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Abstract The activity of sulfate-reducing bacteria (SRB)
intensifies the problems associated to corrosion of metals
and the solution entails significant economic costs. Although
molybdate can be used to control the negative effects of these
organisms, the mechanisms triggered in the cells exposed to
Mo-excess are poorly understood. In this work, the effects of
molybdate ions on the growth and morphology of the SRB
Desulfovibrio alaskensis G20 (DaG20) were investigated. In
addition, the cellular localization, ion uptake and regulation of
protein expression were studied. We found that molybdate con-
centrations ranging between 50 and 150 pM produce a twofold
increase in the doubling time with this effect being more sig-
nificant at 200 uM molybdate (five times increase in the dou-
bling time). It was also observed that 500 uM molybdate com-
pletely inhibits the cellular growth. On the context of protein
regulation, we found that several enzymes involved in energy
metabolism, cellular division and metal uptake processes were
particularly influenced under the conditions tested. An overall
description of some of the mechanisms involved in the DaG20
adaptation to molybdate-stress conditions is discussed.
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Abbreviations
AOR Aldehyde oxidoreductase
ATP Adenosine triphosphate

D. Desulfovibrio
DaG20

Desulfovibrio alaskensis G20

DCPIP 2,6-Dichlorophenol-iodophenol

DvH Desulfovibrio vulgaris Hildenborough

EPS Extracellular polymeric substance

IEF Isoelectric focusing

ICP-AES Inductively coupled plasma atomic
emission spectroscopy

MALDI-TOF Matrix-assisted laser desorption ioniza-
tion time-of-flight

MIC Microbiologically influenced corrosion

SEM Scanning electron microscopy

SRB Sulfate-reducing bacteria

TCA Tricarboxylic acid cycle

Tris—acetate/HCl Tris(hydroxymethyl)aminomethane
acetate/hydrochloride

2-DE Two-dimensional electrophoresis

Introduction

Microbiologically influenced corrosion (MIC) often inten-
sifies the spoilage of pipelines, metal tanks and production
equipment leading to significant economic consequences
in the gas and oil industries [1-5]. Desulfovibrio (D.) spe-
cies are the main microorganisms involved in this process.
These bacteria reduce sulfate to hydrogen sulfide; a metab-
olite highly corrosive to several types of steel and other
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alloys [6-8]. Since the industry demands are becoming
constantly more severe, the materials need to be stronger
and their properties have to be improved to deal with MIC
and other corrosion factors.

Diverse strategies have been studied to inhibit the
growth of the sulfate-reducing bacteria (SRB). The most
common method is the use of chemical biocides which
include compounds such as aldehydes (formaldehyde and
glutaraldehyde) [9-11], alcohols (bronopol) [12] and sur-
factants (benzalkonium chloride, cocodiamine) [11, 13].
Due to their broad spectrum of action, these biocides could
be toxic to other nontarget species and costly for the envi-
ronment. The use of less toxic and more specific com-
pounds like nitrate, nitrite or molybdate could overcome
this problem [14—16]. Chromate could also be used to con-
trol the biogeneration of hydrogen sulfide but due to the
toxicity of this compound, molybdate is commonly used to
control the SRB activity [17, 18].

Molybdenum is an essential trace element required
by biological systems and particularly many important
enzymes from Desulfovibrio species contain this metal in
its active site. To date, several Mo-enzymes were isolated
and characterized from Desulfovibrio genus including for-
mate dehydrogenases [19-22], nitrate reductases [23], and
aldehyde oxidoreductases [24-27] among others. All of
them are very important in the Desulfovibrio metabolism
since they are involved in metabolic pathways that contrib-
ute to energy production. The biosynthesis of the enzyme
cofactors and the activation of apoenzymes to active
forms require transport, activation of molybdate (the most
common and stable form of molybdenum) and cofactor
incorporation into the apo-molybdenum protein [28, 29].
Despite the relevance of the proteins involved in all these
processes, the information about Mo uptake and the control
mechanisms developed by SRB to regulate the concentra-
tion of this metal in the cell is scarce. In E. coli, molyb-
date is transported to the cell by at least three independ-
ent transport systems: a specific transport system encoded
by the mod gene cluster, the sulfate transport system, and
a nonspecific transport system [30]. The specific transport
system encoded by the modABC operon is induced only
under molybdate starvation and is repressed in presence of
molybdate by the ModE—molybdate complex [31]. Never-
theless, under high molybdenum concentration, cells can
incorporate the metal by the other two machineries [30]. An
analysis of the D. alaskensis G20 (DaG20) genome shows
that mod genes are also present in this organism suggesting
that cells incorporate Mo by similar transport systems [32,
33]. By analogy with the metal transport systems described
for E.coli, it can be supposed that the inhibition of this SRB
by molybdenum-excess is started by the nonspecific uptake
of molybdate [33]. Once the oxoanion is in the cell, it is
known that the ATP (adenosine triphosphate) sulfurylase
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enzyme can bind molybdate which avoids sulfate activation
and consequently inhibits the respiratory chain [34].

The present work is aimed to evaluate the effects of
molybdenum-excess on DaG20 cells. The influence of
molybdate-stress conditions on the cell growth, ion uptake,
cellular morphology and regulation of protein expression
was studied and discussed.

Materials and methods
Cell culture conditions

To study the influence of molybdenum-excess on the
DaG20 growth, cells were cultured at 37 °C under anaer-
obic conditions in medium C from Postgate [35] supple-
mented or not with different Na,MoO,-2H,0 concentrations
(50, 100, 150, 200 and 500 uM). To remove the oxygen,
the medium was boiled, dispensed serum bottles with rub-
ber stoppers, purged with pure argon for 30 min and finally
autoclaved at 121 °C at 20 psi for 20 min. Each culture was
performed in triplicate and the medium (90 mL) was inocu-
lated with 10 mL of a DaG20 culture grown till exponential
phase. The growth time courses were evaluated by measur-
ing the optical density at 600 nm in a Shimadzu UV-160
spectrophotometer. The condition showing 70 % of growth
inhibition (100 uM Na,Mo00O,-2H,0) was used in the stud-
ies described below.

Protein sample preparation for two-dimensional
electrophoresis (2-DE), aldehyde oxidoreductase (AOR)
activity tests and metal uptake evaluation.

D. alaskensis G20 cells were grown in medium C from
Postgate [35] under normal (without molybdate supplemen-
tation) and stress conditions (medium supplemented with
100 uM Na,Mo00,-2H,0) in 2 L flasks adapted to anaerobic
growth at 37 °C. Late log phase cells (20 h growth) were
harvested by centrifuging (Beckman Coulter Avanti J-26
XPI) for 30 min at 7,000xg. The cells were extensively
washed by resuspension in 5 mM Tris—acetate buffer (pH
8.0) supplemented with protease inhibitor (1 tablet per
50 mL cell suspension, complete EDTA-free, Roche) and
centrifugation at 7,000 x g for 30 min. The pellet was resus-
pended (1 g cells per 3 mL buffer) in the buffer/protease
inhibitor solution described above, also supplemented with
DNAse and RNAse (5 ug/mL each). The cell suspension
was frozen and thawed thrice, disrupted using a French
press cell at 15,000 psi and centrifuged again for 30 min at
7,000 g. The supernatant was then ultracentrifuged (Beck-
man Coulter Optima™ LE-80K, 70Ti Rotor) for 45 min
at 45,000 x rpm to separate the soluble and membrane
fractions. All these steps were performed at 4 °C. These
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fractions were used for further 2-DE studies, AOR activity
tests and metal uptake evaluation.

Two-dimensional gel electrophoresis

A known amount of protein (see below) was diluted in
rehydration buffer (7 M urea, 2 M thiourea, 2 % CHAPS
(w/v), 0.5 % 1PG buffer pH 3—-10 (GE-Healthcare), 0.28 %
dithiothreitol), loaded in 18 cm Immobiline Drystrip gels
pH 3-10 NL (GE-Healthcare) prehydrated overnight with
340 ul of rehydrating buffer and focused in an isoelectric
focusing (IEF) system (Ettan IPGphor 3, GE-Healthcare).
During the first dimension, the voltage was increased
according to the following program: 300 V (900 V/h),
1,000 V (gradient 3,900 V/h), 10,000 V (gradient
16,500 V/h), and 10,000 V (30,000 V/h). Strips were then
equilibrated at room temperature in two steps for 10 min
each. First, they were incubated in a solution contain-
ing 1 % (wt/vol) dithiothreitol to reduce the proteins and
sulfhydryl groups and then were derivatized using 2.5 %
(wt/vol) iodoacetamide. Both reductant and derivatizing
solutions were prepared in 50 mM Tris—HCI pH 8.8, 6 M
urea, 30 % (vol/vol) glycerol, 2 % (wt/vol) sodium dodecyl
sulfate and bromophenol blue. For the second dimension,
proteins were separated on 12.5 % polyacrylamide gels
containing 0.2 % (wt/vol) sodium dodecyl sulfate in Ettan
DALTsix system (GE-Healthcare) and stained. In the case
of proteomic profile analysis, 60 pug of protein was ana-
lyzed and gels were silver stained according to the proto-
col described by Heukeshoven and Dernick [36]. Gels used
for protein identification were loaded with approximately
450 pg of total protein and stained using colloidal Coomas-
sie staining [37]. Total protein concentration of the soluble
extracts was measured by Bradford protein assay (BIO-
RAD Protein Assay kit). In both cases, gels were scanned
and digitized using Imagescanner II and ImageMaster2D
software from GE-Healthcare. Spot densities on three gel
images from three independently grown cultures were com-
pared between the control and the experimental samples.
The intensity level of the spots was determined by the rela-
tive spot volume of each protein compared to the normal-
ized volume of the spots. A twofold change in relative spot
volume was used to determine if proteins were significantly
differentially expressed under the two conditions. Spots
showing a higher intensity and those observed only in one
experimental condition were selected for protein identifica-
tion by MALDI-TOF mass spectrometry.

Protein identification by MALDI-TOF mass spectrometry

Protein spots of interest were manually excised (from
Coomassie stained gels), the gel pieces were placed in

microfuge tubes, washed, dried and in-gel digested by
trypsin as described in Ref. [38]. The trypsin digested
samples were analyzed by Matrix-assisted laser desorp-
tion ionization time-of-flight mass spectrometry (Ultraflex
II MALDI-TOF TOF Bruker—Daltonics equipped with a
LIFT cell and N2 laser). Peak list and spectral processing
were done in FlexAnalysis 3.0 (Bruker Daltonics). Protein
identification was carried out using MASCOT (Matrix Sci-
ence, London, UK) and the identified proteins were then
analyzed using the IMG system program (http://img.jgi.
doe.gov). Their probable role in the Desulfovibrio meta-
bolic pathways was deducted using the KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathway maps.

Aldehyde oxidoreductase activity

Soluble protein fractions of stressed (100 uM molybdate)
and nonstressed DaG20 cells were analyzed for AOR activ-
ity. Assays were performed aerobically at 37 °C in a quartz
cell equipped with a magnetic stirrer according to the pro-
cedure described by Thapper et al. [24]. The incubation
mixture comprised 35 uM 2,6-dichlorophenol-iodophenol
(DCPIP), 50 mM Tris—HCI buffer pH 7.6 and 1.4 ug pro-
tein sample. The reaction was initiated by addition of the
substrate (120 uM benzaldehyde) and the activity was
determined spectrophotometrically at 600 nm. Controls
were performed in the same conditions described but with-
out substrate addition.

The AOR activity assay described before was adapted to
perform a gel activity test of the soluble protein fractions
of stressed (100 uM molybdate) and nonstressed DaG20
cells. Samples were prepared in sample buffer [0.5 M Tris—
HCI (pH 6.8), 10 % (vol/vol) glycerol, 0.002 % (wt/vol)
bromophenol blue] and loaded on native 7.5 % polyacryla-
mide gels. The electrophoresis was carried out at 150 V and
gels were then incubated with 350 uM DCPIP at 37 °C for
30 min till the gel became completely blue. The reagent
was removed and replaced by a substrate solution (850 uM
benzaldehyde). The gel was incubated with shaking till a
colorless band was observed which indicates AOR activity.

Scanning electron microscopy (SEM) analysis

To investigate any morphological changes or formation
of molybdate residues at the periphery of the molybdate-
stressed cells, high-resolution electron microscopy was
used. DaG20 cells cultured in medium C from Postgate
[35] supplemented with 100 uM molybdate were collected
by centrifugation at late log phase and washed with 0.1 M
sodium phosphate buffer (pH 7.2). The cells were fixed by
incubating the cell pellet in a solution containing 2.5 %
glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.2)
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overnight at room temperature. They were then washed
with 0.1 M sodium phosphate buffer (pH 7.2), postfixed
with 4 % OsO, and dehydrated in an ascending gradient of
ethanol (30-100 %). The samples were finally incubated in
hexamethyl disilazane at 35 °C for 5 min, mounted on sili-
con chips, air dried and examined under the scanning elec-
tron microscope (Zeiss Auriga).

Molybdenum and protein content in soluble and membrane
cell fraction

To evaluate molybdenum uptake/accumulation in DaG20
cells, molybdenum was determined in soluble and mem-
brane fractions and related to total protein concentration.
The experiments were carried out in samples obtained
from two independent cultures and three dilutions were
performed from each sample. Molybdenum concentration
was determined by ICP-AES in a Jobin—Yvon (Ultima)
instrument. Standard metal solutions ranging from 0.02 to
1.00 ppm were prepared from 23 ICP Multi Element Stand-
ard in 5 % HNO3 and 0.2 % HF (Reagecon).

Protein concentration was also determined on both
stressed and normal samples using the Bradford protein
assay (BIO-RAD Protein Assay kit). Error bars in Fig. 6
were calculated considering molybdenum and protein
determinations as indirect measurements, i.e., by propaga-
tion of error.

Results and discussion
Effects of molybdate on DaG20 growth

To determine the tolerance levels of DaG20 to molybdate,
growth studies were carried out in medium C from Postgate
[35] supplemented with different molybdate concentra-
tions (50-500 uM). The concentration of molybdenum in
the culture medium not supplemented was found to be less
than 10 nM as determined by ICP-AES.

As depicted in Fig. 1 and Table 1, the presence of
molybdate in the culture medium decreases the growth
rate and consequently increases the doubling time of the
cultures. Molybdate concentrations ranging between 50
and 150 pM produced a twofold increase in the doubling
time and a decrease in the growth rate. This effect becomes
more dominant at molybdate concentrations higher than
150 uM showing a five times increase in the doubling time
at 200 uM molybdate and complete inhibition of the cellu-
lar growth at 500 uM molybdate. Taking into account these
results, 100 uM molybdate was considered as the sublethal
level of Mo stress and all further experiments were carried
out under this condition.

@ Springer

Time (hours)

Fig. 1 Growth curves of DaG20 cultured in medium C from Post-
gate [31] supplemented or not with different concentrations of
sodium molybdate: 0 uM (square), 50 pM (circle), 100 uM (triangle),
150 uM (inverted triangle), 200 uM (hexagon) and 500 uM (rhom-
bus). Each growth curve was performed in triplicate. The error bars
added correspond to the error with a confidence interval of 80 % for
student’s ¢ distribution

Differential protein expression in DaG20 cells grown
under molybdate excess

Two-dimensional gel electrophoresis was carried out to
determine the proteomic changes in DaG20 cells grown
in medium containing 100 uM molybdate (Fig. 2). The
protein profile of the soluble fraction from molybdate-
stressed cells was compared with the one obtained from
nonstressed (normal) cells. The results show that under
molybdate excess, a significant downregulation of pro-
teins occurs. A total of 790 & 60 and 490 = 40 spots were
detected in the soluble fraction of nonstressed and stressed
cells (Fig. 2a, b). Besides this clear difference, 49 + 4 more
spots decreased their intensity in the molybdate-stressed
cells, whereas 52 + 3 protein spots were more intense in
this condition (20 £ 2 were upregulated and 32 + 2 were
only present in Mo stressed gels).

Spots showing differential intensities (increasing or
decreasing) and those detectable only in nonstressed cells
were excised for further identification. Both the molecular
weight and isoelectric point of each identified protein were
calculated according to the primary amino acid sequence of
the identified protein and correlated with the experimental
results.

As shown in Tables 2, 3 and 4, the main effect caused by
molybdenum stress was the downregulation and/or repres-
sion of several proteins mainly involved in energy metabo-
lism, cell division and metal homeostasis. The involvement
of the relevant proteins on the different metabolic pathways
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Table 1 Dependence of growth rate and doubling time of DaG20 cells on molybdate concentration

Molybdate concentration (uM) 0 50 100 150 200 500
Growth rate (h™") 0.135(3) 0.061 (1) 0.068 (1) 0.060 (3) 0.028 (3) 0.030 3)
Doubling time (h) 52(D) 114 (2) 10.3 (1) 11.6 (1) 25.1(3) 233 (2)

The numbers in the parentheses are the standard deviation values for the last significant digit of the estimated parameters

50

37

25

0

Fig. 2 Overview of the 2-DE of the soluble fractions from DaG20
cells grown in medium (a) without molybdate (b) supplemented with
100 uM molybdate. Squares proteins found only in nonstressed con-
dition; dashed circles overexpressed proteins; complete circles under-

and cellular processes are discussed in the following
sections.

Proteins involved in energy metabolism and energy
conservation

Proteomic analysis allows us to identify at least five pro-
teins upregulated under of molybdate-stress conditions
involved in energy metabolism/conservation (Table 2):
the [NiFe] hydrogenase-1 (Dde_2137), the MopB/QrcB
(Dde_2933), the CoB—-CoM heterodisulfide reductase
(Hdr/Qmo, Dde_1208), the W-aldehyde oxidoreductase
(AOR, Dde_2460) and the CO dehydrogenase (CODH,
Dde_3028).

The wupregulation of both [NiFe] hydrogenase-1
(Dde_2137) and MopB (Dde_2933) protein could be asso-
ciated to the requirement of energy (ATP) and to solve
the problems related with the accumulation of reducing
equivalents. Under the conditions tested in this work, ATP
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expressed proteins. Each two-dimensional gel electrophoresis is rep-
resentative of three independent experiments. Gels were loaded with
60 pg of protein and silver stained. Differential image analysis was
performed using ImageMaster2D software from GE-Healthcare

sulfurylase uses molybdate (instead of sulfate) and ATP
to produce an unstable molecule equivalent to adenosine
5’-phosphosulfate (APS) that cannot be used as electron
acceptor [17, 34]. On the other hand, the multiple-step
oxidation of lactate produces electrons and protons [39].
Under normal growth conditions the electrons are used to
reduce sulfate, however, under molybdate-stress conditions
it could be postulated that these electrons and protons are
driven to the hydrogen cycle [40, 41] to produce H, (reac-
tion catalyzed by hydrogenases). Then, the H, produced can
diffuse to the periplasmic side of the membrane where it is
re-oxidized to protons by periplasmic hydrogenases (like
[NiFe] hydrogenase-1, Dde_2137, identified in the present
work). Translocation of protons to the cytoplasm and the
consequent ATP synthesis could help to balance the energy
lost. Moreover, the electrons coming from hydrogen oxi-
dation could be then transferred to the c-type cytochrome
network for delivery through the cytoplasmic membrane
via membrane-bound electron carriers for proton reduction

@ Springer
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Table 2 Proteins induced twofold or more in protein extracts from cells grown in the presence of 100 uM molybdate

Cellular role Subrole Name Spotid Locustag PI ~ Mr(kDa) Mascot score % Sequence cover Change®
Energy metabo- Glycolysis/gluco- Aldehyde: ferre- A Dde_2460  5.4160 176 41 20.4
lism genesis doxin oxidore-
ductase tungsten
containing
TCA cycle CoB-CoM Dde_1208 5.25 31 128 61 3.24
heterodisulfide
reductase,
subunit B
(Hdr/Qmo)®
Hydrogen [NiFe] Hydro- Dde_2137 5.54 34 64 35 3.24
metabolism genase small
subunit®
Electron transfer Molybdopterin E Dde_2933 7.22 72 103 20 9.11
reactions oxidoreductase,
molybdopterin-
binding subunit
(Mop/Qrc)
Cell generation Assimilation of ~ CO dehydroge- B Dde_3028 591 65 108 27 6.66
and energy carbon nase catalytic
conservation subunit
Cellular processes Cell division ParA/MinD 31 Dde_3202 540 42 123 42 3.24
ATPase-like
protein®
Transport proteins RND family HlyD C Dde_0402 7.9 42.6 176 51 3.06

efflux trans-
porter

 Relative intensity ratio over the nonstressed cells

® Proteins found in the insoluble fraction probably due to the putative association to complex systems in the membrane fraction

(or sulfate under normal conditions). Many such membrane
proteins and transmembrane complexes have been pro-
posed as possible electron transfer channels for transferring
electrons across the cytoplasmic membrane. Transposon
mutagenesis studies had earlier identified a DaG20 mutant
with an insertion in the gene coding for the component B
of the MopABCD protein complex (locus tag Dde_ 2933
in the present study) which was unable to grow using H,
or formate as electron donor [42]. In addition, the isolation
and characterization of the homologous DvH protein com-
plex [named as quinone reductase complex (Qrc) ABCD]
[43] demonstrated that this complex is efficiently reduced
by periplasmic hydrogenases and formate dehydrogenases
through the type I cytochrome c; and interacts with qui-
nones. Evidences from both studies support the presence
of a metabolic pathway in which periplasmic hydrogenases
(like [NiFe] hydrogenase-1, Dde_2137, identified in the
present work) and Mop/Qrc complex are highly relevant.
The results found in the present work support the putative
interaction between hydrogenases ([NiFe] hydrogenase-1,
Dde_2137) and the Mop/Qrc complex as well as the role
of these proteins in the cell growth under molybdate-stress
conditions.
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Our studies had also shown an increase in the expres-
sion levels of an enzyme annotated as CoB—CoM het-
erodisulfide reductase (Hdr) under molybdate excess
(Dde_1208, Table 2). Since this enzyme is homologous to
the Qmo (DVUO0848-0850) identified in the closely related
DvH organism, it could be postulated a function linking
the electron transport from hydrogen oxidation in the peri-
plasm (Fig. 3) [44, 45].

Desulfovibrio spp. growing on lactate- and sulfate-
containing medium produces metabolites such as H,, for-
mate and CO. The production and consumption of CO was
observed in DvH which encodes a cytoplasmic CO dehy-
drogenase that together with a CO-dependent hydrogenase
converts CO to CO, and H, [41]. In the present work, the
upregulation of the CO dehydrogenase (CODH, Dde_3028,
Table 2) could be also related to the increasing reducing
equivalent flow through hydrogen cycling. Again, molecu-
lar hydrogen diffuses across the membrane to be oxidized
to protons by hydrogenases. These protons will form a pro-
ton gradient used for additional ATP synthesis (Fig. 3).

Another interesting fact observed was the overexpres-
sion of a W-aldehyde oxidoreductase (AOR, Dde_2460,
Table 2) in a rich Mo-containing medium. Since Mo and
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Table 4 Proteins only detected under normal conditions
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43

78

Dde_0332 5.78 22

d

Imidazole glycerol phosphate syn-

Histidine metabolism

thase subunit HisH

23

102

Dde_0685 5.57 60

2

Tungsten formylmethanofuran dehy-

Methanogenesis

drogenase family protein/molybdop-

terin-binding protein

41

158

Dde_0520 5.64 68

f

HMGL like domain containing

DNA replication and packaging dur-

Cell cycle

protein

ing cell division

78

226

Dde_2313 4.89 18

Thiol peroxidase (atypical 2-cys

Defense against alkyl and lipid

Stress response

peroxiredoxin)

hydroperoxides

42

136

Dde 3218 5.88 54

2-Isopropylmalate synthase

Valine, Leucine, Isoleucine biosyn-

Amino acid, purines, pyrimidines,

thesis

nucleosides and nucleotides biosyn-

thesis

47

98
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Lysine biosynthesis. Secondary

metabolites biosynthesis
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Dihydroorotase

Pyrimidine nucleotides biosynthesis

W share several chemical characteristics, the cell needs to
carefully control the correct metal insertion in enzymes.
However, in some cases the control mechanisms can be
evaded and W-replacement by Mo, or viceversa, yields
less efficient and even inactive enzymes [46—49]. To fur-
ther investigate this phenomenon, the correlation between
protein production and enzyme activity was evaluated (see
AOR activity section).

As observed in this and other works, stress responses
often result in growth inhibition which could be associ-
ated to decrease in energy production [50]. In the present
study, at least three important enzymes which play a cru-
cial role in energy generation showed a downregulation
or repression under Mo stress (Tables 3 and 4). They are
involved in energy production (alcohol dehydrogenase,
Dde_0050), in pyruvate catabolism pathway as an interme-
diate in oxaloacetate and pyruvate (pyruvate carboxylase,
Dde_2081) and probably in the use of alternative substrates
as electron donors (tungsten formylmethanofuran dehydro-
genase family protein, Dde_0685). The downregulation of
these enzymes is in agreement with low cell growth under
high levels of molybdate found during growth studies.
Genes involved in energy metabolism generally have lower
expression during stress conditions like carbon or nitrate
limitations, heat shock or oxidative stress [51-54].

Metal homeostasis

As shown in Table 3, periplasmic components from ABC
type of transporters were downregulated under stress
with molybdate. In line with the fact that the modABC
operon is translated only under molybdate starvation and
repressed under molybdate excess [20, 31], the expres-
sion of two periplasmic proteins from the ModABC
systems (ModA isoenzymes loci tag Dde_0155 and
Dde_3518, respectively, Table 3) involved in molybdate
transport was decreased. In addition, the expression of
the periplasmic tungstate binding protein (TupA locus
tag Dde_0234) is shown to be slightly downregulated
(data not shown). It is known that the expression of Mod
proteins is regulated by a protein encoded upstream the
modABC operon, known as ModE [31]. One of the ques-
tions that remain to be answered is whether there exists
a ModE equivalent for TupABC systems. A recent work
suggests that in DvH this role is played by a novel tung-
state responsive regulator (TunR, locus tag DVUO0179)
which controls the homeostasis of both molybdate and
tungstate in the cell [55].

Amino acid and nucleotides metabolism

Some of the proteins involved in nucleic acid and amino
acid biosynthesis like acetolactate synthase (Dde_2168),
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Fig. 3 Proposed electrons and
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adenine deaminase (Dde_0136) and cysteine synthase
A (Dde_3080) were found to be downregulated in cells
stressed with molybdate (Table 3). Studies have shown the
formation of molybdenum sulfide complexes in the cells
grown in excess of molybdenum [17]. Since cysteine syn-
thase A is involved in cysteine biosynthesis which requires
sulfide as a major precursor, the downregulation of this
protein could be associated with the unavailability of this
compound.

Similarly, the combined repression of proteins like dihy-
drodipicolinate reductase (lysine biosynthesis, locus tag
Dde_2092) and 2-isopropylmalate synthase (valine, leucine
and isoleucine biosynthesis, locus tag Dde_3218) is in line
with the general decrease of protein expression observed by
two-dimensional gel analysis (Fig. 2).

Dihydroorotase (Dde_2965), a zinc metalloenzyme
that catalyzes the reversible interconversion of carbamoyl
aspartate and dihydroorotate during pyrimidine nucleotides
biosynthesis, was found to be repressed in this study. This
was also observed in DvH under oxidative stress condi-
tions. The study suggested the possibility of metal cata-
lyzed oxidation reactions affecting enzymes that require a
divalent metal ion for activity [56].

Other cellular processes

Cells cultured under molybdate excess showed upregula-
tion of MinD ATPase (Dde_3202, Table 2). This result is
in line with other works in which the overproduction of this
protein is associated with the inhibition of cellular division

[57, 58], thereby causing low cell growth as observed in
Fig. 1. In agreement with this result, decrease of the pro-
duction of a protein involved in DNA replication and pack-
aging during cell division (HMGL like domain containing
protein, Dde_0520, Table 4) was observed.

Under molybdate excess, the upregulation of the secre-
tion protein HIyD (Dde_0402, Table 2) which belongs to
the RND (resistance—nodulation—cell division) family
efflux of transporters was observed. Efflux systems in bac-
teria have been found to have a strong impact on antimicro-
bial resistance mechanisms [59] catalyzing export of heavy
metals, multiple drugs and lipooligosaccharides (in plants).
Therefore, the expression pattern observed in DaG20 is
compatible with resistance mechanisms against molybdate
excess.

AOR activity

The W-containing AOR showed higher expression levels
under molybdate-stress conditions as compared to non-
stressed conditions (Table 2, Dde_2460). To evaluate and
correlate the upregulation of this W-containing enzyme,
AOR activity was measured in the soluble fraction of cells
grown under both molybdate-stress and normal condi-
tions. Unlike the proteomic studies, very low activity was
detected in the molybdate-stressed cells (Fig. 4a). This
result was further confirmed by qualitative studies that
detect AOR activity in native polyacrylamide gels (Fig. 4b).
The fact that an increase of the AOR production is not com-
patible with a decrease in enzymatic activity could be due

@ Springer
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Fig. 4 a AOR-specific activity (umoles/min/mg protein) of the solu-
ble fraction of DaG20 cells grown in Postgate C medium without
molybdate and with 100 uM molybdate, respectively. b In-gel AOR
activity of soluble fractions of DaG20 cells grown in Postgate C
medium [31] / without molybdate and 2 with 100 uM molybdate

to a nonspecific incorporation of Mo instead of W in the
active site of the enzyme. Although this hypothesis needs to
be further explored, this is not the first case were the sub-
stitution of W by Mo (or viceversa) yields inactive AOR
enzyme [48].

Evaluation of the molybdenum uptake and morphology
of cells grown under molybdate stress conditions

The use of electron microscopy to study morphological
and surface details on bacterial cells due to environmen-
tal stress has been reported by several authors [17, 60, 61].
Biswas et al. [17] detected the presence of electron dense
material in the periplasm of D. desulfuricans cells which
revealed formation of molybdenite (molybdenum sulfide)
deposits on cells grown in medium supplemented with
Mo. Similarly, formation of EPS (extracellular polymeric
substances) around the cells indicates metal sorption as
these compounds has a tendency to bind metals [62, 63].
In the present work, Scanning Electron Microscopy (SEM)
was used to study the morphological changes on cells cul-
ture in medium supplemented with molybdate. As shown
in Fig. 5, neither changes in the morphology nor electron
dense material deposits or EPS were observed on molyb-
date-treated cells.

In the light of these results, the uptake and localiza-
tion of molybdenum in the cell were studied. Membrane
and soluble protein fractions were obtained as described
in Sect. “Materials and Methods” and the ratio Mo mass/
protein mass was calculated for each fraction. The results
show that molybdenum atoms are incorporated by the cells
and accumulated in both soluble and membrane fractions
(Fig. 6). Molybdenum was also quantified in the molyb-
date-supplemented Postgate C medium after cell culture
showing a concentration of 68 + 12 uM showing that at
around 30 % of the molybdenum present in the culture
medium is incorporated by the cells.

200 nm EHT = 500KV Mag= 19.04 KX Signal A= SE2
Aperture Sze = 3000 pum WD= 7.4 mm Zeiss Auriga

200 nm EHT = 500kV
! Aperture Size =3000pm WD = 7.7 mm

Mag= 1975 KX Signal A= SE2
Zeiss Auriga

Fig. 5 SEM micrographs of DaG20 cells grown in medium C from Postgate [31] without molybdate (left) and with 100 pM molybdate (right)
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Fig. 6 Molybdenum concentration in membrane and soluble frac-
tions of DaG20 cells grown under Mo stress determined by ICP-AES.
Error bars were determined by propagation of error, it means consid-
ering molybdenum and protein determinations as indirect measure-
ments

Conclusions

SRB are the main organisms contributing to corrosion pro-
cesses, a problem with severe economic consequences in
both oil and gas industries [1-5]. Although the control of
these bacteria can be successfully achieved by the addi-
tion of molybdate to the culture medium [18], the molec-
ular mechanisms triggered in the SRB to survive these
adverse conditions are poorly understood. In this work, we
study the effects of increase of molybdate concentration
on the DaG20 growth, the metabolic pathways affected
and the cellular uptake of molybdenum. We observed that
as the concentration of the metal ion increases, the DaG20
growth rate decreases showing clearly the negative effect
of the oxoanion on the growth of this SRB. The effect of
molybdate on other Desulfovibrio species is similar but the
concentration impairing the cellular division varies [16].
Though morphological changes are not visible at 100 uM
molybdate, the proteome of DaG20 cells under the stress
conditions tested is largely affected. Regarding the pro-
teins involved in energy production processes, it seems
that an increase of the flow of the reducing equivalents and
molecular hydrogen through hydrogen cycling is activated
to solve the problem associated with the ATP sulfurylase
inhibition by molybdate ions. In addition, our results also
showed that despite the mechanisms developed by the
cell to avoid massive incorporation of molybdate, a large
amount of it still entered the cell (approximately, 30 %
of the molybdate added to the culture medium was incor-
porated). The cellular localization of molybdenum after
uptake is not completely clear.

Although extensive studies need to be performed on
this subject, the results presented contribute to the knowl-
edge about the mechanisms induced in the SRB to survive
adverse environment conditions and this could help further
to design more specific environment friendly strategies to
control biocorrosion processes.
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