled by the GPES software. A three-electrode cell con-
taining a mercury drop electrode was used to perform the
titrations at (25 + 1) °C under N, atmosphere. All potentials
were referred to a Ag/AgCl reference electrode (3 mol L™!
KCl).

The calculation of the number of ligand families and con-
ditional complexation constants, K', were carried out using
Scatchard and Ruzi¢ linearizations (Ruzi¢ 1996; Scatchard
1949).

55 mg of fine particulate diatomite samples were
incubated in presence of different Cd(II) concentrations
(1.2-88 umol L™") at pH 6.2, 120 rpm, 24 h and 25 °C.
After incubation, diatomite samples were separated by cen-
trifugation (7000xg, 15 min) and Cd(II) concentration in the
supernatant was determined by standard addition using SW-
ASV. The calculation of conditional complexation constants,
K', was carried out using Scatchard linearization (Scatchard
1949) and their values were compared to the corresponding
K’ obtained for siderophore-Cd(II) complex.
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Siderophore structural analysis
Siderophore purification

The methods of Meyer et al. (1997) were used with minor
modifications. A partial purification was carried out in
500 mL of culture supernatants (M9S, 40 h, 25 °C, pH 6.9)
as explained above. The resulting pellet was dissolved in
50 mL ultrapure water and 0.5 g FeCl;-6H,0O (adjusted to
pH 4-5 with 6 mol L™! HCI) was added and incubated for
24 h. After this step, the solution was centrifuged (7000xg,
15 min) and the supernatant was retained with a character-
istic brown color observed as a consequence of the sidero-
phore-Fe(III) interaction.

Then, siderophore-Fe(III) solution was extracted with
three volumes of phenol:CHCl; (1:1). The organic fraction
was further treated with one volume of diethyl ether and 0.2
volume of ultrapure water. The water-diethyl ether extrac-
tion was repeated until no brown color was observed in the
organic fraction. The aqueous phases were pooled together
and washed three times with diethyl ether to remove resid-
ual phenol and concentrated as previously described. The
obtained solid was dissolved in ultrapure water to a 1.7%
(w/v) final concentration.

For a deep purification, a Sephadex G-25 column was pre-
pared with 3 mL resin and equilibrated with H,0-CH;0H
(1:1). Then, a 250 puL sample obtained above was loaded
onto the column and washed with 3 volumes of ultrapure
water (pH 4). The sample was then eluted with H,O-CH;OH
(1:1). Fractions containing the complex were pooled together
and dried by using rotary vacuum evaporator. The residual
pellet was dissolved in 500 pL of water and 250 uL. were
loaded on a column with 3 mL resin RP-18 [previously sta-
bilized with H,O—CH;0H (1:1)]. The column was washed
with 3 volumes of water (pH 4-5) and the complex was
eluted with water—methanol (1:1). Colored fractions were
pooled and dried.

Mass spectra

Mass spectrometry was used to determine the molecular
weight of purified siderophores. This analysis was per-
formed by a nanoHPLCMS with Orbitrap technology.
Separation of the siderophore-Fe(III) complexes present in
the sample was carried out in an EASY-Spray C18 column
(2 ym, 100 A, 50 um x 150 mm). For this analysis, detector
voltage was fixed at 3.5 kV and sample ionization was per-
formed by electrospray; fragments were analyzed based on
their mass-to-charge ratio (m/z). Mass spectra were recorded
in the m/z range 500-1500. Molecular ion of mass 1242.4 u
was fragmented again to obtain structure characterization
of siderophores.
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Results
Production of siderophores by P. veronii 2E

Tests for siderophore production of cell-free supernatants
in CAS-agar plate gave a positive result for P. veronii
2E grown in M9S and M9G while a negative result was
observed when using PYG (Fig. 1a). The best medium
formulation for the production of siderophores was M9S
(0.63 +£0.07 relative diameter). The non-inoculated media
were negative for the assay.

To evaluate the effect of temperature on siderophore
production, bacterial growth was evaluated at 20 °C,
25 °C, 32 °C and 38 °C in M9S medium. The siderophore
secretion yield was calculated by Ec.2 (see Materials and
Methods). Results in Fig. 1b indicate that the production
of siderophores was clearly affected by temperature. Opti-
mal production was obtained at lower temperatures. For
next siderophore assays, 25 °C was selected because of the
convenience of keeping it constant.

To study the effect of pH, siderophore secretion was
evaluated in the range 5.8-7.8. As already mentioned,
bacteria need Fe(III) concentrations around 1 pmol L'
and secrete siderophores as a strategy for their uptake and
incorporation under soluble iron scarcity conditions. The
soluble Fe(III) concentrations at different pH values are
shown in the Online Resource 1. Soluble Fe(III) concen-
tration was calculated considering the initial Fe(III) con-
centration in M9S medium, solubility and the formation
constants of the most important complexes currently pre-
sent in aqueous media (Martell and Smith 2010). Figure 1c
shows an increase in siderophoregenesis when pH values
increased from 5.8 to 6.9, obtaining a maximum yield at
neutral pH (6.9).

Figure 2a shows the siderophores production in a batch
culture in M9S, 25 °C, pH 6.9. Although the molecular struc-
ture of the compound was not known at this stage, green-
yellow chromophores were visualized under these culture
conditions (Fig. 2b). Absorption occured at the same wave-
length of pyoverdine like siderophores produced by P. fluo-
rescens and P. aeruginosa (Kumar and Dube 1991; Meyer
and Abdallah 1978). Therefore, siderophore production of
P. veronii 2E could be monitored by measuring absorbance
at 404 nm. The metabolite production started after an incu-
bation of 6 h declining after 36 h. Siderophoregenesis was
maximal at stationary phase of growth.

Chemical characterization of molecules

Catechol and hydroxamate groups were detected with col-
orimetric reactions using the tests developed by Arnow
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Fig. 1 a Siderophore production by P. veronii 2E in different cul-
ture media (M9S, M9G and PYG). Relative diameter is expressed
as (diameter/OD()OOnm)P,veroni[ ZE/(diameter/ODGOOnm)P.aemginoxa PAO1-
Inserted image shows CAS-agar plates: +siderophore, presence
of siderophore; -siderophore, absence of siderophore. b Effect of
temperature (20 °C, 25 °C, 32 °C and 38 °C) on siderophore pro-
duction. ¢ Effect of pH (5.8, 6.2, 6.9 and 7.8) on siderophore pro-
duction. Production is expressed as % siderophore, [(Ar—As)/
(Arx ODg¢j0,m) 1 X 100

(1973), Rioux et al. (1983) and Csaky (1948) respectively.
As shown in Table 1, P. veronii 2E secreted siderophores
with both hydroxamate and catechol groups. P. aeruginosa
was used as positive control because it is a confirmed pyo-
verdine secretor in minimal medium, a siderophore with
catechol, and hydroxamate groups. 2, 3-DHBA tested neg-
ative in Csaky assay and positive for Rioux and Arnow
assay.
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Fig.2 a Siderophore production a,,. -
in time, expressed as production ’ i
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siderophore biosynthesis, P. veronii 2E was grown in M9S The presence of Zn(II) in M9S promoted the stimula-

with different concentrations of Cd(II), Cu(Il), Cr(III), tion of metabolite production at all tested concentrations

Ni(IT) and Zn(II). Results were expressed as (maximum after 40 h of growth, and Zn(II) was the metal that induced
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Fig. 3 Effect of dose-response a 10 -
of a Zn(II), b Cd(1I), Cu(l), ]
Ni(II) and Cr(III) on sidero- 91
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siderophoregenesis the most (Fig. 3a). For the other metals
studied, results are resumed in Fig. 3b: an increase in sidero-
phore production was observed for a final concentration of
10 pumol L~ !and 100 umol L~ 'of CddI), Cr(III) and Cu(Il).
A decrease in secretion was observed with 500 umol L™!
Cr(III) and no differences with the control were observed
for Cd(II) and Cu(II). No stimulation was registered when
Ni(II) concentration was 500 umol L™ I

Screening of metal-siderophore interactions

Siderophores secreted by P. veronii 2E contained functional
groups such as catechol and hydroxamate that could inter-
act with metals besides Fe(IIl). Supernatants from M9S
cultures were supplemented with 1 umol L™, 10 umol L™!
and 100 pumol L~" Cd(II), Cu(II), Cr(III), Ni(IT) and Zn(II).
The interaction was analyzed by spectrophotometry. All

P. veronii 2E

-+ P. veronii 2E + 10 pmol L"* of Zn(Il)
. P. veronii 2E + 100 umol L of Zn(ll)
& P. veronii 2E + 500 pmol L' of Zn(ll)

Zn(ll)

P. veronii 2E

P. veronii 2E + 10 pmol L' of metal
[ P. veronii 2E + 100 pmol L of metal
W P, veronii 2E + 500 pmol L' of metal

Cu(ll) ' Ni(ll) cr(in)

the metals studied, in at least one concentration, showed
changes in peak shape and peak position in the absorption
spectra, confirming a metal-siderophore interaction (Online
Resource 2). For spectra obtained from Cd(II), Cu(II) and
Zn(II) only when the final concentration was 100 umol L™1,
the curves showed a shift in the maximum absorbance and a
different shape in the case of Cd(II). For Ni(II) and Cr(III),
these changes were observed from 10 umol L™! onwards,
being more evident in the case of Ni(II).

Siderophores as Cd(ll) ligand

The ASV technique was used to evaluate complexing capac-
ity towards Cd(II) by a titration curve (Online Resource 3-a).
The first part of this curve corresponded to the complexa-
tion equilibrium originated in the interaction between Cd(II)
and the siderophores while the linear zone corresponded to
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Cd(II) excess with respect to the binding sites. Cadmium
hydroxide precipitation was not observed, which was also
an evidence of the complexation with the organic ligands.

The analysis of the titration curves by RuZi¢ and
Scatchard linearizations allowed the determination of the
number of ligands families and the conditional stability con-
stant K’ of the metal complexes. In the Ruzi¢ graph (Online
Resource 3-c), a good linear correlation was obtained with
a single slope, showing that 1:1 ligand—metal approach is
correct. The conditional stability constant obtained from
Scatchard plot (Online Resource 3-b) was consistent with
one family of moderate ligands (Log K' 6.1+0.1).

The ability of siderophores to remove and hence mobilize
Cd(II) from diatomite is a relevant question from an envi-
ronmental point of view. Diatomite is well known for metal
retention and also very attractive due to low cost (Danil de
Namor et al. 2012; Ramirez et al. 2017). For this purpose,
the conditional stability constants of Cd(II) interaction for
both materials were compared. The conditional stability
constants were (5.0+0.9) x 10 and (1.2 +0.3) x 10° for
diatomite-Cd(II) and siderophore-Cd(II) interaction, respec-
tively. This result suggests a stronger siderophore-Cd(II)
interaction. Thus siderophores may be used as a useful tool
for Cd(II) recovery to avoid final confinement of the immo-
bilised metal in diatomite allowing further recycling.

Siderophore structural analysis

Mass spectrometry provided structural evidence of the
presence of pyoverdine chromophores and the molecular
weight of the unknown compound. The purification and
molecular mass analysis were performed in the siderophore-
Fe(II) fraction in order to reduce possible issues from the
interaction between siderophores with Fe(IIl) traces. The
nanoHPLC chromatogram of the siderophore-Fe(III) com-
plexes was obtained (Online Resource 4), showing the differ-
ent retention times strictly related to differences in molecular
mass that can only arise from different chromophores and/
or different side chains (Fuchs et al. 2001; Ye et al. 2013).
The molecular mass of siderophore-Fe(III) was obtained
from their doubly protonated molecular ions [M +2H*] by
ESI-MS. The results are given in Table 2 and the ESI mass
spectrum of the peak at retention time 9.96 min is shown
in Online Resource 5. Molecular ion peak at m/z 410.1
from 1242.4 u MS/MS (retention time 9.96 min) (Online
Resource 5-a) represent the Fe-chromophore-side chain of
purified siderophore-Fe, where the chromophore represent:
5-amino-2,3-dihydro-8,9-dihydroxy-1H-pyrimido-[1,2-a]-
quinolone-1-carboxylic acid and the side chain a succinic
amide. Fragmented ion peaks obtained could be corre-
sponded the next peptidic moiety: OHOrn =hydroxyornith-
ine; Thr: threonine; Asn: asparagine; Ser: serine; FOOHOrn;
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Table 2 Molecular masses
and retention time of purified

m/z Molecular Retention

. Z=2 mass(u) time (min)

siderophore-Fe(III) complexes

from P. veronii 2E 6132 12244 3.48
622.2 12425 3.84
599.2 11974 8.78
607.7 12134 8.87
598.7 11954 9.29
621.7 12424 9.96

u is atomic mass unit

formyl-hydroxyornithine; cOHOrn: cyclo-hydroxyornithine
(Online Resource 5-b).

Discussion

Pseudomonas veronii 2E was screened for siderophore pro-
duction by CAS assay of Schwyn and Neilands (1987) with
modifications. In the original assay, bacteria grew in the
agar with CTAB, but since CTAB was toxic to P. veronii
2E, changes to universal CAS assay were performed. The
modification consisted in using the supernatant from culture
media, a lower concentration of buffer PIPES and avoid-
ing the use of a carbon source (sterile conditions were not
necessary). The experiment is based on a competition for
Fe(III) established between the siderophores and the indi-
cator dye CAS-CTAB: when siderophores remove Fe(III)
from CAS-CTAB-Fe(IIl) complex, the release of the free
dye is accompanied by a colour change (from blue to yellow-
orange) (Inserted image in Fig. 1a).

The siderophore production in M9S (25 °C, pH 6.9) was
detected after 6 h of incubation in batch and continued dur-
ing the exponential phase achieving a maximum in station-
ary phase. Clearly, siderophore production was related to
bacterial growth. P. veronii 2E usually grows in complex and
mineral types of culture media, so siderophoregenesis was
tested under both nutritional conditions. Siderophore pro-
duction was detected in minimal media M9S and M9G but
not in the complex medium PYG, in contrast to P. aerugi-
nosa which secreted siderophores despite the medium com-
position. These results for P. veronii 2E may be associated
with iron availability in rich media, being the most important
factor in siderophore production. The optimal production
was in MO9S, suggesting that succinate as carbon source was
efficiently used in siderophoregenesis by P. veronii 2E. Suc-
cinate is possibly related to the chemical structure of pyover-
dines, in which acyl side chain on the chromophore comes
from the acyl group of the succinate structure (Budzikiewiez
1993; Demange et al. 1987; Fuchs et al. 2001; Mehri et al.
2012). The secreted metabolite had a green—yellow colour
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that absorbed at 404 nm, suggesting that the siderophores
belonged to the pyoverdine family.

To improve the production conditions, secretion of the
metabolite was studied at different pH values. The concen-
tration of soluble Fe(IlI) and thus the production of sidero-
phores, was affected by pH of the culture media. It was
observed for other species belonging to the Pseudomonas
genus that the Fe bioavailabilty determines the siderophore
biosynthesis. Butaité et al. (2018), stated that bacteria gradu-
ally downscale siderophore production while iron bioavail-
ability increased, that is under low pH (pH <5.8) or weak
chelators presence. Consequent with this, for P. veronii 2E,
siderophore secretion was maximal at pH 6.9. However, with
the lowest concentration of soluble Fe(III), observed at pH
7.8 (Online Resource 1), the maximum percentages of stimu-
lation of siderophoregenesis were also expected. In contrast,
the siderophore production was comparable to that obtained
at pH 5.8. Meyer and Abdallah (1978) observed a degrada-
tion of 30% of siderophores from the pyoverdine group at pH
higher than 8. Albrecht-Gary et al. (1994) reported the oxi-
dation and degradation of the catechol group in pyoverdines
in basic solutions. According to these evidences, molecule
degradation at pH 7.8 should not be disregarded.

The siderophore secretion was clearly increased at low
temperatures, being 25 °C the chosen condition for the
siderophore production. The effect of temperature was also
detected in other bacteria as P. aeruginosa, Vibrio salmoni-
cida and Salmonella Typhimurium (Colquhoun and Sgrum
2001; Sulochana et al. 2014; Worsham and Konisky 1984).
In all cases siderophore production was enhanced at subop-
timal temperatures, attributed to different phenomena which
should not be disregarded in this case: the special activation
of Fe-siderophore complex uptake, the increase in bacterial
virulence or the evasion from bacterial competitors for Fe
availability.

Although siderophores are secreted by a variety of bac-
teria, the chemical groups that coordinate Fe(III) are evo-
lutionarily conserved. Most of these molecules possess
catechol groups or/and hydroxamate which are involved in
the interaction with iron. CAS assay only indicates the pres-
ence of siderophores, but this test does not provide structural
information. Therefore, additional assays were performed to
test the presence of catechol and hydroxamate groups. Pyo-
verdines contain in their structure a chromophore that gives
them the characteristic green-yellow color. The biochemical
assays performed (Csaky, Rioux and Arnow) allowed the
detection of hydroxamate and catechol groups. Although
the Arnow test is widely used when analyzing the presence
of catechol motive in siderophores (Cornelis and Matthijs
2007; Paine 1994; Tortora et al. 2011), the characteristic
red color of catechol group reactions is developed when the
vicinal diols do not have substituents at positions 3 and 4.
In that situation, the intermediate product is immediately

stabilized by the addition of NaOH (Barnum 1977; Paine
1994; Rioux et al. 1983; Srideri et al. 2008). For this reason,
the reaction is clearly positive for siderophores such as enter-
obactin (produced by Escherichia coli, Raymond et al. 2003)
or vibriobactin (produced by Vibrio cholerae, Miethke and
Marahiel 2007) corresponding to 2, 3-DHBA derivatives.
For siderophores with positions 3 and 4 replaced, as pyo-
verdine group, the final product is an unstable yellow com-
pound. For this type of compounds, the reaction is not com-
plete and hence does not end in the red compound (Daveu
et al. 1997; Rioux et al. 1983). In this case, the development
of a yellow color was taken as positive, thus concluding that
the catechol group present in P. veronii 2E siderophores had
substituents in positions 3 and 4, consistent with the diol
groups in pyoverdine chromophores. After this assay, the
Rioux assay was shown to be positive for the siderophores
produced by P. veronii 2E, which is more conclusive in the
detection of catechol groups than Arnow test (Rioux et al.
1983; Velasquez et al. 2011). The results suggested that pyo-
verdine produced by P. veronii 2E had hydroxamate and cat-
echol groups in their structure, involved in the complexation
with Fe(IIT) (Miethke and Marahiel 2007; Neilands 1995;
Saha et al. 2016). This preliminary detection was an advance
in the elucidation of the structure. The mass spectra analysis
of the siderophore-Fe(III) sample gave a molecular mass of
approximately 1200 u. Mass spectrometry MS/MS provided
structural evidence of the presence of chromophore: chr(5-
amino-2,3-dihydro-8,9-dihydroxy-1H-pyrimido-[1,2-a]-
quinolone-1-carboxylic acid); and a dicarboxylic side chain
succinic amide. These results revealed that the produced
siderophores belonged to the family of pyoverdines, unre-
ported up to now. This proposed structure contains cOHOrn
as C-terminal aminoacid of the peptidic moiety, evidencing
that this is a non-described siderophore chemically com-
patible to Class II pyoverdines classification (Meyer et al.
1997). NMR experiments using 500 MHz in combination
with bioinformatic analyses will be needed to confirm the
peptidic chain structure.

On the other hand, the secretion of siderophores could
be affected by other metals (Braud et al. 2009a; Mehri et al.
2012; Schalk et al. 2011). In the case of Gram-negative bac-
teria, it is known that metal ions enter the cell mainly by
diffusion across porins of the outer membrane into periplasm
(Lutkenhaus 1977). The metal-siderophore interactions
could affect the cation concentrations producing a decrease
in their intracellular diffusion (Braud et al. 2010; Visca
et al. 1992, 2002). The results showed that P. veronii 2E
was capable of producing siderophores in absence of Fe(III)
and in presence of 10 umol L~ ! of Zn(II), Cu(II), Cd(II) and
Cr(III). Visca et al. (1992) observed that pyoverdine produc-
tion by Pseudomonas aeruginosa was not affected by Zn(II),
Ni(II) and Cu(II) at concentrations below 10 umol L™ I and
Braud et al. (2009a) reported an induction of pyoverdine
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secretion at 10 umol L™ Cu(II) and Ni(II). P. veronii 2E
could secrete siderophores in the presence of metals as a
strategy to decrease their toxic effects. Being Cd(II) the
most harmful of the evaluated metals, it did not evidence the
maximal stimulation of siderophoregenesis during bacterial
growth. This surprising result could be understood in terms
of the multiple detoxification mechanisms shown by Pseu-
domonas veronii 2E: biosorption by bacterial cells, inter-
action in biofilm matrix and complexation by extracellular
polymeric substances, EPS (Daniel et al. 2016; Ferreira et al.
2017; Méndez et al. 2011; Vullo et al. 2008). In addition,
in the assays performed in presence of Ni(II) and Cu(Il),
bacterial aggregates and biofilm formation were observed;
and production of soluble EPS in presence of Cd(II) was
registered. These are clear evidence that P. veronii 2E sidero-
phore production is not the only strategy for metal detoxi-
fication. It had different alternatives for reducing harmful
metal effects depending on the nature of the metal and its
concentration. When the interaction between siderophores
and metal cations other than iron was studied, the absorp-
tion spectra proved that pyoverdines produced by P. veronii
2E were able to interact with Zn(II), Cu(II), Cr(III), Cd(II)
and Ni(I).

Being similar to zinc in chemistry, cadmium is associ-
ated in nature with zinc, exhibiting the highest toxicity. Cd
emissions are related to zinc production as a by-product from
zinc smelting and also to the production of Ni-Cd batteries,
pigments, alloys, stabilizers for polyvinyl chloride (PVC)
for example. As consequence, Cd-containing residues are of
environmental concern because of the proved toxic effects
on biota. So, Cd removal applying complexing agents would
be an ecofriendly methodology for potential future metal
recovery. In this way, Cd(II)-siderophore complexes were
studied using electrochemical monitored titration (ASV
technique). The results were consistent with one family of
moderate ligands (Log K’ 6.1 +0.1). Values of pyoverdine
affinity constants (Kf) with different metals were reported
by different researchers, however the comparison is not
possible as there are no conditional stability constants (K')
informed as in this work (Albrecht-Gary et al. 1994; Cézard
et al. 2015; Chen et al. 1994; Cornu et al. 2014). According
to Nieboer and Richardson (1980) and Duffus (2002) Fe(III)
is a “hard” Lewis acid and strongly interacts with “hard”
ligands, like oxygen, present in the catechol and hydroxam-
ate groups; Cd(Il), like Fe(I), is a borderline Lewis acid that
interacts more weakly with these ligands.

Siderophores are effective in solubilizing and mobilizing
different metals (Schalk et al. 2011) and even metalloids
as arsenic. In fact, Nair et al. (2007) showed mobilization
of arsenic from contaminated soil using siderophores from
P. azotoformans. Edberg et al. (2010) indicated Ni and Co
release from ore samples related to siderophore production
by P. fluorescens. In this work, extraction of Cd(Il) from
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diatomite was considered. These results suggested that the
siderophores secreted by P. veronii 2E may be used as an
efficient extracting agent for Cd(II) from adsorbent matrices
as diatomite.

In the last decade, different roles and applications of
siderophores in the environmental field have been investi-
gated. Microbial siderophores contribute with Fe to plant
nutrition enhancing growth under stress conditions and
have been suggested as an alternative to pesticides by pro-
tecting them from pathogens. As consequence siderophore
producers can be classified as plant growth promoting
bacteria (PGPB). On the other hand, siderophore-assisted
phytoextraction has received a particular interest (Ahmed
and Holmstrom 2014; Rajkumar et al. 2010; Saha et al.
2016). Braud et al. (2009b) reported an increase of Cr and
Pb accumulation in maize shoots when a contaminated soil
was inoculated with the siderophore-producing bacteria P.
aeruginosa. Dimkpa et al. (2009) showed that hydroxamate
siderophores secreted by Streptomyces tendae F4 promoted
plant growth and enhanced uptake of Cd and Fe by sunflow-
ers. Further research will involve studying the potential role
of the siderophores produced by P. veronii 2E in metal avail-
ability for plants as the potential use as PGPB.

Conclusions

This study revealed that P. veronii 2E secreted unreported
Class II pyoverdine-siderophores able to efficiently complex
metal cations. In addition, ASV study of siderophore-Cd(II)
interactions showed the presence of a moderate single family
of ligands with a potential use in Cd(II) removal and hence
subsequent metal recovery. Therefore, the obtained results
indicate that the siderophores produced by the non-patho-
genic metal resistant bacterium P. veronii 2E are promising
in bioremediation applications.
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