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ABSTRACT

As a part of the DOE Genomics:GTL initiative evaluating the use of microbial stress response to monitor
the status of environmental systems, we studied the effect of exposure to high alkaline (pH10) media on
exponentially growing Desulfovibrio vulgaris Hildenborough (DvH) cells. Any given Gram-negative
bacterium under high pH stress is challenged by mainly three factors: intracellular alkalinized pH,
diminished membrane potential and misfolded degrading proteins. To maintain viability in this stressful
state, the cell could transport protons or acids into the cell, synthesize compounds that acidify the
cytoplasm, activate systems for protein repairing, or increase degradation of denatured proteins. In our
experiments, several genes reported to be upregulated in E. coli at high pH were also upregulated in DvH.
These include three ATPase genes and a tryptophan synthase gene. As in E. coli, genes involved in
flagella synthesis were downregulated during pH 10 stress. DvH also upregulated chaperone and protease
genes such as dnak and. an ATP-dependent Clp protease, an ATP-dependent protease La. Some energy

genes were at high pH. These include pyruvate carboxylase,
desulfnferredoxm and ferredoxin 1. Finally, the microarray data revealed a potential DvH specific pH
homeostasis mechanism. In DvH but not other Deltaproteobacteria or E. coli, the Na* /H* antiporter nhaC
and a putative L-aspartate oxidase gene are adjacent in the genome and likely to be in the same operon.
Both of these genes were upregulated in D. vulgaris during high pH stress. Thus, part of the DvH
response to high pH stress appears to involve coupling pumping of protons into the cell with conversion of
L-aspartate to oxaloacetate to acidity the cytoplasm.

EXPERIMENTAL APPROACH

D. wulgaris Microarra ing. 70 mer oligo probes were designed using a software
ArrayOligoSelector (Zhu 2002). The whole genome microarray covered 3574 ORFs. Oligo probes were
spotted onto UltraGAPSTM coated glass slides (Corning Life Science, NY) using a Microgrid 11 arrayer
(Genomic Solution Inc., MI).

Cell Growth and High pH Upshift Conditions. D. vulgaris cells were grown in LS4D medium supplemented
with lactate and sulfate. pH was adjusted to 10 by addition of KOH when culture reached middle
exponential growth phase. Cells were harvested for RNA isolation after 30 and 60, 120 and 240 minutes.

To test growth rate of mutants at different pH, cells were grown in B3 medium (0.1g NaCl, 0.1g of
MgCI2+6H20, 0.1g CaCl,*2H20, 0.5g NH,Cl, 0.1g KCI, 1.4g of Na,SO4, 0.001g of Resazurine, 1ml of 1M
K,HPO4, 1ml of Trace Minerals, 1ml of Thauer’s Vitamins, 1ml of 1M Cysteine and 1ml of 1M Na,S in
one liter) with lactate and sulfate using the following buffering agents: sodium bicarbonate for pH 7; and
glycine for pH 8.0 and 9.0,

RNA lIsolation and 5 Total cellular RNA was isolated from cell cultures using the
Trizol procedure (BRL), treated with RNase-free DNase 1, and purified using RNeasy columns (Qiagen)
cDNA was synthesized using total RNA (10 pg) as the template and fluorescently labeled with Cy5-dUTP
in a reverse transcription reaction. Genomic DNA was labeled with Cy3-dUTP. Labeled cDNA and
genomic DNA was then hybridized to the D.vulgaris whole-genome array at 50°C overnight in the presence
of 50% formamide.

Microarray Analysis. Arrays were scanned using the scanning laser confocal fluorescence microscope of the
ScanArray® Microarray Analysis System (GSI Lumonics), and hybridization signal intensities were
quantitated using the software of ImaGene™ (Biodiscovery). Statistical analysis of the microarray data was
performed using ArrayStat and cluster analysis was performed using TIGR MultiExperiment Viewer (MeV).

K-050 Genomewide Gene Expression Analysis of Response of Desulfovibrio vulgaris to High pH.

DOoE G[NOMKS_“L

Stolyar S. 1, Q. He% E. Alm?, K. Huang?, K. L. Hillesland 1,T.C. Hazen?, S. E. Borglin?, D. Joyner?, A. Arkin3, J. Zhou*, D. Stahl?,
1-University of Washington, Seattle, WA; 2 -Lawrence Berkeley National Laboratory, CA ; 3 -University of California, Berkeley ; 4 - Oak Ridge National Laboratory, TN .

@ DIVERSA

Table 1. Genes significantly upregulated in pH upshift stress (cluster 2)

Gene ID Log2 ratio Gene description
30min 60 min  120min 240 min
ORF04473  DVU3301 088 336 153 370 mypothecal proin
ORF04472  DVUS300 068 227 08a 357 mypothetcalprocin
ORF00217 DVUO774 177 257 220 321 ATP syniase, 1 epson subunt apC).
ORF0A773 DVUOOBE 118 084 188 300 mypotetenproten
ORFO4001 DVUS081 027 238 135 264 inegral membyana proten putave
ORF04144 DVUSLI0 091 119 135 245 Lasparate oase,puate
ORF04771 DVUODSS 136 190 175 2,45 uyptophan synnase, beta subuni (1p2)
ORF02010 DVU2368 164 190 187 242 R ptroxymyristog (acykcarior.proten) denyotase (a12)
ORFOI110 DVUISLA  ND 120 1a1 241
ORFOL122 DVUIS22 151 164 180 234
ORF02019 DVU1ESE 156 168 158 231
ORF03992 DVU3028 157 207 192 230
ORF05070 DVUO258 096 095 124 228
ORFO0219 DVUOT75 111 155 163 227
ORF00220 DVUO776  0.87 160 113 226
ORFOS195 DVU033L 136 118 183 223
ORF03854 DVU2046 198 2.5 210 216
ORF04468 DVUS298 138 186 109 215
ORF04140 DVU3108  1.36 160 141 FET R —————y
ORFO0918 DVU1198  1.94 205 159 203 ot synivase,bea subut (1b4)
RF00078  DVUOG93  1.00 152 18 201 respiratoy ivat rcuctase, btasubunt (ark)

ORF03173 DVUZ526 168 124 142 198 peripasmic () ycogenase large suuri precursor
ORF00079  DVU0GS4  2.17 101 101 197 moyodopten oxoreduciase

FO0354  DVUOSSS 164 176 160 1.96  comnayme pag symiests protein,ptive
ORF03647 DVU2816 104 180 187 195 eftoxsysem prowin
ORF04988  DVUO211 132 18 102 194 consered ypotesealprotin
ORFO4508 DVU3325 127 213 212 194 mypotheeaprosen
ORFOAS86  DVU337L  0.54 218 155 187 e
ORFO5148  DVU0303 158 187 205 182 ypothetealprooin
ORFO0G60 DVU1035  1.09 203 211 182 gcoinase gk)
ORFO117 DVUI31® 166 164 134 180 nosomalprotein 18 (pe)
ORFO3251 DVU2572 125 136 180 176 temousconwsnsport rotein A, putse

RF00041 DVUOG67 228 152 174 169 4o dominproein

ORFO1094 DVU1304 153 167 146 166 rbosomalprotin a1 family
ORFO2762 DVU2283 124 156 164 164 ot proin
ORFO2013 DVU2370 158 180 162 164 outermembrane poten OmpH.putive
ORFO1324  DVU1446 298 230 256 163 Heptosytransierasafamiy
ORFOS5481 DVUO493 147 181 145 161 nypotneteatprotein
ORFOS084 DVU0265 161 2.08 154 156 253k protin e operon
ORF0A004 DVU3035 Ll 174 131 156 meitytaccepting chemoas proein, ptsive
ORFO1203  DVU1370 173 183 160 145 ypothetealprotin
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Figure 2. Gene of several segments genes up regulated at high pH.
Color of the contour lines indicates up regulation ™ ; down i H =
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Gene ID # Protein assigned function Cellular process
DVU3108 Na/H antiporter fon transport
DVU3109 Fe-S cluster binding Electron transfer
DVU3L10 L-aspartate oxidase Amino acid metabolism
DvusLLL p g

DvusL1 Fip pilus assembly protein TadD, contains TPR repeats Motility

DvU31L3 carbamoyl-phosphate synthase, small subunit Amino acid metzbolism
ovusi4 d I L

Inactivated in mutant JW 3011
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Gene ID# Protein assigned function Cellular process
VU257 contains TPR repeats ignal transdustion
DVU2580 hisidine kinase ignal transduction
VU251 response requlator, Che ke reciever signal transduction
DVU2s82 regulator, TetR family ignal transduction
DVU2583 lipoprotein Cell envelope biogenesis
Inactivated in mutant JW 3024
GeneID# | Protein assigned function Cellular process
DVU0330 response regulator Signal transduction
DVU033L histidine kinase Signal ansduction
DVU0332 hypothetical protein
DVU0333 hypathetical protein
DVU33 D-alanine-D-alanine ligase Cell envelope biogenesis
DVU0335 lop
transferase, putative

Figure 3. Effect of pH on growth of D. vulgaris mutants
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Fugure 3. Conceptual model of D. vulgaris high pH stress response
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CONCLUSIONS

« D. vulgaris response to high pH stress is somewhat similar to that in E. coli and
other bacteria. ATPase, tryptophan synthase (DVUO0085), tryptohanase TnaA
(DVU 2204), one nhaC Na*/H* antiporter (DVU3108 ) have been found to be
upregulated showing commonality in pH stress response of DvH and E.coli. In
addition to that, genes for some chaperones and proteases such as dnak
(DVU0811), ATP-dependent Clp protease (DVU1874), and DVU3303, coding
for ATP-dependent protease La were also upregulated.

« Our data suggested that reactions involved in amino acid metabolism are part of
the defense mechanism against high pH upshift. However, the exact mechanism
of protection needs to be elucidated.

« Impaired growth of mutants JW3011, JW3024, JW3024 demonstrated that
proton-sodium antiporter NhaC (DVU3108) and two regulators ( DVU 311 and
DVU 2580) are involved in high pH stress response of D. vulgaris
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JW8O01 - wt; W 3011- Tn insertion in DVU2580; JW 3024 - Tn insertion in DVUO0331; JW 383 - deleted DVU 3108
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