Eric J. Aim'2, Katherine Huang'2, Edward E. Baidoo'?, Peter |. Benke2, Sharon C. Borglin'3, Wengiong Chen'#, Swapnil Chhabra', it

Matthew W. Fields''9, Sara P. Gaucher'5, Alex Gilman'2, Masood Hadi'?®, Terry C. Hazen'3, Qiang He'$,

Hoi-Ying Holman'3, Rick Huang'?, Zhili He'6, Dominque C. Joyner'3, Jay D. Keasling"28, Martin Keller'4, Keith Keller'2, Aindrila
Mukhopadhyay:2, Paul Oeller'4, Francesco Pingitore?2, Alyssa Redding'8, Anup Singh'5, David Stahl'9,

Sergey Stolyar’?, Jun Sun'#, Zamin Yang'®, Judy Wall'7, Grant Zane'7, Jizhong Zhou'®, Adam P. Arkin"-28

Comparative Stress Response of

Desulfovibrio vulgaris and Shewanella oneidensis

USA, 10 Miami University, Oxford, OH

1 Virtual Institute of Microbial Stress and Survival, 2 Lawrence Berkeley National Laboratory (LBNL), Berkeley, USA, 3 Earth Sciences Division, LBNL, 4Diversa Inc, San Diego, USA, 5 Sandia National
Laboratories, CA, USA, 6 Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA, 7 University of Missouri, Columbia, USA, 8 University of California, Berkeley, CA, USA, 9 University of Washington, WA,

Virtual Institute for
Microbial Stress and Survival

OVIMS

() \I\Rll)( l I\ \110\ ALLABORATORY

AW Bl

http://lvimss.lbl.gov/

INTRODUCTION

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 aci 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-relaecd
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.

EXPERIMENTS

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 (nRNA-gDNA), as noted in the table below.

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.

B Little overall correlation in expression patterns observed for
orthologous genes. Shown are log, (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). (¢) Low
pH. (d) High pH. () NaCl str

LOOKING FOR ‘MODULES’

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.

CONSERVED MODULES

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).
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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.
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