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ABSTRACT 

    Response of Desulfovibrio vulgaris Hildenborough to hydrogen peroxide (H2O2, 1 mM) 

was investigated with transcriptomic, proteomic and genetic approaches. Microarray data 

demonstrated that gene expression was extensively affected by H2O2 with the response 

peaking at 120 min after H2O2 treatment. Genes affected include those involved with 

energy production, sulfate reduction, ribosomal structure and translation, H2O2 

scavenging, posttranslational modification and DNA repair as evidenced by gene co-

expression networks generated via a random matrix-theory based approach. Data from 

this study support the hypothesis that both PerR and Fur play important roles in H2O2-

induced oxidative stress response. First, both PerR and Fur regulon genes were 

significantly up-regulated. Second, predicted PerR regulon genes ahpC and rbr2 were de-

repressed in ΔPerR and ΔFur mutants and induction of neither gene was observed in both 

ΔPerR and ΔFur when challenged with peroxide, suggesting possible overlap of these 

regulons. Third, both ΔPerR and ΔFur appeared to be more tolerant of H2O2 as measured 

by optical density. Forth, proteomics data suggested de-repression of Fur during the 

oxidative stress response. In terms of the intracellular enzymatic H2O2 scavenging, gene 

expression data suggested that Rdl and Rbr2 may play major roles in the detoxification of 

H2O2. In addition, induction of thioredoxin reductase and thioredoxin appeared to be 

independent of PerR and Fur. Considering all data together, D. vulgaris employed a 

distinctive stress resistance mechanism to defend against increased cellular H2O2, and the 

temporal gene expression changes were consistent with the slowdown of cell growth at the 

onset of oxidative stress. 
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INTRODUCTION 

    Reactive oxygen species (ROS), including hydroxyl radical (HO.), superoxide radical (O2
.-) 

and hydrogen peroxide (H2O2), are natural products of aerobic metabolism and react easily with 

biological macromolecules including DNA, RNA, proteins and lipids (16). Single- and double-

strand breaks in the DNA backbone, cross-links to other molecules, and lesions that block 

replication are examples of the deleterious effects of free radicals on DNA. Polyunsaturated fatty 

acids in the membranes can also be directly attacked by free radicals and the resulting decrease 

in membrane fluidity has a significant effect on membrane-bound proteins. Furthermore, the 

damaging effects of ROS can be amplified by the diffusion of secondary toxic messengers, such 

as aldehydes generated from the degradation of fatty acids. While the oxidation of proteins is 

relatively less well characterized, the deleterious consequences of modifications of proteins due 

to the attack of free radicals have been demonstrated in previous studies (8). Therefore, ROS is 

under very strict control in the cell through reactions with ROS-specific enzymes including 

superoxide dismutase (Sod), catalase (Kat), and nonspecific enzymes (e.g., alkyl hydroperoxide 

reductase, AhpCF). Furthermore, microbial cells also employ defense mechanisms such as DNA 

repair systems and proteolytic and lipolytic enzymes to limit and repair ROS damage (39).  

     Given the deleterious effect of ROS, much attention has been given to the molecular 

mechanisms and regulatory pathways involved in oxidative stress in Escherichia coli and 

Bacillus subtilis, two important model microorganisms. In E. coli, the transcriptional factors 

SoxR and OxyR respond to O2
.- and H2O2 stress, respectively (31). The OxyR regulon includes 

genes involved in peroxide metabolism (e.g., ahpCF, katG, dps, etc.) and protection as well as 

genes involved in redox balance (gor, grxA, trxC) and important gene regulators such as fur. In 

response to peroxide challenge, E. coli OxyR undergoes a conformational change by forming an 
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intramolecular disulfide bond (24). The regulator OxyR is widely distributed in most Gram-

negative bacteria as well as some Gram-positive bacteria. In organisms that lack OxyR, PerR 

was found to be a key transcriptional regulator (24). The PerR regulator was first identified in B. 

subtilis where it regulates the peroxide stress response. The PerR regulon of B. subtilis includes 

kat, ahpCF, mrgA (DNA protection), the hemA operon (heme biosynthesis), and perR itself (6, 7, 

17, 34). In addition, fur (iron uptake and homeostasis) (3) and zosA (zinc uptake during peroxide 

stress) (19) are also under the regulation of PerR in B. subtilis.  

    While the facultative lifestyles of E. coli and B. subtilis justifies the presence of extensive 

oxidative stress response pathways, the presence of such complex pathways is more intriguing in 

the obligate anaerobic sulfate-reducing bacteria (SRB) Desulfovibrio vulgaris Hildenborough. In 

addition to the widespread ROS detoxification system (including Sod, KatA and the nonspecific 

peroxidase AhpC), D. vulgaris also has an alternative ROS defense system employing the 

Rbo/Rbr enzymes.  Rbo (rubredoxin oxidoreductase) exhibits superoxide reductase activity and 

Rbr (rubrerythrin) exhibits NADH peroxidase activity (15, 26, 31, 41).  Annotation of the D. 

vulgaris genome reveals ortholog of B. subtilis  perR and two perR paralogs and fur and zur, but 

no orthologs of the E. coli OxyR and SoxR/SoxS regulators were identified. The reported aero-

tolerance or aero-resistance of D. vulgaris is supported by the existence of genes constituting an 

oxygen reduction system including a membrane bound cytochrome c oxidase (cox, DVU1811-

1815), a cytochrome d ubiquinol oxidase (cydBA, DVU3270-3271) and a cytoplasmic 

rubredoxin:oxygen oxidoreductase (Roo, DVU3185) (22). Desulfovibrio spp have been shown to 

tolerate low levels of oxygen and may even utilize oxygen as a terminal electron acceptor under 

certain conditions (27, 30), although growth of Desulfovibrio supported by oxygen respiration 

has not been reported.    
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Multiple studies have attempted to elucidate the mechanisms of the oxidative stress response 

in D. vulgaris (13-15, 36, 38, 46, 48) and use of different oxidative stress conditions has enabled 

the role of many of the oxidative stress genes to be discovered. For example, thiol-peroxidase, 

BCP-like protein and putative glutaredoxin were more abundant in D. vulagris cultures oxidated 

by continuous bubbling with pure oxygen, although enzymes involved in ROS detoxification 

such as Rbo(Sor), Rbr and Rbr2 were less abundant (13). Sor was shown to be a key player in 

oxygen defense under fully aerobic condition when D. vulgaris cells were stirred with a 

magnetic stirrer continuously in air (15). Roo enhanced survival of D. vulgaris under 

microaerophilic conditions (1% air) (46). In a study with low O2 (0.1%) exposure (36), the role 

of PerR and its predicted regulon emerged where these genes comprised the few up-regulated 

genes in an otherwise unperturbed set of transcripts.  However, no significant changes were 

reported in the expression of genes in the predicted PerR regulon in another study with D. 

vulgaris exposed to pure O2 (38). Furthermore, genes trx and trxB, encoding thioredoxin and 

thioredoxin reductase that may constitute an alternative oxidative stress response mechanism, 

were found to be up-regulated or down-regulated in response to air or oxygen flushing, 

respectively (36, 38, 48). While these studies have improved our understanding of oxidative 

stress response in SRB, the genome-wide mechanistic picture of the D. vulgaris response 

remains elusive. A genome-wide analysis of D. vulgaris response to H2O2, known to be a more 

reactive oxidant than superoxide (33), was carried out to provide more insights into oxidative 

tolerance mechanisms in D. vulgaris.  

     In this study, a high-throughput transcriptomic analysis coupled with proteomic assays and 

mutagenesis approaches were used to monitor the transcriptional and translational changes of D. 

vulgaris in response to H2O2. Our results indicate that both PerR and Fur may play important 
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roles in the regulation of oxidative stress response genes in D. vulgaris and suggest that this 

bacterium may use the Rdl/Rbr2 and thioredoxin-dependent pathways in the detoxification of 

H2O2. 

MATERIALS AND METHODS  

     Bacterial strains and growth conditions. Desulfovibrio vulgaris Hildenborough and 

deletion mutants of fur (JW707) and perR (JW708) were investigated in this study. Mutants were 

constructed as described in Bender et al. (4). Defined medium LS4D (35) with 50 mM lactate/60 

mM sulfate was used as standard growth medium.  

     Hydrogen peroxide treatment. Bioscreen C (Growth Curves USA, Piscataway, NJ) was 

used to test the effect of H2O2 on the growth of D. vulgaris cells. A series of different 

concentrations of H2O2 (0.5, 1, 2, 4, 8 and 10 mM, prepared from 30% [vol/vol] H2O2 [Sigma, 

9.8M] with anoxic H2O) were added to mid-log phase cell cultures grown in a 100-well plate in 

Bioscreen C and the growth was monitored as the absorbance at 600 nm. To produce biomass for 

the transcriptomics and proteomics assays, D. vulgaris cells were pre-cultured in the LS4D with 

a 1% (vol/vol) inoculum and grown to mid-log phase (6 X 200-ml cultures in 250-ml bottles). 

The cells were then subcultured into production vessels (2000 ml in 2-liter glass bottles placed in 

the anaerobic chamber in the 30 oC incubator) in triplicate with 10% (vol/vol) inocula. H2O2 was 

added to mid-log phase cultures (an OD600 of 0.35) to a final concentration of 1mM. Biomass 

(300 ml) was harvested at 0 min (just before treatment), and at 30, 60, 120, 240, and 480 min 

after H2O2 treatment. All sampling occurred in the anaerobic chamber. Samples were pumped 

through stainless steel tubing in ice-water into centrifuge bottles surrounded by ice and stored on 

ice in the anaerobic chamber before centrifugation.   
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    Oxidative stress response of deletion mutants of D. vulgaris fur and perR were also 

investigated in this study. Biomass was produced as mentioned above and harvested at two time 

points - 0 min and 120 min after 1 mM of H2O2 treatment.  

    RNA isolation, cDNA synthesis and fluorescence labeling. Total cellular RNA was isolated 

using TRIzol reagent (Invitrogen, Carlsbad, CA) and purified using the RNeasy Mini kit 

(QIAGEN, Valencia, CA). On-column DNaseI digestion was performed with the RNase-free 

DNase set (QIAGEN, Valencia, CA) to remove possible genomic DNA contamination. Ten µg 

of purified total RNA was used to generate Cy5-dUTP (Amersham Biosciences, Piscataway, NJ) 

labeled cDNA target (44). Cy5-labeled cDNA was purified with QIAGEN QIAquick PCR 

purification kit. The quality and quantity of the Cy5-labeled cDNA target were measured by 

Nanodrop at wavelength 260 nm (for DNA concentration) and 650 nm (for Cy5). The Cy5-

labeled cDNA target was dried and stored at -20oC.  

    Genomic DNA isolation and fluorescence labeling. Genomic DNA (gDNA) was extracted 

from D. vulgaris cultures as described previously(50). The extracted DNA was labeled with the 

fluorophore Cy3-dUTP (Amersham Biosciences, Piscataway, NJ) and the Cy3-labeled gDNA 

was purified with QIAquick PCR purification kit. The amount of gDNA for each labeling 

reaction was 1.5 µg and the resulting Cy3-labeled gDNA from one labeling reaction was used for 

3 hybridizations. The quality and quantity of the Cy3-labeled gDNA target were measured by 

Nanodrop at 260 nm (for DNA concentration) and 550 nm (for Cy3), and the target was dried 

and stored at -20 oC. 

Microarray hybridization and data analysis. The D. vulgaris whole-genome 

oligonucleotide microarray constructed with synthesized 70mer oligonucleotide probes covers 

3,482 of the 3,531 protein-coding sequences of the D. vulgaris genome (21). The quality of this 
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microarray in global transcriptional profiling has been extensively validated in previous studies 

(9, 10, 21). Array hybridizations and data analysis are performed as described previously (21, 

35). Briefly, the pooled Cy3-labeled gDNA was used as control and co-hybridized with each 

Cy5-labeled sample and hybridizations were carried out in a TECAN HS4800 (TECAN Group 

Ltd, Durham, NC).  After 10 hrs of hybridization at 45°C with 50% formamide in hybridization 

buffer, the microarray slides were dried and scanned for the fluorescent intensity using the 

ScanArray Express microarray analysis system (Perkin Elmer, Boston, MA). The fluorescence 

signal intensities for each spot were calculated with the software ImaGene version 6.0 

(Biodiscovery, Marina Del Rey, CA) using 16-bit TIFF images. The data processing was done as 

described by Mukhopadhyay et al. (35). The heat-maps of gene expression data were graphed 

using Cluster 3.0 and Treeview (12). Absolute correlation (uncentered) was used as the similarity 

metric and complete hierarchical clustering was performed. Microarray data for this study are 

available at http://www.microbesonline.org/cgi-bin/microarray/viewExp.cgi?expId=123 

(GSE14345) and http://www.microbesonline.org/cgi-bin/microarray/viewExp.cgi?expId=1258 

(GSE4355).  

 DCA (detrended correspondence analysis) was used to analyze the similarity of transcription 

profiling between different time points. Compared to the gene expression at time zero, the ORFs 

with more than two-fold changes in gene expression (|Log2R|>1.0, |Z|>1.5) for at least one of the 

time points were kept for analysis. Five sets of data for control samples, C30-C480, and 5 data 

sets for treatment samples, T30-T480, were included in the analysis. The log2R value was 

transformed to fold change. It was set to one for genes with no expression changes detected. 

There were a total of 1488 ORFS considered.  DCA was run with software PC-ORD (version 4, 

MjM Sortware Design).  
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    Construction of gene co-expression network. The microarray data from all six timepoints 

were used for the construction of the gene co-expression network based on the random matrix 

theory approach (32). First, all raw fluorescent intensities were normalized by the Cy3 signals 

generated from genomic DNA controls (35). Second, for each spot, a ratio (Cy5/Cy3) of the Cy5 

signal to the Cy3 signal was calculated and then logarithmic transformation of the ratio was 

performed. Third, a gene expression ratio of a treatment to a control was calculated by randomly 

dividing a treatment Cy5/Cy3 ratio by a control Cy5/Cy3 ratio. All the datasets at each time-

point were used for the gene co-expression network identification. The gene co-expression 

network presented here was generated with the cutoff of Pearson correlation coefficient of 0.95 

between each pair of genes, which was determined by the network identification method 

(32).The sub-module was separated by fast greedy modularity optimization (11, 37).   

     Proteomic analyses. Biomass harvested at 120 min after the addition of 1 mM H2O2 was 

used for proteomic analysis to reveal the response at the protein level. Sample preparation, 

chromatography, and mass spectrometry for iTRAQ proteomics were performed as described 

previously (40) with modifications to the lysis buffer used.  Briefly, frozen cell pellets from 

triplicate 50 ml cultures were thawed and pooled prior to cell lysis. Cells were lysed via 

sonication in 4 M urea with 500 mM triethylammonium bicarbonate, pH 8.5 (Sigma-Aldrich), 

and the lysate, separated by centrifugation at 4oC 15,000 g for 30 min, was used as total cellular 

protein. Eighty micrograms of proteins were taken from each sample, denatured, reduced, 

blocked, digested, and labeled with isobaric reagents as per manufacturer’s directions (Applied 

Biosystems). The 1 mM H2O2-treated samples were labeled with tag114 or tag117 which provided a 

technical replicate to allow assessment of internal errors; the control was labeled with tag115. 

Then, the iTRAQ-labeled samples were separated into 21 salt fractions via strong cation 
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exchange (SCX). The fractions were desalted, dried, and separated on a C18 reverse phase nano-

LC-MS column with a Dionex LC system coupled with an ESI-QTOF mass analyzer (QSTAR® 

Hybrid Quadrupole TOF, Applied Biosystems, Framingham, MA) as previously described (40).   

      Collected mass spectrograms were analyzed using Analyst 1.1 with Protein Pilot 1.0 

(Applied Biosystems).  Protein identifications were confirmed using MASCOT version 2.1 with 

the FASTA file containing all the ORF protein sequences of D. vulgaris (1) as the theoretical 

search database. The same parameters were used in both programs; namely, trypsin was the 

cleavage enzyme, and mass tolerances of 0.1 for MS and 0.15 for MS/MS were used. Peptides 

with charges from +2 to +4 were searched. All matches above a 95% confidence interval were 

considered. Scripts were written using Python to collate data between Run 1 and Run 2 and 

between MASCOT and Protein Pilot. Only proteins identified by at least two unique peptides 

were considered for further analysis. All protein ratios were obtained from Protein Pilot. Tag 

ratios for each protein are a weighted average from peptides of all confidence that are uniquely 

assigned to that protein. To compute the level of significant changes, z-scores were computed for 

all log2 values. Protein log2 values with z-scores ≥ |2| were considered to be significantly 

changed. Each sample was run in duplicate to control for internal error. Reported protein ratios 

are an average of the internal and external technical replicates (4 samples in total) with standard 

deviations. 

 

RESULTS 

 

    The growth of D. vulgaris cells was affected by the addition of H2O2. In order to identify an 

effective concentration of H2O2 treatment for the investigation of the oxidative stress response at 
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both transcription and translation levels, different concentrations of H2O2 (0, 0.5, 1, 2, 4, 8, and 

10 mM) were tested for their effects on cell growth. Low concentrations of H2O2 (0.5 ~ 2 mM) 

showed about 3 hrs delay of growth (1 mM, Fig. 1A), while 4 mM or higher concentrations of 

H2O2 arrested growth for a proportionately longer times (data not shown). Therefore, 1 mM of 

H2O2 was chosen for further experiments in this study. To gain insights into the temporal pattern 

of the stress response at the gene transcription level, biomass was harvested at 5 time-points (30, 

60, 120, 240 and 480 min) after H2O2 treatment for transcript analysis.     

    The temporal pattern of transcript changes in response to H2O2. Extensive gene 

expression changes after H2O2 treatment were detected by the D. vulgaris whole genome 

microarray. In terms of gene number and fold change, the transcriptional response reached a 

peak (Fig. 1B) at 120 min after H2O2 treatment with 485 genes up-regulated and 527 genes 

down-regulated, representing approximately 14% or 15% of the total open reading frames on the 

array, respectively. DCA analysis showed that the gene expression profiles of control (C30 –

C480) and treatment (T30 – T480) samples were clearly separated by axis 1. The early (T30, T60 

and T120) and late responses (T240 and T480) to H2O2 treatment were well separated as well 

(Fig. 1C).   

      In terms of gene categories, at 30 min after the addition of H2O2, genes involved in 

“posttranslational modification, protein turnover, chaperones” and “general function prediction” 

had greatest differential expression (Fig. S1); at 60 min, besides the two gene categories 

mentioned above, many more genes were significantly changed, including genes involved in 

COG functional groups for: signal transduction mechanisms; energy production and conversion; 

cell envelope biogenesis; outer membrane; amino acid transport and metabolism; cell motility 

and secretion; and DNA replication, recombination and repair (Fig. S1). The most dramatic 
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changes of gene expression level were observed at 120 min (Fig. S1). “Signal transduction 

mechanism” and “posttranslational modification, protein turnover, chaperons” were the two 

categories with the highest number of up-regulated genes. “Energy production and conversion” 

and “amino acid transport and metabolism” were gene categories with highest number of down-

regulated genes. In contrast, fewer genes with expression changes were detected at both 240 and 

480 min, which was consistent with the restoration of normal growth.  

    When the gene expression level changes were considered, nspC (involved in amino acid 

transport and metabolism), DVU3136 (a nitroreductase gene), DVU2442 (encoding a heat shock 

hsp20 family protein) were examples of the most up-regulated genes (Table S1); and the 

corresponding genes in the same operon speA-lys1-nspC(DVU0417-0419), DVU3135(mdaB)-

DVU3136, DVU2441(hspC)-DVU2442 were all up-regulated after H2O2 treatment;  flgG (cell 

motility) and DVU0359 (encoding a HesB-like domain protein) were two examples of most up-

regulated single gene operons.  frdC (DVU3261, fumarate reductase, cytochrome b subunit) was 

an example of the most down-regulated genes, and two other genes, frdA and frdB in the same 

operon were also down-regulated (Table S1).  

Gene co-expression network in response to H2O2. In order to further understand the 

oxidative stress responses at the whole genome scale and to gain insights on the functions of 

hypothetical proteins, all microarray data were used to construct a gene co-expression network 

by a novel random matrix theory-based approach (38). The resulting network contains a total of 

175 genes that were partitioned into 5 sub-networks (modules, with more than four genes) with 

the Pearson correlation coefficient cutoff of 0.95 for each pair of genes (Fig. 2). Module 1 is the 

largest module including 155 genes involved in different gene categories; Modules 2-5 are small 
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modules with 4-8 genes. As expected, genes from the same operon tend to link together in the 

sub-networks and all modules contain functionally coherent sets of genes (Fig.2). 

Microarray data suggests that a genome-wide response was triggered by the addition of 

oxidant H2O2. It is conceivable that genes involved in DNA repair, protein turnover, lipid 

metabolism, energy metabolism and other cellular activities are all coordinately regulated, which 

was shown as a complex oxidative stress response network in Module 1 (Fig. 2) (Table S2). 

Module 1 can be further divided into sub-modules (1-1 to 1-6) using the modular identification 

program (11, 37). The major gene categories in sub-module 1-1 were “energy production and 

conversion” and “translation, ribosomal structure and biogenesis”. Genes predicted to be 

involved in energy production and conversion such as atpG (DVU0776), atpA (DVU0777), 

atpF1 (DVU0780) and dsrMKJOP (DVU1286-1290) were tightly linked with genes involved in 

“translation, ribosomal structure and biogenesis” such as DVU1308-1311 via connections of 

genes (fabF (DVU1204), accC (DVU2226)) involved in lipid metabolism. All of these genes had 

decreased gene expression. Negative correlations were found between DVU3136 (nitroreductase, 

increased gene expression) in sub-module 1-2 and down-regulated genes in sub-module 1-1. The 

major gene category in sub-module 1-3 was “posttranslational modification, protein turnover, 

chaperons”. Genes belong to this gene category such as trxB (DVU1457), msrA (DVU1984), 

msrB (DVU0576), dnaJ (DVU1876), DVU2441-2442 (heat shock proteins) were linked together.  

The gene co-expression network provides an advantage for functional prediction of 

hypothetical genes due to the fact that functionally related genes are connected to each other in 

the gene co-expression networks (32). Therefore, unknown function genes DVU1875, DVU1601, 

DVU2282 in sub-module 1-3 could be functionally involved in “posttranslational modification, 

protein turnover, chaperons”. For the same reason, DVU1601 and DVU2310 (general function 
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prediction only) in sub-module 1-3 may have a possible function in protein modification and 

turnover (Fig. 2).The Clps domain in DVU1601 also supports its possible function in protein 

modification or turnover.  

     The major gene category in Module 2 was posttranslational modification, protein turnover, 

and chaperons, and the network topology suggested that two hypothetical genes DVU0241 and 

DVU0242 could be related to such functions. Interestingly, iron transportation protein gene feoB 

(DVU2571) was correlated to these genes whose expression was significantly up-regulated (Fig. 

2; Table S2). Genes in Modules 3 to 5 were related to energy production and conversion. In 

Module 3, the expression of all these genes was down-regulated except rdl (DVU3093, 

rubredoxin-like protein, predicted oxidative stress response gene) that was up-regulated (Table 

S2).  Again, hypothetical gene DVU3032 in Module 3, and DVU0035 and DVU0263 predicted to 

encode a tetraheme cytochrome c3 protein in module 4 could be involved in energy production 

and conversion.    

The gene co-expression network not only provided us high-level view of the stress response in 

D. vulgaris, but also shed light on the importance of genes in the response network based on the 

number of links for each gene. When challenged with H2O2, the gene expression for H2O2 

scavenging enzyme, NifU and MsrAB related damage repair, thioredoxin-dependent pathway 

increased, while that for sulfate reduction, protein synthesis and ATP production decreased.  

Many genes involved in various categories had more than 6 connections (Table S2). For 

example, genes are actively involved in sulfate reduction (DVU1286, 9; DVU1288, 9), ATP 

production (DVU0776, 11; DVU0777, 11), protein synthesis (DVU1309, 9; DVU1310, 9; 

DVU1311, 8), thioredoxin-dependent pathway (DVU1457 (trxB), 8), DVU1144 (transcriptional 

regulator, 10), and damage repair (DVU1984 (msrA), 7) and several genes encoding ribosomal 
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proteins. Especially, as one of the top 20 most up-regulated genes with 6 connections, DVU3136 

may play an important role in the stress response of D. vulgaris as its homologue in E. coli (5, 

29).  

  The proteomic response to H2O2. To understand the D. vulgaris response to oxidative stress 

at the protein level, the iTRAQ proteomics strategy was used to assess changes in proteins after 1 

mM H2O2 treatment. The 120-min sample was chosen for this analysis mainly because the 

greatest number of significantly changed transcript levels was detected at this time point based 

on microarray data. In total, 379 proteins were detected; among these proteins, nine were 

significantly increased and eighteen were significantly decreased (|Z score| > 2.0) when 

compared to the sample without H2O2 treatment.  

Several proteins with increased abundance were interesting candidates for understanding the 

oxidative stress response. For instance, DVU0273, a conserved hypothetical protein predicted to 

be Fur-regulated, increased with Log2R of 1.3 (Z=2.3), suggesting the regulatory role of Fur in 

oxidative stress.  Possibly reflecting the damage of H2O2-generated ROS to the DNA molecule, 

DVU1078 a single-stranded nucleic acid binding R3H domain protein, had increased levels. 

Similarly, the increase in protein content of CysK (DVU 0663, cysteine synthase A) could be 

because the biosynthesis and /or repair of iron-sulfur cluster proteins were needed under 

oxidative stress (13). Sixteen out of the 18 proteins with significantly decreased levels were 

ribosomal proteins. Among those 16 ribosomal proteins, transcripts from five of their encoding 

genes were also found to be decreased. The slowdown of protein synthesis suggested by both 

proteomics and transcriptomics assays were in a good agreement with the temporary arrest of 

growth of the cells following the addition of 1 mM of H2O2.  
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However, in contrast to a total of 710 differentially transcribed genes detected with the same Z 

score cutoff, the protein response was much less.  This disparity can be partially explained by the 

lack of correlation between gene expression and protein level changes at 120 min that yielded a 

Pearson correlation coefficient value of 0.072 (Table 1).  

Predicted oxidative stress response genes. To gain a better, in-depth understanding of the 

molecular mechanisms of the D. vulgaris oxidative stress response, the microarray data were 

further examined according to the gene function groups. The detoxification system for ROS in 

aerobic and anaerobic bacteria has been reported to involve Sod, KatA and AhpC (2, 3, 20, 45). 

In addition, D. vulgaris has an alternative mechanism based on Rbo, Rbr and Rub to protect the 

cell against oxidative stress (13, 15, 41, 46). The transcript levels of these predicted oxidative 

stress response genes were examined. The expression of sod was not significantly changed and 

katA was significantly down-regulated (log2R=-1.95, -1.10 and -1.32 at 120, 240 and 480 min 

respectively), from which it was inferred that these two genes might not play major roles in 

detoxifying H2O2. In contrast, ahpC, rdl (homologue of rub) and rbr2 (paralog of rbr) were 

increased more than three fold in transcript levels following peroxide treatment (Fig. 3). Increase 

of transcripts of rbr was less than two fold. The transcipts of rub, rbo and ngr (rbr homologue) 

were detected but their levels did not significantly change during this stress.   Thus, AhpC, Rdl 

and Rbr2 appear to play important roles in detoxification of H2O2.  Assuming that Rub/Rbr are 

needed, the baseline concentrations of these enzymes may be sufficient for meeting this 

oxidative stress.  

PerR (DVU3095), a homologue of the peroxide-sensing regulator PerR in B. subtilis, is 

predicted to be involved in oxidative stress response (41). Therefore, the expression changes of 

the predicted PerR regulon genes were also investigated. With 1mM H2O2 treatment, not only 
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ahpC, rdl, rbr2 and rbr as mentioned above, all other genes predicted to be in the perR regulon, 

perR and DVU0772 were all significantly up-regulated (Fig. 3), which indicates that PerR has a 

regulatory role in response to oxidative stress as predicted.  

 Fur regulon. Fur, a paralog of PerR and regulator of iron homeostasis, has been shown to be 

important for bacterial growth and stress responses (2, 3, 20, 45). In the oxidative stress induced 

by H2O2, all of the predicted Fur regulon genes were up-regulated with feoA-feoAB and genYZ 

showing the highest up-regulation (Fig. 3). It is noted that the protein level of DVU0273 with the 

predicted strongest Fur binding site in the upstream of the gene (41), was also significantly 

increased (Table 1), which further supports the assumption that the major iron-uptake regulator 

Fur is involved in the H2O2-induced oxidative stress response.  

Thioredoxin-dependent reduction systems. Thioredoxins are small ubiquitous proteins with 

a conserved Cys-Gly-Pro-Cys active site. Thioredoxins function as hydrogen donor for the 

reduction of a number of enzymes involved in DNA synthesis, protein repair and sulfur 

assimilation in addition to the direct or indirect reduction of H2O2 (47). With H2O2 treatment, 

thioredoxin reductase gene trxB was significantly up-regulated; thioredoxin trx and DVU0725 

encoding a thioredoxin domain containing hypothetical protein increased with a log2R of 1.52 

and 1.75, respectively at 120 min; as expected, the expression of thiol-peroxidase ahpC was up-

regulated as mentioned above; protein repair genes msrAB were significantly up-regulated as 

well (Table S2). These data strongly suggested the involvement of the thioredoxin-dependent 

systems in oxidative stress response. 

     Genes involved in DNA replication, recombination, and repair. In addition to the 

significantly increased expression of protein repair related genes mentioned above, some genes 

involved in DNA recombination and repair were also quickly and dramatically up-regulated 
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upon H2O2 treatment (Fig. 4). For instance, radC (DVU1193, a putative DNA repair protein) and 

DVU0771 (a putative molybdenum-protein binding domain protein/site-specific recombinase, 

phage integrase) were detected to be induced with a log2R of 1.02, 1.38 and 2.36 for radC, and 

1.33, 2.18 and 2.50 for DVU0771 at 30, 60, and 120 min, respectively, which clustered in one 

clan. DVU2907 (umuD) was increased with a log2R of 1.87 and 1.75 at 30 and 60 min, 

respectively. DVU2003 encoding a putative transposase was up-regulated with log2R of 2.00 and 

2.75 at 60 and 120 min, respectively. The expression of dcm (DVU1515) encoding a putative 

type II DNA modification methyltransferase and dnaG (DVU1789) encoding a putative DNA 

primase were increased at 60, 120 and 480 min with log2R of 1.63, 2.41 and 2.17 for dcm, and 

1.13, 1.96 and 1.06 for dnaG, which also clustered in one clan (Fig. 4).  These results suggest the 

recruitment of DNA repair mechanisms for repair of DNA damage from H2O2 treatment. 

    Signal transduction mechanism genes. Two-component signal transduction is one of the 

mechanisms that bacteria use to sense and respond to the environment. D. vulgaris is in the upper 

10% of bacteria in abundance of sensory histidine kinases (HK) and response regulators (RR) 

(48). DVU3381 (ntrC) encoding a homolog of the transcriptional regulatory protein ZraR and 

DVU3382 (zraS) encoding the apparent conjugate sensory protein are predicted to be in one 

operon. These two genes were among the most significantly up-regulated two-component signal 

transduction genes with H2O2 stress (Fig. 4). The log2R of these two genes were 1.32, 2.04, 2.86 

and 2.08 for DVU3381, and 1.41, 2.34, 2.41 and 1.35 for DVU3382 at 30, 60, 120 and 240 min, 

respectively. DVU3382 contains a PAS sensory domain which is suggested to be involved in 

sensing energy-related environmental factors such as oxygen, redox potential or light (43). The 

immediate and consistent up-regulation of DVU3382 suggests that this sensory protein may play 
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a major role in sensing the redox potential in the cell, and that the response regulator DVU3381 

may regulate its gene expression. 

     Besides the significant induction of two-component signal transduction system genes, 

expressions of several transcription regulators were significantly increased as well. For example, 

a predicted heat-inducible transcription repressor gene hrcA, an ArsR family transcriptional 

regulator gene DVU1645 and a negative regulator of flagellin synthesis gene flgM were 

increased with log2R 1.51, 2.35 and 2.49 for hrcA, 1.11, 1.81 and 2.63 for DVU1645, and 1.01, 

1.64 and 2.08 for flgM, respectively, at 30, 60 and 120 min (Fig. 4).  

     SRB signature genes. Genes involved in dissimilatory sulfate reduction pathways, 

oxidoreductase activities, and oxidative stress responses are considered to be characteristic of the 

SRB. There were 46 SRB genes in total identified by homology searches on four sulfate-

reducing bacterial genomes, D. vulgaris, D. alaskensis G20, Desulfotalea psychrophila, and 

Archaeoglobus fulgidus, which are found uniquely when compared to 209 sequenced bacterial 

genomes available at the time of comparison (9). Microarray data from this study showed that 

most of the SRB signature genes, including drsMKJOP, drsABC, and qmoABC, were down-

regulated (Fig. 4). Obviously, a general decrease in the sulfate reduction was consistent with 

decreased energy production, which also agreed with the slower growth under oxidative stress 

conditions.  

Transcriptional and growth response of ΔperR and Δfur mutants to H2O2. Both 

transcriptomics and proteomics data suggest that PerR and Fur are involved in oxidative stress 

response. In order to further characterize the roles of PerR and Fur in H2O2-induced oxidative 

stress responses, transcriptional and growth response of both ΔperR and Δfur mutants to H2O2 

were investigated.   
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Under standard growth conditions, as expected, the expression of ahpC, rbr2 and DVU0772, 

which were preceded by a predicted PerR binding site, were de-repressed in ΔperR mutant.  The 

expression of all Fur regulon genes except DVU3123 was de-repressed in the Δfur mutant. In 

addition, the global regulator Fur was also observed negatively regulate 12 genes (DVU2379-

DVU2390) downstream of foxR (a few genes with less than 3 fold increases were not shown in 

the table) (Table 2), which was consistent with gene expression data reported in Bender et al (4). 

With H2O2 stress, most of the de-repressed genes were not responsive in mutants. Interestingly, 

ahpC and rbr2 were observed de-repressed in the mutant Δfur as well. By comparing the up-

regulated stress response genes in wild-type D. vulgaris and mutants with de-repressed genes in 

deletion mutants ΔperR and Δfur, genes were de-repressed in mutant but not responsive under 

oxidative stress condition would be considered as PerR or Fur-dependent oxidative response 

genes.  As shown in Table 2, in total, eight genes were Fur-dependent, two genes were PerR-

dependent and five genes were PerR and Fur-dependent. Among these genes, Fur regulon genes 

such as gdp, fld, genYZ(DVU0303-0304), feoA-DVU2573-feoA and Fur-de-repressed 

hypothetical gene DVU2681 were Fur-dependent;  Fur regulon genes DVU0273, feoB,  Fur-

depressed gene DVU2564 (bioF) and PerR regulon genes ahpC, rbr2 were dependent on both 

PerR and Fur. PerR regulon gene DVU0772 and a PerR-depressed hypothetical gene DVU0024 

were PerR-dependent. On the other hand, 33 genes were found up-regulated in both wild type 

and mutants ΔperR and Δfur when stress with H2O2 (Table 3), but not de-repressed in mutants 

ΔperR and Δfur (Table 2), which suggested that these genes were not regulated by either PerR or 

Fur in oxidative stress response.  

When growth response to H2O2 was examined by monitoring the absorbance at 600 nm, 

largest OD change right after the addition of H2O2 was seen in ΔperR.  However, the change of 
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final biomass yield according to OD readings in both ΔperR and Δfur were less than wild-type 

(Fig. 5), which suggested that the mutants were more resistant to H2O2 stress. Together with the 

transcriptional response, these results were inferred to mean that both PerR and Fur were 

involved in oxidative stress response by negatively regulating gene expression.  

     Conceptual cellular model of the oxidative stress response. To obtain further insights on 

the responses of D. vulgaris to oxidative stress, a conceptual cellular model was constructed 

based on the transcriptomic and proteomic data (Fig. 6). Increased cellular H2O2 had a dramatic 

effect on the gene expression, translation, and cell growth of D. vulgaris. Energy production and 

protein synthesis were slowed down and the cell growth was temporarily arrested. PerR and Fur 

regulons were detected with increased transcription levels and increased protein level for 

DVU0273, a predicted Fur regulon gene. The important roles of PerR and Fur in oxidative stress 

response were also demonstrated by the growth response of the fur and perR deletion mutants to 

the addition of H2O2. Transcript levels of ΔperR and Δfur mutants indicated that some H2O2 

stress response genes were regulated by both PerR and Fur. An increased expression of genes 

involved in Rdl/Rbr2 and thioredoxin-dependent reduction pathways suggested their function in 

the defense against hydrogen peroxide.  Protein and DNA repair genes and proteins were 

increased, while genes encoding energy production systems and sulfate reduction were decreased 

in transcription.     

         

DISCUSSION 

     Given that anaerobic SRB such as D. vulgaris play a critical role in sulfur cycling, 

biocorrosion, and bioremediation of toxic metals, a better understanding of the oxidative stress 

responses in SRB is of great industrial and biological importance. These strict anaerobes exhibit 
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a remarkable level of aero-tolerance that likely contributes to their success in environmental 

settings.  In this study, hydrogen peroxide was used to induce oxidative stress. Gene expression 

and protein content changes upon exposure to 1 mM of H2O2 were detected via transcriptomic 

and proteomic approaches. Comparisons of the wild-type and deletion mutants provided further 

evidence of gene regulation by PerR and Fur during oxidative stress. In addition, a gene co-

expression network derived from the microarray data demonstrated possible interactions among 

genes involved in different gene functional categories, suggesting a complex set of genes are 

involved in the responses of D. vulgaris to H2O2. 

     Several lines of evidence support roles for PerR and Fur in regulating the oxidative stress 

response induced by hydrogen peroxide. First, the predicted PerR and Fur regulon genes (39) 

were significantly up-regulated followed the H2O2 treatment (Fig. 3). Second, protein levels of 

DVU0273, predicted to be Fur regulated, were also increased (Table 1). Third, both ΔperR and 

Δfur mutants were more resistant to H2O2 treatment than wild type (Fig. 5). The up-regulation of 

all predicted PerR and Fur regulon genes except hdd(DVU3123) and foxR(DVU2378) which 

were increased less than two fold during H2O2 induced stress was distinct.  By examining other 

stress responses of D. vulgaris, we could determine whether the expression changes of the PerR 

and Fur regulated genes were unique to H2O2 exposure. The PerR regulon derepression was 

observed in D. vulgaris response to 0.1% O2 exposure (36).  In contrast, only a few Fur regulon 

genes were affected and those were down-regulated in response to a challenge with pure oxygen 

or air exposure (36, 38). Although increases in gene expression of all PerR regulon genes were 

found during heat shock, only feoAB and gdp were up-regulated in the Fur regulon (9). On the 

contrary, with exposure to nitrite, most of the Fur regulon genes were increased in transcription, 

while only the PerR-regulated ahpC was consistently up-regulated at 30-90 min. Therefore, it is 
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possible that these regulators may be involved in a common mechanism that D. vulgaris uses to 

cope with sub-lethal stresses.    

     Evidence from this study supports that Rdl and Rbr2 may be key enzymes for detoxification 

of hydrogen peroxide in D. vulgaris. H2O2 can be easily transformed into superoxide and 

hydroxyl radicals in the cell via enzymatic reactions. Therefore, to understand the enzymatic 

removal of cellular H2O2, both hydrogen peroxide scavenging enzymes and superoxide 

scavenging enzymes need to be considered. Superoxide scavenging enzyme genes sod and rbo 

were constitutively expressed based on raw hybridization signal intensities (data not shown) 

without significant changes. The gene encoding the H2O2 scavenging enzyme katA was 

significantly down-regulated, suggesting that catalase might not play a major role in the removal 

of H2O2.  This might be expected since O2 is generated in its reaction. Other H2O2 scavenging 

enzyme genes, such as ngr and rub were highly expressed based on raw signal intensities (data 

not shown), but they appeared not to respond specifically to H2O2 treatment. The change of rbr 

expression was less than two fold. Because rdl and rbr2 were up-regulated in response to H2O2, 

they may be the key genes for H2O2 scavenging. This observation supports the assumption that 

Rbr homologues, Rbr2 or/and Ngr rather than Rbr (DVU3094) might confer H2O2 resistance, 

because no obvious oxidative stress phenotype was found for the D. vulgaris rbr mutant (15).  

     The oxidative stress resistance mechanism in D. vulgaris is distinctive. In E. coli, the 

oxidative stress response is regulated by a thiol switch in the regulator OxyR where a 

conformational change occurs through the formation of an intramolecular disulfide bond and 

activated OxyR protein stimulates transcription by direct contacting with RNA polymerase (42, 

49). B. subtilis PerR senses H2O2 by metal-catalyzed oxidation (MCO) of a conserved histidine 

via the reaction between the bound ferrous ion and H2O2 (28). The oxidation of one of the 
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histidine ligands to iron (H37 or H91) is sufficient for the de-repression of the PerR regulon 

genes or other oxidative stress defense genes in an iron-containing medium. Two lines of 

evidences support that the oxidative stress response in D. vulgaris may differ from that of B. 

subtilis and E. coli. First, when D. vulgaris cells were subjected to H2O2, both PerR and Fur 

regulon genes were induced (Fig. 3) and most of them were regulated by both PerR and Fur 

(Table 2, 3); OxyR is the key regulator of the H2O2 stress response in E. coli; in B. subtilis, key 

transcription regulator PerR mediates both the response of its own gene and that of Fur (18). 

Also, in D. vulgaris, the up-regulated thioredoxin–dependent pathway was independent of PerR 

and Fur (Table 4); the B. subtilis PerR does not control genes involved in disulfide reduction (23, 

25); in E. coli, the OxyR regulon includes genes involved in maintaining the intracellular thiols 

in the reduced states such as gorA (gluthathione reductase), grxA (glutaredoxin) and trxA 

(thioredoxin 2) (42, 49). However, the high similarity of protein sequences of D. vulgaris PerR 

and B. subtilis PerR and conserved amino acids which form the high-affinity Zn2+-binding site 

(C96, C99, C136 and C139) and ligands for the regulatory ion, Fe2+ or Mn2+(H37, D85, H91, 

H93 and D104) between these two proteins (Fig. S2) suggest that PerR in D. vulgaris may 

function as PerR in B. subtilis. Therefore, it will be very interesting to investigate whether D. 

vulgaris PerR is the key sensor for H2O2 stress and whether PerR regulon genes are de-repressed 

by MCO of PerR and identify any key regulators activated by the thiol switch in the future.  

 In summary, in response to increased cellular H2O2, the expression of genes (e.g., rdl/rbr2, 

ahpC) related to H2O2-scavenging and those genes encoding thioredoxin and thioredoxin 

reductase were up-regulated. An increased expression of the genes involved in protein repair, 

and DNA repair as well as genes for lipid metabolism were detected. Sulfate reduction and 

energy production systems were decreased and overall protein synthesis was slowed down, 
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consistent with the temporary growth inhibition caused by 1 mM H2O2. In addition, our analysis 

of gene expression changes in the ∆fur and ∆perR mutants of D. vulgaris demonstrated that the 

expression of ahpC and rbr2 were regulated by both PerR and Fur. A comparison between 

oxidative stress responses of wild type D. vulgaris and the ∆perR and ∆fur mutants suggests that 

PerR and Fur may overlap in regulating gene expression in oxidative stress response. A further 

study of the function of PerR, Fur and other genes differentially expressed will allow us to better 

understand the roles of thiols and MCO systems in D. vulgaris responses to oxidative stress.  
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Figure Legends 

 
FIG. 1.  Growth response of D. vulgaris to 1 mM H2O2 treatment and the temporal profiling of 

the transcriptomic response. (A) Growth response of D. vulgaris was monitored as changes in 

OD600. Dark red symbols: control culture, water was added; dark cyan symbols: treatment 

cultures, 1 mM H2O2 was added. Arrow indicates the time of additions. Growth of 2 hrs before 

and 8 hrs after the addition of H2O2 was shown in the insert. B) Numbers of genes differentially 

transcribed following addition of 1 mM H2O2 (|Log2R (treatment/control)|>1, |Z| >1.5). Positive 

and negative numbers indicate number of genes with increased and decreased levels of 

transcription in the experimental cultures versus the control, respectively. C) Detrended 

Correspondence Analysis (DCA) of the transcriptional changes. Overall similarity of the 

microarray gene expression profiles for H2O2-treated and control samples among the different 

time points was determined by DCA analysis. 

FIG. 2.  Gene co-expression network from the H2O2 stress microarray profiles generated by the 

random matrix theory approach. Modules with more than four genes were shown. Annotations 

for genes identified by DVU numbers can be found at Microbes Online 

(http://www.microbesonline.org/). Each node represents a gene. Blue and gray lines indicate 

positive and negative correlation coefficients, respectively. Colors were assigned to nodes 

according to their gene function categories: red, energy production and conversion; yellow, 

posttranslational modification, protein turnover, chaperons; green, DNA replication, 

recombination and repair; purple, signal transduction mechanisms; brown, lipid transport and 

metabolism; green, yellow-carbohydrate, amino acid or nucleotide transport and metabolism; 

magenta-translation, ribosomal structure and biogenesis; pink, cell envelope, biogenesis, outer 

membrane; light cyan, transcription; orange, secondary metabolite biosynthesis, transport and 
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catabolism; dark cyan, coenzyme transport and metabolism; tan, intracellular trafficking, 

secretion and vesicular transport; salmon, cell cycle control, cell division and chromosome 

partitioning; grey, defense mechanisms; dark grey, general function prediction; white, function 

unknown.  

FIG. 3.  Expression profiling of predicted PerR (A) and Fur regulons (B) across the time course. 

*predicated binding site found in the upstream of the gene or operon.   

FIG. 4. Gene expression profiles of selected genes. A, Genes involved in DNA replication, 

recombination and repair. B. Genes involved in signal transduction mechanisms. C. SRB 

signature genes. 

FIG. 5.  Growth responses of wild type D. vulgaris and deletion mutants fur (JW707) and perR 

(JW708) to H2O2 treatment. Arrows indicates the time points when H2O2 or water was added in 

the culture. 

FIG. 6.  A conceptual cellular model of the response of D. vulgaris Hildenborough to 1 mM 

H2O2. Orange and green indicate increased or decreased gene expression respectively; blue 

represents genes without significant expression changes. The transcriptional regulators were 

marked with star and purple indicates increased gene expression level. The detoxification likely 

results from increased expression of the genes for Rdl/Rbr2 and the thioredoxin-dependent 

reduction pathway. Genes for sulfate reduction were decreased, while those encoding enzymes 

for the oxidation of lactate through pyruvate, acetyl-CoA and formate were increased. The 

increased cellular H2O2 appear to have resulted in an increased iron influx, protein and DNA 

repair response. The complexity of the gene regulation was shown by the up-regulation of 

several transcriptional regulators.    
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Figure 6 
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       Supplemental Data 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
FIG. S1. Profile of the number of genes differentially expressed in the various functional 
categories by D. vulgaris Hildenborough in response to 1 mM H2O2 at different time-points after 
treatment (■: increase of gene expression; □: decrease of gene expression). COG functional 
categories are those listed. 
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FIG. S2. Alignment of D. vulagris PerR and B. subtilis PerR. The red color means conserved 
residues in the protein sequence. The triangles show the conserved amino acids which form the 
high-affinity Zn2+-binding site (C96, C99, C136 and C139) and candidate ligands for the 
regulatory ion, Fe2+ or Mn2+(H37, D85, H91, H93 and D104). 
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