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The transcriptional response of bacterial species to environmental stress has been the subject of 
considerable research, fueled in part by the widespread availability of gene expression microarray
technology.  Previous studies have established the similarity of gene expression networks across a wide 
range of organisms, yet in these studies different experiments were performed on different species 
preventing a direct comparison.  We have compiled a core set of ‘standard’ stressors including salt, 
high/low pH, and temperature, and applied these stressors systematically to two metal-reducing bacteria.

We previously reported the genome-scale transcriptional response of the bacterium Shewanella
oneidensis to a compendium of common environmental stressors.  In this study, we report the 
transcriptional response of the bacterium Desulfovibrio vulgaris to a similar set of perturbations.  We 
address two basic questions regarding the conservation of gene regulation across these distantly-relaed
metal-reducing bacteria: (i) do genes respond to stressors in a way that is independent of their genetic 
background (i.e., are orthologous genes both up/down regulated in response to the same stressors)?; and 
(ii) are there higher order ‘modules’ whose structure is conserved (regardless of whether their exact
response is the same)?

We observe that while the overall network may be conserved (genes in the same pathways have high 
correlations over all conditions), the response of the network to the same perturbations can be very 
different in different species (pathways may respond to the same stressor in different ways).  Differences 
between species can arise from differential behavior of the same regulons and because ‘orthologous’
regulons may comprise different sets of (non-orthologous) genes, both of which may lead to insights in 
the ecological factors that shape gene expression.

Stress response experiments were performed in both S. oneidensis and D. vulgaris cells grown in batch 
culture (in LS4D media) and harvested in log phase.  S. oneidensis experiments were performed in the 
presence of atmospheric oxygen, and experiments in D. vulgaris were performed anaerobically.  
Experimental results are averaged over 3 biological X 2 technical replicates.  Experimental design 
followed the flowchart shown below.  Hybridizations were performed using either direct ratios 
(mRNA-mRNA) and genomic control (mRNA-gDNA), as noted in the table below.
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Organism Stress Treatment Control Hybridization
D. vulgaris Heat 50C 37C genomic control
D. vulgaris Cold 8C 30C genomic control
D. vulgaris low pH 5.5 7 genomic control
D. vulgaris high pH 10 7 genomic control
D. vulgaris NaCl 250mM 0mM added genomic control
S. oneiodensis Heat 42C 30C direct ratio
S. oneiodensis Cold 8C 30C direct ratio
S. oneiodensis low pH 4 7 direct ratio
S. oneiodensis high pH 10 7 direct ratio
S. oneiodensis NaCl 500mM 0mM added direct ratio

Table of Stress Experiments

Experimental Flowchart

LOOKING FOR ‘MODULES’

A similar set of stress response experiments were performed in both S. oneidensis
and D. vulgaris. Little overall similarity was seen in the responses of orthologous
loci, yet some transcriptional network structure was conserved at a level of order 
higher than operon structure.  The genes that were found to be part of conserved 
expression networks were also highly conserved at the level of sequence identity, 
indicating that gene sequence and gene regulation at a given locus may be subject 
to similar evolutionary constraints. This conserved structure can provide insight 
into the function of a number of loci possibly involved in metal-reduction.  Our 
ongoing work in Geobacter metallireducens should provide a better glimpse at 
this conserved network, especially since it is much more closely related to D. 
vulgaris than to S. oneidensis.  The evolutionary distance at which the stress 
response of two organisms diverge remains an important open question in 
environmental microbiology.

CONSERVED MODULES

CONSERVATION AT MULTIPLE LEVELS

Similar experiments performed in 
different species produced very 
different results.  803 orthologous
genes were identified using the 
MicrobesOnline comparative 
genomics pipeline, and the 
expression of these genes were 
compared across all of the studied 
conditions (heat, cold, high/low 
pH, NaCl).  Of these, only heat 
shock showed a modest similarity 
in transcriptional response.
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E Little overall correlation in expression patterns observed for 
orthologous genes. Shown are log2 (fold-change) for 803 
orthologous genes.  Values for D. vulgaris are shown on the x-axis, 
and values for S. oneidensis are shown on the y-axis.  (a) Cold 
shock. (b) Heat shock (lines drawn at x=0, y=0, to highlight general 
agreement in direction of change between the two species). (c) Low 
pH. (d) High pH. (e) NaCl stress.

Although little correlation was observed between how these two organisms 
responded to the same stressors, we investigated whether there are higher order 
transcriptional modules, whose structure is conserved.  To investigate whether 
some genes act together over our compendium of perturbations in both 
organisms, we looked at all (803 X 802) pairs of orthologous (non-self) genes, 
and surveyed the extent to which correlation (or lack of correlation) between two 
genes across all conditions was conserved.
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Conservation of correlations among genes. (a) Shown are the 
relative numbers of gene pairs at different levels of correlation in S. 
oneidensis and D. vulgaris (density ranges from near zero counts -
white, to over 10,000 - red).  Most of the density is clustered in the 
center of the plot (zero correlation). (b) The numbers of genes 
expected if genes pairs in both species behaved independently.  (c) 
The ratio of observed/expected (a/b) counts, which indicates that 
pairs that are highly correlated in one species tend to be highly 
correlated in both.  Thus, even if the responses to given stressors 
are not conserved, there is some conservation of the structure of the 
transcriptional network.

Correlation of gene pair

Conservation of sequence and expression.  Genomes can 
differentiate via a number of mechanisms: (i) changes in 
sequence at orthologous loci; (ii) changes in gene content 
through horizontal transfer/deletion; and (iii) changes in the 
regulation of orthologous genes.   We reasoned that genes 
with conserved transcriptional ‘motifs’, such as those in 
part (c) above, might also be highly conserved at the 
sequence level.  To test this hypothesis, we plotted gene 
pairs on the same axes, but instead of density we looked at 
the sequence similarity of the genes in each pair.  Shown at 
right is the average BLASTp score of orthologs
(normalized by dividing the S. oneidensis self-BLASTp
score) in a bin.  For each pair, the minimum of the two 
genes scores is used, but similar results are observed using 
the average.  Axes and colors are the same as above. Correlation of gene pair D. vulgaris
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We next looked at the links between gene pairs in these two species to see if there were higher order connections linking many 
genes into coexpressed networks.  Shown is the expression network including all gene links conserved between these two 
species.  There are three large connected components - one including the ribosome and ATP synthase genes, and a second 
including a number of less well-annotated genes that overall seems to be involved in energy production including several 
hydrogenases of key interest to our Genomics:GTL effort, and a third including several heat shock genes.  Some smaller 
components include flagellar genes and biosynthetic pathways.  Interestingly, over 60% of the gene links identified using this 
approach are between genes that do not fall within the same operon (in S. oeneidensis). 

207052 ATP-dependent Clp protease adaptor protein ClpS (TIGR)
207932 efflux transporter, RND family, MFP subunit (TIGR)
208208 virion morphogenesis protein (TIGR)
208637 AMP-binding enzyme family protein (TIGR)
208655 nitroreductase family protein (TIGR)
209092 carbohydrate isomerase, KpsF/GutQ family (TIGR)
209521 formate dehydrogenase accessory protein FdhD, putative (TIGR)

aat leucyl/phenylalanyl-tRNA--protein transferase (TIGR)
b0786 membrane protein, putaive (TIGR)
b2975 L-lactate permease (TIGR)
cheW_2 chemotaxis protein CheW (TIGR)
clpB ATP-dependent Clp protease, ATP-binding subunit ClpB (TIGR)
cydB cytochrome d ubiquinol oxidase, subunit II (TIGR)
cysK cysteine synthase A (TIGR)
def polypeptide deformylase (TIGR)
dnaK dnaK protein (TIGR)
fdnG_1 formate dehydrogenase, alpha subunit, selenocysteine-containing (TIGR)
ftsH cell division protein FtsH (TIGR)
hslU heat shock protein HslVU, ATPase subunit HslU (TIGR)
htpG heat shock protein HtpG (TIGR)
htrA peptidase/PDZ domain protein (TIGR)
ilvN_2 acetolactate synthase, small subunit (TIGR)
lon ATP-dependent protease La (TIGR)
parA ParA family protein (TIGR)
rpoN RNA polymerase sigma-54 factor (TIGR)
surE stationary-phase survival protein SurE (TIGR)
trx thioredoxin (TIGR)

206171 ABC transporter, periplasmic substrate-binding protein (TIGR)
207896 alcohol dehydrogenase, iron-containing (TIGR)
208085 ABC transporter, ATP-binding protein (TIGR)
208457 anaerobic ribonucleoside-triphosphate reductase, putative (TIGR)
208540 L-lactate permease family protein (TIGR)
208550 methyl-accepting chemotaxis protein, putative (TIGR)
208720 conserved hypothetical protein TIGR00103 (TIGR)

ackA acetate kinase (TIGR)
adk adenylate kinase (TIGR)
b1670 hydrogenase, b-type cytochrome subunit, putative (TIGR)
dnaN DNA polymerase III, beta subunit (TIGR)
fba fructose-1,6-bisphosphate aldolase, class II (TIGR)
hemL glutamate-1-semialdehyde-2,1-aminomutase (TIGR)
hydA periplasmic [Fe] hydrogenase, large subunit (TIGR)
hynA_1 periplasmic [NiFe] hydrogenase, large subunit, isozyme 1 (TIGR)
hynB_1 periplasmic [NiFe] hydrogenase, small subunit, isozyme 1 (TIGR)
hypB hydrogenase accessory protein HypB (TIGR)
ilvD dihydroxy-acid dehydratase (TIGR)
ispB octaprenyl-diphosphate synthase (TIGR)
modA molybdenum ABC transporter, periplasmic molybdenum-binding protein (TIG
nrfA cytochrome c nitrite reductase, catalytic subunit NrfA, putative (Shelley Have
pgk phosphoglycerate kinase (TIGR)
pta phosphate acetyltransferase (TIGR)
purT phosphoribosylglycinamide formyltransferase 2 (TIGR)
recR recombination protein RecR (TIGR)
ribE riboflavin synthase, alpha subunit (TIGR)
rpe ribulose-phosphate 3-epimerase (TIGR)
selB selenocysteine-specific translation elongation factor (TIGR)
ubiE ubiquinone/menaquinone biosynthesis methlytransferase UbiE (TIGR)
upp uracil phosphoribosyltransferase (TIGR)

206511 conserved hypothetical protein TIGR00278 (TIGR)
206527 sodium-dependent symporter family protein (TIGR)
207744 conserved hypothetical protein TIGR01033 (TIGR)
208673 HAM1 family protein (TIGR)
208697 UDP-glucose/GDP-mannose dehydrogenase family protein (TIGR)
209269 3-deoxy-D-manno-octulosonic-acid transferase, putative (TIGR)

alaS alanyl-tRNA synthetase (TIGR)
atpA ATP synthase, F1 alpha subunit (TIGR)
atpD ATP synthase, F1 beta subunit (TIGR)
atpG ATP synthase, F1 gamma subunit (TIGR)
atpH ATP synthase, F1 delta subunit (TIGR)
dapB dihydrodipicolinate reductase (TIGR)
dnaB replicative DNA helicase (TIGR)
fabF 3-oxoacyl-(acyl-carrier-protein) synthase II (TIGR)
fabG 3-oxoacyl-(acyl-carrier-protein) reductase (TIGR)
fusA_1 translation elongation factor G (TIGR)
gcvT glycine cleavage system T protein (TIGR)
hypA hydrogenase nickel insertion protein HypA (TIGR)
ileS isoleucyl-tRNA synthetase (TIGR)
lepA GTP-binding protein LepA (TIGR)
ntrC sigma-54 dependent transcriptional regulator/response regulator (TIGR)
pheS phenylalanyl-tRNA synthetase, alpha subunit (TIGR)
purE phosphoribosylaminoimidazole carboxylase, catalytic subunit (TIGR)
pyrG CTP synthase (TIGR)
recA recA protein (TIGR)
ribH riboflavin synthase, beta subunit (TIGR)
rplA ribosomal protein L1 (TIGR)
rplB ribosomal protein L2 (TIGR)
rplC ribosomal protein L3 (TIGR)
rplE ribosomal protein L5 (TIGR)
rplF ribosomal protein L6 (TIGR)
rplI ribosomal protein L9 (TIGR)
rplJ ribosomal protein L10 (TIGR)
rplK ribosomal protein L11 (TIGR)
rplL ribosomal protein L7/L12 (TIGR)
rplN ribosomal protein L14 (TIGR)
rplO ribosomal protein L15 (TIGR)
rplP ribosomal protein L16 (TIGR)
rplR ribosomal protein L18 (TIGR)
rplT ribosomal protein L20 (TIGR)
rplU ribosomal protein L21 (TIGR)
rplV ribosomal protein L22 (TIGR)
rplX ribosomal protein L24 (TIGR)
rpoC DNA-directed RNA polymerase, beta prime subunit (TIGR)
rpsC ribosomal protein S3 (TIGR)
rpsE ribosomal protein S5 (TIGR)
rpsH ribosomal protein S8 (TIGR)
rpsJ ribosomal protein S10 (TIGR)
rpsM ribosomal protein S13 (TIGR)
rpsQ ribosomal protein S17 (TIGR)
rpsU ribosomal protein S21 (TIGR)
thiL thiamin-monophosphate kinase (TIGR)
thrS threonyl-tRNA synthetase (TIGR)
trpS tryptophanyl-tRNA synthetase (TIGR)
valS valyl-tRNA synthetase (TIGR)
yidC inner membrane protein, 60 kDa (TIGR)

Networks of conserved 
expression. Above are 
pairs of genes that are 
closely co-expressed 
(Pearson r > 0.8) in both 
species.  Major connected 
clusters of genes are 
highlighted in three colors.  
Genes within the three 
main components are 
detailed at left.
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