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ABSTRACT

STRESS RESPONSE AND HYPOTHETICAL GENES IN DESULFOVIBRIO

VULGARIS HILDENBOROUGH

Elliott C. Drury

Dr. Judy D. Wall, Thesis Advisor

The sulfate-reducing bacteria (SRB) have a significant impact on the environment
and the economy, necessitating further investigation of their physiology to harness their
positive attributes and to minimize the damaging byproducts. Through the use of in vitro
and in silico experiments, I have examined some of the metabolic pathways of
Desulfovibrio vulgaris Hildenborough. The information obtained may contribute to an
application of the SRB, D. vulgaris in particular, as an effective and economical means of
bioremediation and also may play a role in controlling their activity in corrosion of
metals and concrete.

During my work on this project, I have developed software tools to expedite the
creation of targeted deletion mutants through marker exchange, protein tagging, and to
identify the insertion sites of randomly integrated transposons. A substantial amount of
microarray data from stressed cultures has been generated by our collaborators that I have
analyzed for trends across the experimental conditions. My analysis has yielded new
insights to the general and specific stress response systems of D. vulgaris. An interesting
subset of data, the massive subset of hypothetical genes, offers many tantalizing

opportunities for further study with the hints revealed by my analysis. Evidence for the
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translation of hypothetical genes, revised annotations of the functional descriptions, and
clustering according to gene activation was compiled and used to assist in clarification of
the role of some of the hypothetical genes identified within the genome sequence.
Finally, physiological characterization of select deletion mutants that I constructed has
also revealed interesting involvement of the specific gene products in the stress
responses.

The tools that have been developed and the studies undertaken have yielded
immediate results that have increased the knowledge base of the SRB. In addition,
further questions became evident whose answers will hopefully lead to critical

breakthroughs to reach the ultimate goal of a natural bioremediation tool.
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Chapter 1

INTRODUCTION

1.1 Sulfate-Reducing Bacteria

The sulfate-reducing bacteria (SRB) play an important, but not yet fully
understood, role in nature which has a significant impact on the environment and the
economy. The SRB are primarily defined by their ability to utilize sulfate, SO4 , as their
terminal electron receptor (Postgate, 1979). This metabolic capability is known as
dissimilatory sulfate reduction (Postgate, 1979).

There are five distinct categories of sulfate reducers (Barton and Hamilton, 2007),
with the first group, mesophilic d-proteobacteria, containing the strains that will be most
discussed throughout this document.

Between the groups there are more differences than obvious differences gathered
from the naming conventions, such as: membrane traits, environmental niches, and
evolutionary relationships. These groups differ in doubling rates (Nanninga and
Gottschal, 1987; Macy et al., 2000; Pfennig et al., 1989), diversity of terminal electron
acceptors (Lovley ef al,. 1993; Lovley and Phillips, 1992; Lovley and Phillips, 1994),
growth substrate capabilities (Ollivier et al., 1988; Parshina et al., 2005; Tanimoto and
Bak, 1994), oxygen resistance (Sass et al., 1997) and respiration byproduct production
(Brandis-Heap et al., 1983).

Interaction between the SRB and a wide range of other organisms occurs in both
symbiotic and competitive relationships. Regions previously considered oxic have been
shown to support SRB growth when a protective anaerobic layer is present through

natural sediment layers (Jorgensen, 1977) or bacterial interfaces and biofilms (Schramm



et al., 1999). When growing in a niche with excess sulfate, the SRB are also known to
compete with the methanogens for other necessary substrates, such as hydrogen and
acetate (Stams et al., 2003). Few studies have compared SRB growth patterns in sulfate
limitation with those of other organisms (Stolyar et al., 2007 and Laanbroek et al., 1984).
This characteristic will be discussed throughout this chapter, both in general across the
SRB and Desulfovibrio in particular. The defining property of sulfate respiration allows
these bacteria to colonize sulfate-rich habitats restricted for other bacteria.

1.2 Sulfate Reduction

The SRB are ever present in the environment. They can be found in locations as
diverse as fresh (Vladar et al., 2008) or salt water (Ravenschlag et al., 2000), oil fields
(Nilsen et al., 1996), and even the human intestine (Moore ef al., 1976). The common
link between these conditions is sulfate availability.

Sulfate reduction is the process by which the transfer of electrons from donor
substrates to oxidized sulfur compounds allows the generation of ATP (Fig. 1.2.1). This
pathway is described for D. vulgaris in Hansen, 1994. The SRB are uniquely capable of
reducing sulfate to sulfide for a gross production of three ATP, although it takes the
equivalent of two ATP to activate sulfate to Adenosine-PhosphoSulfate (Sperling ef al.,
1998) in preparation for reduction (Badziong and Thauer, 1978). Both sulfite and
thiosulfate can also serve as respiratory substrates for these bacteria. There has been
some argument whether thiosulfate is reduced to sulfite and sulfide and then generating
energy via the sulfite reduction step, or if the first step in thiosulfate utilization is
dismutation to sulfate and sulfide followed by normal sulfate activation and reduction

(Bak and Pfennig, 1987 and Bottcher ef al., 2005).



Figure 1.2.1 Sulfate reduction pathway (reproduced from Wall lab, unpublished). The
various states of the reduced sulfur compounds are colored in green. The flow and
energetic components are black. Sulfate requires two ATP equivalents for activation that
sulfite does not require to be a terminal electron acceptor, but sulfate allows eight
electrons to be removed, compared to six for sulfite. There is a gross yield of 3 ATP for

the reduction of sulfate to sulfide (Badziong and Thauer, 1978).
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There is a wide range of electron donors that the SRB are capable of using. The
genus Desulfovibrio has a more limited array of substrates that include lactate, formate,
hydrogen and pyruvate (Muyzer and Stams, 2008). A few Desulfovibrio species can
utilize sugars (Sass et al., 2002), amino acids (Stams et al., 1985), methanol (Nazina et
al., 1987), and carbon monoxide (Parshina et al., 2005). Macromolecular substrates like
starch, proteins, and nucleic acids are incapable of being reduced by the SRB without a
codependent relationship with other bacteria that can break down these substrates
(Muyzer and Stams, 2008).

The ability to respire sulfate persists across all SRB, but some genera are more
easily cultured and, therefore, have been studied in greater detail. Strains of those genera
have a more mature knowledge base, more advanced tool sets and have been
characterized more extensively. Several Desulfovibrio species are genetically accessible,
thereby allowing the use of many vectors that have been developed to generate mutants
or look for genetic expression. Thus these model organisms are more attractive for
laboratory research.

1.3 Benefits and Concerns

The past few years has brought much research attention to the SRB for their
potential as bioremediators of chemically contaminated sites. In addition, the metal
corrosion correlated with their growth in the environment has also brought attention to
these bacteria, albeit of a more negative nature, because of the damage to physical
structures and economic losses.

During the Cold War enrichment of uranium was required for the construction of

nuclear weapons and lead to significant quantities of chemical waste being buried in



metal canisters (http://www.osti.gov/energycitations/product.biblio.jsp?osti_id=897388).
Over time, these metal canisters began to leak causing uranium to seep into the soil and
ultimately into groundwater. Uranium is harmful to all forms of life and its effects are
biomagnified through the food chain (Durbin et al., 1997). Biomagnification occurs as a
toxic chemical stored in the tissue of lower life forms is consumed by organisms higher
up the chain resulting in greater quantities of toxic chemicals accumulated in the higher
life forms.

Previous efforts to remove contaminating uranium focused on soil excavation
(Program, 2003). This procedure was carried out by removing contaminated soil,
detoxifying or washing the mass at an offsite location, and then returning the “cleaned”
soil to the original site. This invasive and disruptive method was not cost effective and
also caused lasting ecological damage at the sites of remediation. It was proposed to use
a biological approach to detoxify the uranium infused sites (Program, 2003). Since the
SRB are capable of using uranium as a terminal electron acceptor and are naturally
widespread in soils, these bacteria were a logical choice to examine a microbial
bioremediation process.

The SRB reduce Uranium(VI) creating Uranium(IV) (Lovely, 1993). U(IV) is an
insoluble mineral UO,, uraninite, that is biologically unavailable and no longer an
ecological threat. An example of this is shown in Figure 1.3.1 where D. desulfuricans
G20 has been shown to generate uraninite. This mineral form has been confirmed by

synchrotron analysis of the redox state (Payne, 2002).



1.3.1 Uranium reduction by Desulfovibrio desulfuricans G20. The tubes contain D.
desulfuricans G20, the left has been heat killed and the right contains live cells. The
medium is 5 ml of 30 mM sodium bicarbonate buffer at pH 7.0 with 10 mM lactate and 1
mM U(VI). Anaerobic incubation at 31°C showed reduction of U(VI) to U(IV), a black

precipitate — uraninite, only in the presence of live D. desulfuricans G20 cells. (Figure

reproduced from Payne, 2005).
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Not all the metabolic activities of the SRB are considered to be beneficial. In fact
these bacteria have historically come to our attention because they are considered to be
the causative agent of anaerobic metal corrosion (Postgate, 1984). This biocorrosion of
metals has been proposed to occur through the mechanism of cathodic depolarization
(Kuhr and Vulgt, 1934) (Fig. 1.3.2). The removal of electrons from elemental iron, either
directly or through a hydrogen intermediate, ionizes the metal causing it to become
soluble in aqueous environments. This phenomenon of solubilizing metal ions causes
pitting corrosion. This is especially troublesome in the petroleum industry where oil
wells and pipelines are both clogged with microbial biomass and corroded resulting in
leakage of oil into the environment (Hamilton, 1985). In addition to this, the SRB “sour”
oil products with sulfide, the end product of sulfate respiration (Odom, 1993). This
contaminated fuel requires a more involved refinement process and generates higher
levels of pollution.

Concrete sewer lines are also susceptible to biocorrosion by the SRBs. The
hydrogen sulfide gas produced by the SRB in anoxic biofilm environments interacts with
sulfide-oxidizing bacteria residing in oxygen rich condensates at the top of the pipes.
These bacteria generate sulfuric acid as a result of their respiratory activity and the acid
destroys the concrete (Odom, 1985). This reaction and corrosive damages are most
common in warm weather regions with minimal elevation changes throughout the sewer

system allowing optimal microbial growth.



Fig 1.3.2 Cathodic depolarization of iron (reproduced from Miller, 2005). Metal
electrons reduce water to elemental hydrogen. At this point the metal ions are solubilized

and the surface becomes pitted.

10



“-»L._._________________,_._.J-/

ferrous metal

Sulfate reducing
sacteria

Cathode

aquesus environment

3
A

4H; = Be

3Fe? «—— AFe?
Anode

Fe!

11



1.4 Desulfovibrio

Desulfovibrio are Gram-negative, strict anaerobes that are incomplete oxidizers of
organic compounds (Beijerinck, 1895). The two specific strains used in the following
studies are Desulfovibrio vulgaris Hildenborough and Desulfovibrio desulfuricans G20.
D. vulgaris Hildenborough was initially isolated from Wealden Clay outside of
Hildenborough, Kent in the United Kingdom in 1946 (Postgate, 1984). D. desulfuricans
G20 was originally cultured from an oil well in Ventura County, CA in 1987 (Weimer et
al., 1988). These two Desulfovibrio species are used in the Wall lab because of their ease
of culturing, resources available for their investigation, and the amount of previous work
invested into these organisms. These strains have a reasonable doubling time of
approximately four hours (Nanninga and Gottschal, 1987) compared with other SRB that
have doubling times at least twice as long (Macy ef al., 2000 and Pfennig et al., 1989).
They are also genetically accessible with shuttle vectors used for insertion of foreign
sequences and selectable markers identified. Possibly one of the most important
resources is that the genomic sequences of these organisms are publicly available

(Heidelberg et al., 2004 and www.jgi.doe.gov).

1.5 Respiration

Members of the Desulfovibrio genus are capable of using substrates other than
sulfate and sulfite as terminal electron acceptors. Substrates included in this category are
iron (Park et al., 2007), uranium (Payne, 2005), chromium (Lovley and Phillips, 1994),
mercury (Barton and Hamilton, 2007), and selenate (Tucker et al., 1998). Although these
substrates are reduced, this process is not connected to ATP generation. Hence,

Desulfovibrio is not capable of growth while transferring electrons to these acceptors.
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Electron transfer to these substrates has far reaching effects for the application of these
bacteria to environmental problems.

The Desulfovibrio genus is a group of incomplete oxidizers meaning that acetate
is the final byproduct of degradation of electron donor and carbon substrates (Brandis-
Heap et al., 1983 and Steger et al., 2002). Also, Desulfovibrio is capable of growth by
fermentation, using pyruvate as an electron donor and using elemental hydrogen as an
acceptor (Muyzer and Stams, 2008). Perhaps the most dramatic increase in
understanding these bacteria has derived from the availability of the genome sequences of
a small number of these bacteria (microbesonline.org). Sequence information has lead to
directed research and results that would otherwise not have been possible; for example,
an understanding of the role of temperate bacteriophage in the evolution of the bacterium.

1.6 Genome

Approximately a dozen SRB genomes have been sequenced or are currently being
sequenced (Klenk et al., 1997; Rabus et al., 2004; Muyzer and Stams, 2008). Among
these are five bacteria in the Desulfovibrio genus, including the two primarily used in
these studies, D. vulgaris Hildenborough and D. desulfuricans G20.

The D. vulgaris Hildenborough sequence was published in 2004 (Heidelberg et
al., 2004). The genome consists of a main chromosome and a native plasmid, pDV1,
consisting of 3.57 Mb and 203 kb, respectively. pDV1 is not essential for survival of the
organism and a strain lacking this plasmid has a distinct physiological phenotype of
slower growth rate and impaired nitrogen fixation compared to the wild type strain (Clark
et al.,2007). The conditions which naturally cure D. vulgaris Hildenborough of pDV1

are currently unknown. There are 3527 and 147 predicted gene coding sequences across
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the chromosome and native plasmid which have GC contents of 63.1% and 65.7%,
respectively.

Of the predicted 3527 predicted genes, 34% are annotated as hypothetical or
conserved hypothetical genes. Hypothetical genes are ORFs that are predicted by
computer algorithms and bear homology to no other annotated genes. Conserved
hypothetical genes are predicted in the same fashion, but share homology with putative
genes from other closely related bacteria. Of the D. vulgaris genes, 280 have been
initially annotated as conserved hypothetical genes and share homology with conserved
hypothetical genes in D. desulfuricans G20.

The D. desulfuricans G20 (www.jgi.doe.gov) sequence consists of a single

chromosome of 3291 genes with a 57.8% GC content. Despite sharing homology of 280
conserved hypothetical genes with D. vulgaris, these two bacteria are different in aspects
of their physiology concerning oxygen resistance and cytochrome ¢ production (Wall lab,
unpublished). Initial computational analysis and characterizations of these genomes have
been published (Rodinov et al., 2004). These developments stemming from advances in
sequencing technology have provided the impetus for segments of the research presented
here because of the availability of full genome sequences. The advances in sequencing
technologies have enabled the prediction of operons, regulons and the development of
“omics” tools.

1.7 Genetic Techniques

An ever increasing repertoire of genetic manipulation techniques have allowed the
knowledge base of the SRB, specifically the Desulfovibrio, to advance. A useful set of

shuttle vectors was developed with a small cryptic plasmid, pBG1 (Rousset ef al., 1993).

14



These vectors paved the way for transformation of Desulfovibrio by electroporation.
Multiple methods to create mutants have evolved from this original research. Targeted
genetic deletions were accomplished by marker exchange induced through a suicide
plasmid (Giaver ef al., 2002). Mutant libraries were constructed with integration of a
transposon carrying plasmid (Larson et al., 2002). Translational gene fusions were
created via homologous recombination of a suicide plasmid vectors to view protein
localization and ascertain protein/protein interactions (Wall lab, unpublished). My
research has also used these genetic tools to create deletions. Software utilities were
developed by me to optimize and analyze these genetic manipulation techniques and the
mutants they created.

Microarray technology advancements have allowed for quantitative gene
regulation measurements. Full genome transcript analysis was performed by using RNA
normalized to genomic DNA (Mukhopadhyay et al., 2006). This method allowed for
every gene to have quantitative, as well as qualitative, measurements. This new
microarray technique was applied to cells grown in media with sub-lethal quantities of
common environmental stressors or limitations or excesses of essential growth substrates.
These targeted treatments produced better insight into genome regulation and metabolic
pathway connectivity. The ability to view the entire genomic response simultaneously
lead to breakthroughs in the annotation of all expressed hypothetical genes. These
response data were compiled for many cellular treatments and, upon evaluation,

suggested potential roles for the hypothetical genes that required further exploration.
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1.8 Specific Aims

The purpose of this study was to investigate metabolic pathways in D. vulgaris.
Computational analysis of stress response microarray treatments was performed to
ascertain novel pathways and gene interactions. This analysis lead to functional
descriptions annotated for the hypothetical genes, approximately 33% of the genome.
Along with the computational analysis, a variety of software utilities were developed to
expedite continued in vivo experiments stemming from the aforementioned results.
Deletion mutants were created in D. vulgaris to assess physiological hypotheses derived
from the computational analysis. Genes selected for deletion had putative roles in
general stress response, chromium resistance, and ion transport. These deletion mutants
were the focus of growth experiments with the aim to elucidate growth impairment,

substrate specificity and toxin resistance.
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Chapter 2

MATERIALS AND METHODS

2.1 Media

To ensure that data from multiple experiments could be compared, a single
defined medium was used for all environmental stress experiments generating
transcriptomic and proteomic data. LS4D (60 uM total iron) consisted of 60 mM sodium
lactate, 50 mM Na,;SOy4, 8.0 mM MgCl,, 20 mM NH4CI, 2.2 mM K,;HPOy, 0.6 mM
CaCl,, 30 mM PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)], 12.5 ml trace mineral
solution per liter (Brandis and Thauer, 1981), NaOH to a pH of 7.2, and 1.0 ml Thauer’s
vitamin solution per liter (Brandis and Thauer, 1981). One tenth gram of yeast extract
was added per 100 ml of LS4D for non-defined medium, designated LS4.

For physiological experiments of mutants to determine substrate utilization and
growth kinetics, a medium based on Tris buffer was designed to decrease the precipitate
in the medium. Yen45 (30 uM total iron) consisted of 8.0 mM MgCl,, 20 mM NH4CI, 2
mM phosphate (K;HPO4/NaH,PO4, pH 7.4), 0.6 mM CaCl,, 30 mM Tris-HCI (pH 7.4),
and, per liter, 2 ml modified trace mineral solution (modified by omission of
nitrilotriacetic acid and FeCl,), 0.24 ml iron solution (125 mM FeCl,, 250 mM EDTA,
pH 7.3), 20 ml sterile 1 M NaHCOs3 (added after autoclaving), and 1.0 ml sterile Thauer’s
vitamin solution per liter (Brandis and Thauer, 1981).

As the reductant for both media, 5 ml of an anaerobic titanium citrate solution per
liter was used. This solution contained 20% (wt/vol) titanium(III) chloride, 0.2 M sodium

citrate, and 8.0% (wt/vol) sodium carbonate.
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For plating, LS4D medium was supplemented with 0.2% (wt/vol) yeast extract,
1.5% (wt/vol) agar, and 1.2 mM thioglycolate.

Liquid Yen45 medium was used for all growth curve experiments (unless
otherwise explicitly noted). Growth was measured by ‘ODgg¢’, the optical density
measured at 600 nm. All LS4D and Yen45 variations were adjusted sterilely to a pH of
7.2 after addition of all components.

Standard concentrations for electron donors and acceptors are listed in Table 2.1.1
and were used in Yen45-based media. These combinations will be designated as ‘donor /
acceptor’ in all future references of this document.

LC medium for Escherichia coli is composed of 10 g tryptone, 5 g yeast extract,
and 5 g NaCl, and solidified, when desired, with 15 g agar per liter of medium. LC was
adjusted to a pH of 7.0.

2.2 Marker Exchange Mutagenesis

The deletion cassette methodology was adapted from Giaever et al. in 2002 that
was used to generate deletions in Saccharomyces cerevisiae. Primer listing, sequence
analysis, plasmid designations, Southern blot analysis, E. coli transformation, and
genomic DNA preparations are included below in unique subchapters. The general
procedure is described in the paragraphs following.

The strategy for deleting a gene from the bacterium was to clone approximately 1 kb of
sequence upstream and approximately 1 kb of sequence downstream of the target gene on
either side of an antibiotic resistance cassette (in this case, containing the kanamycin

resistance gene from TnJ encoding neomycin phosphotransferase).
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Table 2.1.1 Concentrations of various electron donors and acceptors used.

19



DONOR ACCEPTOR
Lactate 60 mM Na,SOy4 (sulfate) 30 mM
Pyruvate 60 mM Na,SOs; (sulfite) 40 mM
Formate / Acetate 60 mM / 60 mM Na,S,05 (thiosulfate) 40 mM
EtOH (ethanol) 60 mM

20




The three segments would be amplified by PCR and then spliced by overlap
extension (SOEing) through PCR reactions (Warrens et al., 1997). This mutagenic
cassette (Fig. 2.2.1) would then be introduced into the cell where a double recombination
event would replace the target gene with the drug resistance gene. The antibiotic
resistance cassette contained a sequence common to all deletion mutations constructed in
the Wall lab and a barcode unique to each target gene on each end. Both the common
sequences (26 bp each) and the barcodes (20 bp each) were introduced into the
kanamycin resistance cassette by inclusion in the primers used for amplification of the
drug resistance gene. The barcodes would allow differentiation among deletion isolates
when grown simultaneously (Giaever et al, 2002).

The drug resistance cassette, upstream and downstream regions were PCR-
amplified with the Herculase polymerase mixture (Stratagene, La Jolla, CA) and joined
using SOEing PCR (Warrens et al., 1997). The resulting product (generically called
“PCR4,” Fig 2.2.1) was separated on a 0.8% (wt/vol) agarose gel, the appropriate band
excised and cleaned with the Wizard SV Gel and PCR Clean-up system (Promega,
Madison, WI). PCR4 was then captured in the cloning vector pCR8-TOPO encoding
spectomycin resistance (Invitrogen, Carlsbad, CA), generating plasmid pMO###
(numbered according to the targeted gene), and transformed into competent E. coli
TOP10 cells (Invitrogen, Carlsbad, CA). The transformed cells were allowed to recover
for 1h at 37°C and plated onto solidified LC medium with 50 pg kanamycin/ml (Fisher,
Pittsburgh, PA). From the LC plates, the putative transformant colonies were inoculated
into 5 ml of LC medium containing 50 pg kanamycin/ml and grown aerobically

overnight at 37°C.
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Figure 2.2.1 Diagram of primers used to create PCR4 and sequence the vector and

putative mutants (listed in Table 2.8.3).
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The mutagenic plasmid was isolated from the kanamycin and spectinomycin
resistant E. coli transformants by use of the Qiaprep Spin Miniprep kit (Qiagen, Valencia,
CA), sequenced in both directions to verify correct upstream, downstream, barcode and
common sequences, and electroporated (Chapter 2.8) into competent D. vulgaris.
Electroporated D. vulgaris cells were allowed to recover overnight in 1 ml of
lactate/sulfite medium and plated in molten LS4 medium containing 400 pg G418
(Geneticin)/ml (RPI corp., Mt. Prospect, IL), the most effective antibiotic selector of
kanamycin resistance in D. vulgaris. Three volumes (10 pl, 100 pl, and 890 pl) of the
putative transformants were plated to increase the likelihood that single colonies could be
obtained. Growth was observed after 3-5 days of anaerobic incubation at 30°C. Of the
colonies which were resistant to G418, five were inoculated into 0.5ml lactate/sulfite
medium with 400 pg G418/ml and 0.1% yeast extract (wt/vol) and grown overnight at
30°C. On the following day, three of the isolates that grew were subcultured into 5 ml of
the same medium and grown again overnight at 30°C to expand the culture. On the next
day, 1.5 ml of culture was used for preparation of genomic DNA using the Wizard
Genomic DNA purification kit (Promega, Madison, WI) and 3.5 ml of culture was used
to make freezer stocks (prepared by the addition of sterile glycerol, final concentration of
10% (vol/vol), 0.75 ml aliquoted into cryogen tubes, and stored at -80°C).

2.3 Southern Blot Analysis

For Southern confirmation of the marker-exchange mutagenesis, genomic DNAs
of putative mutants and wild-type D. vulgaris (4 pg of each) were digested with 10 units
of a restriction endonuclease according to the instructions of the manufacturer (NEB,

Beverly, MA) for 4 h and separated by electrophoresis on two different 0.8% (wt/vol)
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agarose gels at 85V for 1.5 h. The restriction endonuclease was selected to not cut the
targeted gene or the kanamycin antibiotic resistance cassette. The DNA was then
transferred onto a Zeta-probe membrane in 0.5 M NaOH overnight through capillary
diffusion. The DNA was cross-linked to the membrane with UV irradiation of 120
mJ/cm” delivered over 20 sec. The membranes were incubated in hybridization solution
(0.5 M NaH,POy,, 7.5% (wt/vol) SDS, 1 mM EDTA) for 30 min at 65°C. One membrane
was probed with the gene deleted and the second membrane was probed for the
kanamycin resistance marker. The probes were created using the Prime-It II kit
(Stratagene, La Jolla, CA). After overnight hybridization to the probe, the membranes
were washed once with wash solution 1 (2 x SSC and 0.1% (wt/vol) SDS) for 30 min at
65°C and once with wash solution 2 (0.1 x SSC and 0.1% (wt/vol) SDS) for 30 min at
65°C. The membrane was then exposed to CL-X Posure Film (Pierce, Rockford, IL)
overnight at -80°C and developed. DNA fragment sizes were determined by comparison
with the best-fit line of the distance of migration plotted against the log of the length in
nucleotides of the members of the 1 kb DNA ladder standard (NEB, Beverly, MA).

2.4 Transposon Insertion

Tn5-RL27 transposon (Larson et al., 2002) mutagenesis occurs by a mechanism
in which a segment of DNA (transposon) encoded in a plasmid is inserted into genomic
DNA (the target) by a conservative cut-and-paste mechanism. pRL27, that encodes a
mini-Tn5 transposon, TnJ transposase, and a kanamycin resistance gene (Larson et al.,
2002), was used to transform D. vulgaris Hildenborough by electroporation. Location of
the insertion site of the transposon should be able to be determined by direct sequencing

from the chromosome. This technique has not been successful, possibly due to
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competition of inexact binding sites in genomic DNA for the sequencing primers
(Barbara Giles and Matthew Shirley, unpublished). A higher concentration of transposon
insertion sites was determined to be needed to yield quality sequencing results.

A nested PCR method that allowed enrichment of the desired transposon insertion
site was successful (Chun et al, 1997). This nested semi-random PCR methodology
creates a high concentration of the DNA flanking the transposon sequence that facilitates
direct, quality sequences of the amplified product to be obtained. This process and the
use of a custom software tool described in Chapter 6.3 made locating Tn5-RL27
transposon insertion sites as easy as PCR.

The electroporation, plating, and colony isolation techniques used during
transformation were identical to those used during marker exchange mutagenesis
described in Chapter 2.2.

2.5 Microarrays

The RNA isolation techniques, kits used, and other specific products were
performed by the Hazen and Zhou laboratories and detailed in other papers (Chhabra et
al., 2006; He et al., 2006). These procedures are quoted from Mukhopadhyay et al.
(2006) below to allow readers to understand the data used for stress response
comparisons and exploring functions for the hypothetical genes in D. vulgaris. Because
these experiments were not conducted by me and not in the Wall lab, I have not altered

any verbiage.

“Culture maintenance. D. vulgaris Hildenborough (ATCC 29579) was
obtained from the American Type Culture Collection (Manassas, VA). For
all experiments and culture maintenance we used a defined lactate sulfate
medium (LS4D medium) based on Postgate's medium C (Postgate, 1984).
... and 5 ml of titanium citrate. To prepare titanium citrate, 500 ml of 0.2
M sodium citrate was boiled for 20 min under a continuous stream of
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nitrogen to remove dissolved oxygen. While the preparation was hot, 37.5
ml of 20% (wt/vol) TiCl; was added along with 100 ml of 8% (wt/vol)
Na,COs3 under nitrogen. The final mixture was autoclaved and used.
Subculturing was minimized by using —80°C D. vulgaris stocks as 10%
inocula for 100- to 200-ml fresh LS4D medium starter cultures at the mid-
log phase of growth (optical density at 600 nm [ODgg], 0.3 to 0.4). These
cultures were then used as 10% inocula for 1- to 3-liter production
cultures. All cultures were grown at 30°C.

MIC. MIC was defined as the stressor concentration that doubled the
generation time and/or decreased the overall yield by 50%. Growth curve
experiments were conducted in 96-well plates using an OmniLog
instrument (Biolog Inc., Hayward, CA), which captured digital optical
density images every 15 min for 150 h. Each well was inoculated with
10% mid-log-phase cells, six replicates of each stressor dilution were used,
and the plates were placed in an anaerobic atmosphere and sealed in
airtight Retain bags (Nasco) before they were placed in the OmniLog.
OmniLog measurements were calibrated against D. vulgaris cell densities
obtained by determining the ODgq0, using a Biolog plate reader, and
determining direct cell counts by the acridine orange direct count method.
All growth curves were comparable at 95% confidence intervals for the
exponential growth phase. A kinetic plot of D. vulgaris growth was used
to determine the generation time and cell yield. For NaCl and KCl stress,
the MIC for D. vulgaris was determined to be 250 mM (in addition to the
concentration present in LS4D medium) by testing concentrations ranging
from 0 to 5,000 mM. For all experiments in this study, 250 mM NaCl or
KCI was added to growth medium to establish stress conditions.

Biomass production. Highly controlled and reproducible conditions were
used for simultaneous production of cell cultures for transcriptomics,
proteomics, metabolite assay, PLFA, and synchrotron Fourier transform
infrared (sFTIR) spectromicroscopy studies. Control and experimental
production cultures were prepared in triplicate. Cultures were exposed to
stress at the mid-log phase to minimize in-culture variability. NaCl or KCI
(250 mM) was added to experimental cultures, and an equivalent volume
of sterile distilled water was added to control cultures. The time of stressor
addition was defined as zero time, and samples were taken at 30, 60, 120,
and 240 min after exposure. The longest time (<5 h) was less than one
generation time, so all samples were collected prior to the stationary phase.
Samples were chilled to 4°C in <15 s during collection by pulling samples
from production cultures through 7 m of capillary tubing immersed in an
ice bath using a peristaltic pump. Chilled samples were centrifuged, and
pellets were washed with 4°C degassed sterile phosphate-buffered saline
and centrifuged again at 6,000 X g (10 min, 4°C). The final pellet was flash
frozen in liquid N, and stored at—80°C. For the production of each
biomass sample, the following purity and growth characteristics were
recorded: temperature, pH, ODg(o, acridine orange direct count, SFTIR
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spectrum, total protein content, anaerobic colony morphology, absence of
aerobic colonies, and PLFA biosignatures.

Microarray analysis. Oligonucleotide probe design and microarray
construction have been described previously (Li, He, and Zhou, 2005).
After RNA extraction, purification, and labeling, a reverse transcription
reaction was used to generate labeled cDNA probes. Labeled genomic
DNA (Cy3) was used as a control and as the common reference to
cohybridize with labeled RNA (CyS5) samples for each slide. Each
comparison was done in triplicate. Finally, since there were duplicate
arrays on a given slide and three biological replicates, there were a total of
18 possible spots for each gene. Hybridized microarray slides were
scanned using the ScanArray Express microarray analysis system (Perkin-
Elmer, Massachusetts). Spot signals, spot quality, and background
fluorescence intensities were quantified with ImaGene, version 5.5
(Biodiscovery Inc., Los Angeles, CA). For raw microarray data see NCBI
GEO accession number GSE4447.

Computational. (i) Gene models. Models of The Institute for Genomic
Research (NCBI) were used.

(i1) Microarray data analysis. Log expression levels, including global
normalization, were first computed for each microarray. Log expression
levels obtained from replicate arrays were averaged. Each gene was
represented by two spots on each microarray, and spots flagged by the
scanning software were excluded. The net signal of each spot was
calculated by subtracting the background signal and adding a pseudosignal
of 100 to obtain a positive value. For resulting net signals of <50, a value
of 50 was used. For each spot, the level of expression was the ratio of the
two channels (ratio of mRNA to genomic DNA). For each replicate, the
levels were normalized so that the total expression levels for the spots that
were present on all replicates were identical. Finally, mean expression
levels and standard deviations of each spot were calculated, which
required n > 1. To estimate differential gene expression in control and
treatment conditions, normalized log ratios were used. The log ratio was
logy(treatment) — logy(control). This log ratio was normalized using
LOWESS on the difference versus the sum of the log expression level
(Dudoit and Frindlyand, 2002). Sector-based artifacts were observed;
therefore, the log ratio was further normalized by subtracting the median
of all spots within each sector. Up to this point, data were processed using
spots instead of genes to allow sector-based normalization. Finally, the
spots for each gene were averaged to obtain a final normalized log ratio.
To assess the significance of the normalized log ratio, a Z score was
calculated by using the following equation, Z = log, (treatment / control) /
((0.25)* + Zvariance ), where 0.25 is a pseudovariance term. Log ratios
and Z values for all microarray data in this study are listed in a
supplemental data file (http://vimss.lbl.gov/SaltStress/). The log ratios and
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Z values were used to generate two types of plots, (i) volcano plots and (ii)
operon-based estimates of local accuracy. For volcano plots, we plotted
the log, ratio of all genes versus Z . This provided an estimate of the total
numbers of significant changers in a microarray comparison and allowed
determination of which time showed the most changers
(http://vimss.lbl.gov/SaltStress/). For operon-based estimates of local
accuracy, each point represented a group of 100 predicted significant
changers with similar Z scores (the point showed the least significant Z
value in the set). The estimated accuracy of each group of changers was
derived by inspecting other genes in the same operons as these changers
(http://vimss.Ibl.gov/SaltStress/). For random changers, the transcripts for
50% of these genes should have been regulated in the same direction, and
for perfect changers 100% of the genes should have been regulated in the
same direction. Members of the operons without a consistent signal across
replicates ( Z < 0.5) were excluded. Even with perfect microarray data, the
estimated accuracy was somewhat less than 100% due to errors in operon
predictions. Typically, a cutoff Z value of >2 provided accurate significant
changers.”

The microarray technique quoted above is unique compared to a standard
microarray that only measures changes in gene expression, as denoted by the blue line in
Fig. 2.4.1. This leaves all other genes to be considered as not changing in expression in
response to the particular treatment, the yellow and purple lines in Figure 2.4.1. This
obviously omits information about the level of expression of all genes. Normalizing the
RNA signal to that of genomic DNA using techniques described above allows the relative
level of expression to be measured and thus determine the basal level of mRNA
abundance. The basal level of expression can be indicated, as high or low, for genes
regardless of significant alterations in expression in response to treatments. All transcript
determinations for the treatments listed in Table 2.4.1 were normalized to DNA
hybridization. For most D. vulgaris Hildenborough genes, mRNA expression levels have

about 170 data points for cells grown on LS4D medium to an ODgyp of 0.3 - 0.4 at 30 C°.
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Table 2.4.1 Stress Conditions *.

A Unless otherwise noted, sampling times were initiated at a set at OD 4 , usually at 0.3
OD 400 values of 0.3 and 0.8 correlated to exponential and stationary phases,
respectively.

P For stationary phase gene expression, comparisons of transcripts were with exponential
phase cultures and early stationary phase. At nine time points across the growth curve,
cells were sampled, RNA was extracted, and comparisons were made with RNA from
samples taken at OD ¢ values of 0.3 and 0.8, correlating to early exponential phase and
stationary phase, respectively.

© The wild type and, separately, the AperR mutant were challenged with exposure to 1 or
4 mM peroxide. The control samples had an equivalent volume of water added.

P All control comparison samples were untreated D. vulgaris in LS4D medium at an OD
600 matching that of the experimental culture at the initiation of treatment. Control time

points mirrored those of the treated sample.
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Stressor Concentration / Condition Sampling Times (minutes) "
Cold 8°C 60, 120, 240
Heat 50°C 0, 15, 30, 60, 90, 120
Oxygen 0.1 % 0, 30, 60, 120, 240
Alkaline pH pH 10 0, 30, 60, 120, 240
Acid pH pHS5.5 0, 30, 60, 120, 240
Nitrite 2.5 mM 0, 30, 60, 90, 150, 240
Nitrate 105 mM 0, 30, 60, 120, 240, 480
Sodium 250 or 500 mM 0, 15, 30, 60, 120, 240
Potassium 250 mM 0, 30, 60, 120, 240
Chromate 0.45 or 0.55 mM 0, 30, 60, 120, 240

Stationary phase ©

Time points based on OD g

Peroxide °

1 or 4 mM H,0,

0, 30, 60, 120, 240, 480

CoCulture

Grown with M. maripaludis

End point

Strain Comparison

JW801 vs. WT

0, 30, 60, 120, 240

Mutant: AperR

1 or 4 mM H,0,

OD ¢ooat 0.3 and 0.8

Mutant: Afur

a) 105 mM nitrate
b) 250 mM salt
c)5 uM Fe

d) 10 uM Fe

e) 60 uM Fe

0, 30, 60, 120, 240
0, 30, 60, 120, 240
Exponential & stationary phase
Exponential & stationary phase

OD ¢poat 0.3 and 0.8,
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Figure 2.4.1 Standard vs. Comparative microarray data. The blue line represents a
standard microarray result for a gene that only measures change in expression. The
microarray technique used in this study (quoted above) allows further differentiation
through normalization of the RNA signal to genomic DNA allowing relative expression
levels to be discerned, along with relative change. The yellow and purple lines represent
high and low levels of basal expression, respectively, that would not otherwise be

differentiated in a standard microarray. Note: The X-axis is not to scale.
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2.6 Growth Curves

All growth curves were conducted in rubber stoppered 16 x 125 mm screwcapped
tubes. Ten ml of medium was inoculated with 0.2 ml of late logarithmic or early
stationary phase cells grown overnight in Yen45 lactate / sulfate medium. The head
space was less than 5 ml and was composed of 95% nitrogen and 5% hydrogen mix, the
same gas mixture as the anaerobic chamber environment. All anaerobic manipulations
were performed in a Coy anaerobic chamber (Coy Laboratory Products, Inc., Grass Lake,
MI). Optical densities of the cultures in rubber stoppered tubes were taken at 600 nm on
a GENESYS 20 Visible Spectrophotometer (Thermo Scientific, Waltham, MA).

2.7 DNA Isolation

Plasmid isolations were performed in accordance with the QIAprep Spin
Miniprep Kit Protocol from the QIAgen Miniprep kit (Qiagen, Valencia, CA).

Genomic DNA isolations from D. vulgaris and E. coli were performed in
accordance with the protocol provided with the Promega Wizard Genomic Preparation kit
(Promega, Madison, WI) with the sole exception of the pellet being frozen before
initiating the rest of the DNA isolation (Joe Ringbauer, unpublished).

2.8 Transformation

Transformation of E. coli a-select Bronze Efficiency cells (Bioline, Randolph,
MA) or E. coli One Shot Top10 cells (Invitrogen, Carlsbad, CA) that were hosts for Topo
vectors (Invitrogen, Carlsbad, CA) were accomplished in accordance with the
instructions of the manufacturer. Aliquots of 10, 50, and 100 pl of recovered cells were
plated onto solidified LC medium with the appropriate antibiotics for selection of

transformants.
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2.9 Electroporation

Electroporation of D. vulgaris was performed in accordance with the following
protocol (Grant Zane, unpublished). One ml of culture freezer stock (early stationary
phase cells in growth medium amended with 10% (v/v) glycerol) was placed in 9 ml of
lactate / sulfite medium and grown anaerobically overnight at 34°C. In the morning, 45
ml of lactate / sulfite medium was inoculated with 5 ml of the overnight culture and
grown until an ODggo of ~0.30. The culture was centrifuged at 4 k rpm in an Accuspin
3R centrifuge with swinging bucket rotor (Fisher, Pittsburgh, PA) for 10 min and with the
cells kept at either 4°C or on ice at all times. The pelletted cells were resuspended in 35
ml of chilled (4°C) electroporation buffer (EP) (30 ml 1M PIPES, 970 ml dH,0, pH
adjusted to 7.2 with NaOH). The 4K rpm 10 min centrifugation was repeated and the cell
pellet resuspended in 500 pl of EP buffer. 50 pl of resuspended cells were mixed with no
more than 5 pl of the plasmid to be transformed and the mixture transferred to an
electroporation cuvette (Molecular BioProducts cuvettes #5510, Fisher, Pittsburgh, PA).
The sample in the cuvette was electroporated anaerobically with voltage and time
constants of 1650 V and 250 ms, respectively. Samples that sparked, evidenced by a
louder pop, visible flash, and the cap of the cuvette usually popping off, during
electroporation had higher successful transformation rates (Grant Zane, unpublished).
After electroporation, 1 ml of lactate / sulfite (amended with 1 g of yeast extract/liter)
was added and the entire mixture transferred to a 1.5 ml microcentrifuge tube. The cells
were allowed to recover anaerobically overnight at 34°C and then plated with antibiotics
for selection of transformants.

2.10 Strains, Plasmids, and Primers
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Table 2.8.1 Strains created and modified.

A Name, how the strain will be referenced throughout this document.

P Parent Strain, the original strain that mutants were constructed from.

© Description, alterations performed on the Parent Strain to create the mutant.

P Source, origin of the mutant.
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Name*

Parent Strain®

Description ©

Source”

Desulfovibrio vulgaris
Hildenborough

wild type w/ Native Plasmid

ATCC29579 N/A (pDV1) ATCC
Desulfovibrio vulgaris
Hildenborough
ATCC#29579 cured of
JW801 pDV1 wild type Wall lab
Desulfovibrio Desulfovibrio Nal® and cured of the
desulfuricans G20 desulfuricans G100A cryptic plasmid pBG1
JW0403 JW801 ADVU2792 (ArnfC) This work
JW0405 JW801 ADVU1217 (AnorM1) This work
ADVUAO0164 (cation )
JW0407 JW801 difusion facilitator) This work
JW0409 JW801 ADVU2555 (AnorM2) This work
ADVUAO0095 (hypothetical )
JWO0411 JW801 gene) This work
ADVUO0303/DVU0304 )
JW0413 JW801 (hypothetical operon) This work
JW0415 JW801 ADVU2791 (AdhcA) This work
A(lac-pro) supE thi hsdA Yuiji Morlta
5/F'traD36 proA*B" lacl® (Morita et al.,
E. coli TG1 E. coli K12 lacZAM15 1998)
Alac-pro) supE thi (hsd)a | Y Uli Morita
5/F'traD36 proA*B" lacl® (Morita et al.,
E. coli Kam3 E. coli TG1 lacZAM15 AacrAB 1998)
Gregor Grass
(Grass et al.,
E. coli GG196 E. coliw3110 AFieF::cat 2005)
Gregor Grass
(Grass et al.,
E. coli GG200 E. coliW3110 AFieF::cat AFur 2005)
F- mcrA A(mrr-hsdRMS-
mcrBC) ¢80/acZAM15
AlacX74 recA1 araD139
A(araleu)
7697 galU galK rpsL (StrR) _
E. coli One Shot Top10 | N/A endA1 nupG Invitrogen
deo” endA1 recA1 relA1
gyrA96 hsdR17(rk -mk+)
SupEA44 thi-1 A(lacZYA-
E.coli a-select Bronze argFVv169) ¢80dlacZAM15 o
Efficiency N/A F- Bioline
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Table 2.8.2 Plasmids created and modified.

& Name, how the strain will be referenced throughout this document.

P Parent Plasmid, the original strain that mutants were constructed from.

€ Description, alterations performed on the Parent Plasmid to create the mutant.

P Source, origin of the plasmid.
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Name* Parent Plasmid ® | Source“ Description / Function”

Topo isomerase plasmid by Invitrogen w/
pCR8-TOPO N/A Invitrogen | Spectomycin resistance gene
Zero Blunt Topo isomerase plasmid by Invitrogen w/
TOPO N/A Invitrogen | kanamycin resistance gene
pBluescript N/A Fermentas | cut w/ EcCoRV
pM0O402 pBluescript This work | suicide vector for creation of JW0403
pMO404 pBluescript This work | suicide vector for creation of JW0405
pMO406 pBluescript This work | suicide vector for creation of JW0407
pMO408 pBluescript This work | suicide vector for creation of JW0409
pMO410 pCR8-TOPO This work | suicide vector for creation of JW0411
pMO412 pCR8-TOPO This work | suicide vector for creation of JW0413
pMO414 pCR8-TOPO This work | suicide vector for creation of JW0415
pNorm1 Zero Blunt TOPO This work | complementation of DVU1217 in E. coli
pNorm2 Zero Blunt TOPO This work | complementation of DVU2555 in E. coli
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Table 2.8.3 Primers created. Note that these are only the unique primer sequences for
each marker exchange deletion. The full sequences are designated below with XXX
replacing the sequence shown in the table and the JW04## designated to show which
marker exchange mutant vector these were used to create. Figure 2.2.1 visually diagrams
the sequences common to the primers as listed below:

JWO04##-2: AAGACTGTAGCCGTACCTCGAATCTA (upstream common)
XXX(gene upstream)

JWO04##-3: AATCCGCTCACTAAGTTCATAGACCG(downstream common)
XXX(gene downstream)

JWO04##-5: TAGATTCGAGGTACGGCTACAGTCTT (upstream common)
XXX(unique barcode) CCCCAGAGTCCCGCTCAG(kanamycin gene primer)

JIWO04##-6: CGGTCTATGAACTTAGTGAGCGGATT XXX(unique barcode)
GAGGTAGCTTGCAGTGGGCT (kanamycin gene primer)
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Name Sequence (5' - 3") Description
sequencing primer from N-term of
kan N CTCATCCTGTCTCTTGATCAGATCT kanamycin resistance gene
sequencing primer from C-term of
kan C CTACCCGTGATATTGCTGAAGAG kanamycin resistance gene
generates an internal fragment of
kan_int_ F | AGATCTGATCAAGAGACAGGATGAG kanamycin resistance gene
generates an internal fragment of
kan_int R | CTCTTCAGCAATATCACGGGTAG kanamycin resistance gene
sequencing primer from multicloning
TOPO8_F | AACGACGGCCAGTCTTAAGC site in pPCR8-TOPO
sequencing primer from multicloning
TOPO8 R | AGACACGGGCCAGAGCTG site in pCR8-TOPO
JW0403-1 | CGCAGACTATGCAGTACCCTGTGA ADVU2792; ArnfC
JW0403-2 | CATGGTGGTTCTTACCTTATTTCAGGTGGC | ADVU2792; ArnfC
JW0403-3 | TAGGATGCGCCCGCCCGCA ADVU2792; ArnfC
JW0403-4 | AGCAGCGTGGAACCTGTCAG ADVU2792; ArnfC
JW0403-5 | CTGTCGGAATATAGGATACG ADVU2792; ArnfC
JW0403-6 | CAGACGAACTTAGATCACCG ADVU2792; ArnfC
JW0405-1 | GTGATGACCTGCATGCACGC ADVU1217; AnorM1
JW0405-2 | CATGGATACCTTGTCACGGCCTCA ADVU1217; AnorM1
JW0405-3 | TGACGATCCATCGAGGTCTGATTGT ADVU1217; AnorM1
JW0405-4 | ACGCCGACGACAGAGCAC ADVU1217; AnorM1
JW0405-5 | AGGATCTCAAAGTTGTCGAG ADVU1217; AnorM1
JW0405-6 | ATCGCTCTAACCGTCGGAGA ADVU1217; AnorM1
JW0407-1 | GGTCAGCAATCTCCCTACCAT ADVUAO0164; cation difusion facilitator
JW0407-2 | CATCATCCGTCGCACATCCTTC ADVUAO0164; cation difusion facilitator
JW0407-3 | TAGGGGCCCTGCGTACGGTTCAG ADVUAO0164; cation difusion facilitator
JW0407-4 | ATTCTCGAAGAACCCATCCGCTT ADVUAO0164; cation difusion facilitator
JW0407-5 | CGAATACGAGCAGATACGCG ADVUAO0164; cation difusion facilitator
JW0407-6 | TCGTTTACCTGTCGCGCTGA ADVUAO0164; cation difusion facilitator
JW0409-1 | GCACTGCGCGAGGGAGACAC ADVU2555; AnorM2
JW0409-2 | CACGCCTGTGCCTTCCGCCGATG ADVU2555; AnorM2
JW0409-3 | TGATTTCTCGCCCGTCACCCTCGA ADVU2555; AnorM2
JW0409-4 | GACCGTGCTACACGGGAGCGAT ADVU2555; AnorM2
JW0409-5 | AGGAACGTAACCATCAGTCC ADVU2555; AnorM2
JW0409-6 | ACGGACAAATACGCACCTGT ADVU2555; AnorM2
JW0411-1 | CAGGCGTCTGATGTCCGCATCGG ADVUAO0095; hypothetical gene
JW0411-2 | ACGGCGAACCTTCAGGATTGCCTG ADVUAOQ0095; hypothetical gene
JW0411-3 | TGCAACTGTGACAGGTTGAACCGC ADVUAOQ0095; hypothetical gene
JW0411-4 | CCGGCCTCGAACGCCGAGAGA ADVUAO0095; hypothetical gene
JW0411-5 | GTGCGGTAGACTCGTTCACT ADVUAO0095; hypothetical gene
JW0411-6 | CACGTTTCAACTCGATTACG ADVUAOQ0095; hypothetical gene
ADVUO0303/DVU0304; hypothetical
JW0413-1 | CGCTGGTAGGCGAACCCCTG operon
ADVUO0303/DVU0304; hypothetical
JW0413-2 | GACGGGCTCCTTGGTTTGTATGGAACC operon
ADVU0303/DVU0304; hypothetical
JW0413-3 | CATCGCCACCGCAGTCCACC operon
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ADVUO0303/DVU0304; hypothetical

JWO0413-4 | GACGGCGTCCTTGGTGTCCT operon
ADVUO0303/DVU0304; hypothetical
JWO0413-5 | CTGGCTTTACACGTACTGAG operon
ADVUO0303/DVU0304; hypothetical
JWO0413-6 | AACTACAGAAACTTCGCTCG operon
JW0415-1 | CCATGCCTACATGGGCTGGTAC ADVU2791; AdhcA
JWO0415-2 | TGCATGGACATTGGCATGTTGTGAG ADVU2791; AdhcA
JWO0415-3 | ACCACCATGAGACAGCGTTTCCA ADVU2791; AdhcA
JWO0415-4 | TGGCGATGGTGAGCACCGTCT ADVU2791; AdhcA
JW0415-5 | GTCTGCGTACCAGTCTGCAT ADVU2791; AdhcA
JWO0415-6 | AGCGGTTTAACGTCAACGCA ADVU2791; AdhcA
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Chapter 3

EVALUATION OF STRESS RESPONSE IN SULFATE-REDUCING BACTERIA

THROUGH GENOME ANALYSIS

3.1 Introduction

It is necessary to have a comprehensive understanding of the basic metabolism of
the sulfate-reducing bacteria before these bacteria can be productively used as efficient
agents for bioremediation of toxic compounds. In their environment, the SRB encounter a
wide range of conditions to which they must adjust for survival. The availability of the
genome sequence D. vulgaris Hildenborough has made possible transcriptional analysis
of bacteria in a variety of growth conditions. An understanding of the basic levels of
expression for “housekeeping” genes of these bacteria provides a foundation for
comparison of differential gene expression obtained when stress conditions are imposed.
Beyond the generalized expression profiles, details providing new understanding about
nitrate, nitrite, and salt stresses were elucidated. Also, a new study was initiated
discerning the roles of hypothetical genes in stress treatments in D. vulgaris. These
research initiatives and the consequences of the results to the knowledge base of the SRB
are discussed in detail throughout this and the following chapter.

3.2 Stress Experiment Conditions

In this study, wild type D. vulgaris Hildenborough cells were subjected to the 11
treatment conditions listed in Table 3.2.1, most of which were applied when the cells
were in mid-exponential phase (ODgoo = 0.3). To standardize the extent of the stress
upon the cells, a treatment time or concentration that generated a 50% decrease in growth

rate was chosen. An example of this growth rate is shown in Fig 3.2.1, demonstrated by
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NaCl and KCI treatments. A sample was taken at initiation of the treatment and at time
points up to six hours later. These conditions are summarized in Table 3.2.1 and
treatment protocols are detailed in Chapter 2.4.

3.3 Computational Analysis

The microarray intensities obtained from cells treated with the 11 stresses were
initially calculated as a logR ratio (R is the ratio of experimental transcript to the
control) and then Z scores were calculated using the formula and methodology detailed in
Chapter 2.4 to determine statistical relevance. Genes with a Z score meeting the
statistical level, abs(Z) > 2, were considered for differential regulation and were the only
ones used for further study. Fig. 3.3.1 lists the number of genes considered either
increased or decreased, across the stress conditions. Approximately 65% of the 3482 D.
vulgaris genes covered in the oligo microarrays exhibited differential regulation.
Although the majority of the genome is regulated under some stress condition, the actual
number of genes responding to a given stress varied depending on the particular stress
condition.

Determining overlap between the stress responses allowed further insight into the
interrelationship of stress responses by these bacteria. Direct comparisons were made
between all the listed conditions in Fig. 3.2.1. To obtain the number of genes apparently
regulated in multiple stresses, only genes regulated in the same direction were included in
the final count (Table 3.3.1). Cold Shock, Salt, and Nitrate/Nitrite stresses are discussed
in some detail below. The remaining treatments have been analyzed by collaborators and

presented in other published articles; heat shock (Chhabra ef al., 2006), pH (Stolyar et al.,
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Figure 3.2.1 Wild type D. vulgaris in LS4 (black stars) and 250 mM NaCl (open red
squares) and 250 mM KCI (open red triangles) (reproduced from Mukhopadhyay et al.,

2007).
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Table 3.2.1 Microarray conditions (reproduced from Barton and Hamilton, 2007).
A Stationary phase cells at 0.8 ODgo were compared to exponential phase cells at 0.3

ODgoo. These ODgp levels are representative of these growth stages.
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Stressor Concentration Time of sample | Control culture

or Condition (min)
Cold 8°C 240 30°C, 240 min
Heat 50°C 15 37°C, 15 min
Oxygen 0.1% 240 No O3, 240 min
Alkaline pH pH 10 120 pH 7, 0 min
Acid pH pH 5.5 240 pH 7, 0 min
Nitrite 2.5 mM 60 No NO,", 60 min
Nitrate 105 mM 240 No NO3’, 240 min
Sodium 250 mM 120 No added Na', 120 min
Potassium 250 mM 120 No added K", 120 min
Chromate 0.55 mM 120 No CrOy , 0 time
Stationary” 0.8 ODggo 0.3 OD 400
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Figure 3.3.1 Numbers of putative genes differentially expressed in response to stress
conditions at the treatment times listed in Table 3.2.1 (red = increased, blue = decreased)

(bars are additive, not overlapping) (reproduced from Barton and Hamilton, 2007).
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Table 3.3.1 Numbers of genes similarly altered in regulation in two different treatments

(treatments are described in Table 3.2.1) (recreated from Barton and Hamilton, 2007).
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Treatments

Cold | Heat | O, | pH10 | pH5.5 | NO, | NOs;™ | NaCl | KCl | CrO, | Stationary

Cold 68 11 4 |1 1 3 9 35 32 1 4
Heat 785 |9 | 47 132 89 105 | 101 102 | 122 103
O, 70 | 3 9 4 21 7 6 3 1
pHI10 280 73 15 95 25 29 78 79
pHS5.5 471 32 125 | 27 29 154 69
NO, 305 | 36 19 15 22 39
NO5y 742 | 59 70 105 95
NaCl 428 254 | 33 24
KCl1 399 | 37 28
CrO4 337 57
Stationary 470

52




2007), oxygen (Mukhopadhyay et al., 2007), chromium (Klonowska et al., 2008) and
stationary phase (Clark et al., 2007).

3.4 Cold Shock

Low temperature shock was examined first because of the small subset of
statistically significant differentially expressed genes. The E. coli cold shock response is
known to be characterized by alterations in nucleic acid structure, ribosomes, and
membrane fluidity (Phadtar, 2000). A sequence of events is initiated by protein YfiA and
is followed by the production of a specialized set of cold shock proteins. Only a yfi4
homolog was found in D. vulgaris, DVU1629, and unlike E. coli there was not a
significant alteration in expression of this SRB gene during the cold treatment condition.

Other D. vulgaris genes found to be increased in expression were in similar
categories to those found to be changed in cold-shocked E. coli. D. vulgaris has a single
gene annotated as a ‘cold shock protein’ and showed negligible regulation to cold shock,
but interestingly was up regulated, log;R = 1.4, in heat shock. Genes associated with the
ribosome and nucleic acid configuration also showed increased expression. For example,
transcriptional increases were seen by genes encoding an RNA helicase (DVU3310),
logoR = 1.8; NusA (DVUO0510) which, in E. coli, is a transcription terminator and part of
an antitermination complex, log;R = 1.3; translation initiation factor 2 (DVUO0508), logoR
=1.1; S17 (DVU1312), a ribosomal protein, logoR = 1.1; and the UvrABC complex
(DVU1987, DVU1605, DVUO0801) used in the nucleotide excision repair pathway, log,R
=2.0, 2.1, 3.8, respectively.

It was also observed that 15 / 68 of the differentially regulated genes were found

to be annotated as having an involvement with the cell membrane. Strikingly, 35 of the
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regulated genes were also similarly altered in expression in the high sodium stress
condition; and slightly fewer, 32 genes, in the potassium treatment. Nine of those genes
with expression profiles shared by the salt stresses are annotated as membrane related
proteins, further showing the effect of all three stressors, cold, sodium and potassium, on
the membrane.

3.5 Salt: Na" and K*

Sodium and potassium stressed cells both had about 400 genes respond to
increased salt concentrations. Between these two salt treatments approximately 65% of
the differentially expressed genes were the same. Although the SRB had a larger number
of differentially regulated genes in response to a lower concentration of potassium than
sodium, 250 mM versus 500 mM respectively, the comparisons of these two cationic
stresses to all other stressors shared a similar profile of common genes.

A number of genes involved in energy production showed expression increases as
a consequence of salt exposure. These were: the ATP synthase operon (DVUO0774-
DVUO0780) with respective logsR scores for sodium of 1.4, 1.2, 0.9, 1.0, 1.4, 1.7, 1.5; and
potassium of 1.3, 1.7, 1.6, 1.5, 1.5, 1.5, 1.2; and the high molecular weight cytochrome
operon (DVU0531-DVUO0536) with respective log;R scores for sodium of 2.4, 1.3, 2.0,
1.1, 2.7, 3.0; and potassium of 2.0, 1.4, 2.3, 1.2, 1.5, 2.9. Increased energy might be
required for active efflux of the sodium and potassium cations. Oddly, lactate permease
genes, DVU2451 and DVU2683, sodium log,R =-1.7 and log,R = -1.3, potassium logoR
=-2.3 and log,R = -1.3, respectively; and acetate kinase, DVU3030, sodium log;R =-2.3

and potassium log,R = -2.3, considered essential for energy production in lactate/sulfate
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medium used for salt treatments, were down regulated creating a paradox in our
understanding of the complete salt stress response.

3.6 Nitrate and Nitrite

Pockets of highly concentrated nitric acid are often found in contaminated areas
where uranium or other heavy metal processing was performed, such as Hanford, WA.
Thus, the effects of the addition of 105 mM nitrate (NO3) or 2.5 mM nitrite (NO,) on
gene expression were determined to explore the putative mechanisms of D. vulgaris
tolerance to these compounds. The pH was carefully controlled to eliminate gene
changes primarily occurring to pHs outside of circumneutral ranges.

D. vulgaris lacks a nitrate reductase (Moura, 1997), and thus is incapable of using
nitrate as a terminal electron acceptor or as a source of nitrogen. Identification of a
specific sodium nitrate response was attempted by looking at a sum of the nitrite and
sodium chloride response subsets. As seen in the Venn diagram (Fig. 3.6.1) the overlap
is small in relation to the number of genes regulated in any single stress. The percentage
of genes overlapping in any of the comparisons below was calculated as below what
would have been expected at random: 1.0% (actual) versus 1.8% (random) for nitrate /
nitrite overlap and 1.7% (actual) versus 2.5% (random) for nitrate / salt overlap. Actual
percentages of genes changing in expression in common to two treatments were
determined by dividing the number obtained from the microarray data by the total
number of ORFs (3531 for D. vulgaris, microbesonline.org). The random percentages
were calculated by multiplying the percentage of total genes differentially expressed in
each individual treatment (21.0% of the total ORFs were changed in NO;’; 8.6% in NO;’;

and 12.1% in salt). Because the overlap between these stresses is not higher that than
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Figure 3.6.1 Venn diagram for NaNOj (Nitrate), NaNO, (Nitrite), and NaCl (Salt)
overlap of regulated genes during stress response (reproduced from Barton and Hamilton,

2007).
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Table 3.6.1 Nitrate expression unique groups (reproduced from Barton and Hamilton,

2007).
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Transposases Transporters

Gene No. | Annotation logoR | Gene No. | Annotation log,R

DVUO0556 | ISDvu3, transposase OrfA -2.23 | DVUO0088 | Na+/pantothenate symporter | 2.86

DVUO0557 | ISDvu3, transposase OrfB -2.50 | DVUO0381 | Nat/H+ aniporter NhaC-1 4.28

DVUO0562 | ISDI, transposase OrfA -2.43 | DVU0413 | K" uptake, Trkl 1.43

DVUO0564 | ISDvu4, transposase -1.26 | DVU0446 | Nat/solute symporter family | 1.52

truncation

DVU2010 | ISDI, transposase OrfB -1.64 | DVU3108 | Na+/H+ aniporter NhaC-2 5.13

DVU2017 | ISDvuS5, transposase -1.95 | DVU3332 | Heavy metal P-type ATPase | 2.23

DVU2004 | ISDvu4, transposase -1.72 | DVUO177 | modA, periplasmic protein, 1.56
Mo ABC transporter

DVU2049 | Transposase OrfA, IS3 family | -1.97 | DVUO0180 | modC, ATP binding protein | 1.32
Mo ABC transporter

DVU2178 | ISDvu2, transposase OrfB -1.30

DVU2179 | ISDvu2, transposase, OrfA -2.49
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expected by random between any given comparison, the response to nitrate is unique and
not a sum of the nitrite and salt responses.

Several interesting groups of genes were noted to have coordinated, strong
responses to nitrate. Ten transposase genes all showed statistically significant down
regulation (Table 3.6.1). This group of genes was also regulated in the same fashion in
response to acid and alkaline pH conditions. Ion transporter genes were up regulated,
specifically those involved in Na' transport.

Although D. vulgaris lacks a nitrate reductase, it has a nitrite reductase, NrfA
(DVUO0625). Its function is believed to protect the cell from production of nitrite as
intermediates from nitrate-reducing bacteria in the environmental community (Pereira,
2000; Greene, 2003). Deletion of the nrf4 gene causes an increased sensitivity to nitrite
(Haveman, 2004). The selection of genes that showed differential regulation in this study
was in agreement with a small selection of genes studied in a nitrite response reported by
Haveman and coworkers (2004). A down regulation of ATP synthase operons
(DVU0774-80 and DVU0917-18), along with the DstMKJOP operon (DVU1286-
DVUI1290). This Dsr complex is hypothesized to supply electrons to the sulfite
reductase, DsrAB (DVU0402-DVU0403), which can be inhibited by nitrite (Wolfe,
1994). From these results, we hypothesize that redirection of electrons from a primary
electron acceptor, sulfate or sulfite, to nitrite via nitrite reductase might interfere with the
standard energetic respiration route that produces ATP or produce a reactive nitrogen

species that inhibits the cell.
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3.7 Conclusion

Our analysis has identified transcriptional relationships between the differing
treatments and the gene regulation responses. Cold shock response included 15 genes
associated with the cellular membrane being regulated. Curiously, close to half of the
genes, 35, changed in expression to cold shock were also found to be regulated in
response to salt treatment. Salt treatments shared an approximately two-thirds overlap
between sodium and potassium treatments. Both stresses resulted in increased expression
of energy generation operons that are postulated to be necessary to promote active efflux
of the toxic concentrations of cations. Because nitrate cannot by used by D. vulgaris as a
terminal electron acceptor or as a nitrogen source, it was tempting to expect that a nitrite
response would be a simple composite of sodium and nitrite responses (Wall lab,
unpublished results). However, the nitrate response exhibited a distinct regulation pattern
of transposases and transporters, down- and up-regulated, respectively. The nitrite
response was found to be similar to that reported in other published reports (Haveman,
2004), including down regulation of ATP synthase and an operon needed for sulfite
reduction. Many of these relationships will necessitate further research to determine the
exact nature of the response.

A major observation from the results of this microarray stress study was that there
are a large number, 1237, of hypothetical genes that have significant roles in stress
responses. The information obtained from these experiments would assist in assigning a
function to some of the not yet annotated hypothetical genes still found in the genome of

D. vulgaris.
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The data discussed and figures shown in this chapter were published by Wall et
al. in The Sulphate-reducing Bacteria, chapter 4: Evaluation of stress response in
sulphate reducing bacteria through genome analysis, edited by Larry L. Barton and W.

Allan Hamilton, 2007.
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Chapter 4

CONFIRMATION AND CHARACTERIZATION OF HYPOTHETICAL GENES

4.1 Introduction

Over 35% of the predicted genes or open reading frames (ORFs) within the
genome sequence of Desulfovibrio vulgaris Hildenborough (3,532 total) were not
functionally annotated. These genes are described as encoding ‘hypothetical proteins,’
‘conserved hypothetical proteins,” or ‘conserved domain proteins’. Such designations
yield no information about the actual expression of the gene, the existence of the gene
product, and no details about the protein function.

Microarray experiments measuring the transcriptional response of D. vulgaris at
various growth states or stress conditions (currently 18 different treatments have been
completed, see Table 2.4.1) have provided over 1,000,000 data points. Initial analysis of
each experiment consistently shows differential expression of many of these unannotated
genes. The primary objective of this analysis was to explore available data for evidence
of expression of the predicted genes, those where RNA is actually transcribed, and, thus
have an increased probability of producing functional proteins. These predictions must
be further verified with current and future proteomics analyses of the same samples.
After proving the existence of the proteins, predictions of their functions can profitably
be made.

The secondary objective of this work was to construct a grouping of constitutively
expressed hypothetical or conserved hypothetical proteins that might be candidates for

function in basic metabolic pathways. Determining if these genes are essential or exert
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an influence on metabolism will require construction of deletion mutants and phenotypic
studies.

Third, genes encoding putative proteins were categorized by their conditional
regulation in specific stress response conditions. Thus, transcriptional response to a
given stress was inferred to indicate a potential functional role in that stress which might
lead to a more specific metabolic assignment for these unannotated genes. Hints at
function were also obtained by a comparison of the gene expression level to other genes
in the same predicted operon and regulon. Thus “guilt by association” was inferred.
Concomitantly, this study also examined operon predictions (Alm et al., 2005) through
the correlated regulation profiles of the genes.

A more detailed understanding of the metabolic pathways of D. vulgaris is
necessary to be able to fully harness its potential for environmental applications. Paving
the way for future in vivo studies for over 1/3 of the genes is a critical aspect for the
future research of the SRB as a viable bioremediation tool.

4.2 Analysis

‘Hypothetical’ proteins have been initially annotated as such because they lack
sequence homology to any other known protein in any other life form and are purportedly
unique to a particular organism. ‘Conserved hypothetical” proteins have a homologue(s),
usually found in related organisms. ‘Conserved domain proteins’ have a domain, a short
contiguous stretch, within the protein sequence that is found in other organisms.

Seven functional categories determined by expression levels and responses to
various treatments were created for initial clustering of these functionally unannotated

genes (Table 4.2.1). These categories were then further subdivided for orphan genes,
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those that are monocistronic, and those in operons. Finally separate considerations were
made for ‘hypothetical’ versus ‘conserved hypothetical / conserved domain’ designations.
Hypothetical genes in predicted operons that matched expression profiles of other genes
in the operon were more readily annotated because of functional assignments of other
operon members. Orphan hypothetical genes were more challenging to meaningfully
annotate with anything more than a functional description because of the lack of more
detailed physiological information, especially those in the ‘expressed’ or ‘expressed,
multiple stress response’ categories.

Genes that fell into the ‘no expression’ category remained with their original
‘hypothetical’ or ‘conserved hypothetical’ designation. They cannot be discredited as
bona fide genes for several reasons. The conditions requiring their expression may not
have been studied, these genes may have faulty microarray spots preventing transcription
monitoring or they might actually be genetic artifacts wrongly chosen by gene prediction
software. Any of these reasons could cause this small subset of genes to remain
annotated as ‘hypothetical’ or ‘conserved hypothetical’ until further dedicated studies that
prove or disprove their existence.

4.3 Results

Tables containing all the hypothetical, conserved hypothetical and conserved
domain genes in D. vulgaris are available in Appendix A. The DVU#, VIMSS#,
response grouping, original annotation, and revised functional annotation are listed for
each gene. The last two columns, ‘Revised Functional Annotation; and ‘Response
Category,” are not used in the operon table for genes that already have a proper

annotation.
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Table 4.2.1 Functional grouping categories of unannotated genes of D. vulgaris
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Category

Definition

no expression

No record of binding of the RNA to the
oligonucleotide of the microarray in any
control or stress experiments.

expressed

Differential expression was not detected and
the basal expression level was not in the top
1/8 of expressed genes.

high expression

Differential expression was not detected and
the basal expression level was in the top 1/8
of expressed genes.

expressed, single stress
response

RNA level showed an absolute log, (R) >=
1.2 change relative to the experimental
control in a single stress condition and the
basal expression level was not in the top 1/8
of expressed genes.

expressed, multiple stress
response

RNA level showed an absolute log, (R) >=
1.2 change relative to the experimental
control in multiple stress conditions and the
basal expression level was not in the top 1/8
of expressed genes.

high expression, single
stress response

RNA level showed an absolute log, (R) >=
1.2 change relative to the experimental
control in a single stress conditions and the
basal expression level was in the top 1/8 of
expressed genes.

high expression, multiple
stress response

RNA level showed an absolute log, (R) >=
1.2 change relative to the experimental
control in multiple stress conditions and the
basal expression level was in the top 1/8 of
expressed genes.
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Figure 4.3.1 Break down of response categories of monocistronic hypothetical genes.
Sample size of 680. Definitions of the categories are listed in Table 4.2.1 (reproduced

from Elias et al., 2008).
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Figure 4.3.2 Break down of response categories of hypothetical genes predicted to be in
operons. Sample size of 557. Definitions of the categories are listed in Table 4.2.1

(reproduced from Elias ef al., 2008).
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These figures show the interconnected regulation of many genes in the genome by
the large percentage of hypothetical genes that fall into the ‘multiple stress response’
category, 33.4%. This is in agreement with many of the operons containing hypothetical
genes with 39.6% responding to multiple treatments.

To explore possible functional roles of these differentially expressed unannotated
genes, two were selected from different categories: ‘expressed, single stress response’
and ‘expressed, multiple stress response,” each from the monocistronic and operonic
grouping, respectively. Deletion mutants of the selected genes, DVUAO0095 and
DVU0303/0304, were made and their phenotypes tested to verify whether the predictions
made in this study contributed to an understanding of function for these genes as
extrapolated from transcriptional responses. More deletions are being constructed and
studied. Random transposon mutations in the genes identified as differentially expressed
are also being examined for phenotypic characteristics.

The data and results discussed in this chapter have been submitted as a paper to
Nucleic Acids Research in October 2008. The title is ‘Expression profiling of
hypothetical genes in Desulfovibrio vulgaris leads to improved functional annotation’ and
it was authored by Dwayne Elias et al. A full reference is included in the references
section at the end of this document.

4.4 Physiology of Mutants

4.4.1 JWO0411: Chromium Response Gene on pDV1

The deletion of VIMSS209626 (DVUAO0095) was the first deletion constructed
that was located on pDV1, the 202 kb native plasmid present in wild-type D. vulgaris

Hildenborough. This ADVUAOQ09S5 strain was designated JW0411, and the deletion
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removed the entire protein coding sequence. DVUAO0095 is monocistronic and its
transcription was differentially increased only in response to the addition of chromate.
Interestingly, it is located adjacent to and divergently transcribed from a locus of two
genes annotated as involved in chromate handling, chrB, encoding a conserved protein,
and chrA, an apparent chromate transporter.

This hypothetical gene is the only gene of these three that shows significant
regulation in chromium stress response, according to the microarray data (Fig.4.4.1.2).
Further, this is the only stress condition to which any of these genes respond, although
few data points were actually available for chr4 or chrB.

The strong increase in transcription of DVUA0095 when challenged with
chromate suggested that this gene might encode a protein functioning to protect cells
against the toxic metal. Initial physiological analysis demonstrated the expected
phenotype of increased chromium sensitivity in the JW0411 mutant compared to wild
type. There was no discernable growth difference when the mutant was cultured in LS4
medium without chromate added.

After the addition of 0.40 mM and 0.45 mM potassium chromate (K,CrSQy,), the
JWO0411 strain was able to grow after a lag period that increased in accordance to the
concentration of stressor, approximately 50 and 100 hours, respectively, longer lag in
comparison to wild type. These physiological results show a distinct chromium response

phenotype of the mutant and the gene can thus be annotated more informatively.
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Figure 4.4.1.1 Operon prediction for DVUAO009S5. Blue filled arrow represents
DVUAO095 and the head of the arrow represents the direction of transcription. Numbers
are the exact number of nucleotides between predicted genes. White arrows represent

genes not part of an operon with DVUA0095.
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Figure 4.4.1.2 Heat map of the differential expression of DVUAO0095 in response to
chromate.. The numbers to the left represent the final concentration of sodium chromate
in the treated cultures and the time of exposure. The colored boxes are coded for the
level of differential transcription when compared with an untreated culture at the same
growth stage. The column of boxes to the right is the color key for ratios of transcription
of treated cells versus control. Dark outlines around the boxes indicate an absolute Z

score of >2.0 for the data and white boxes are less than 2.0.
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Figure 4.4.1.3 Growth curve of WT (red diamonds) and JW0411 (green triangles) in

lactate / sulfate medium.
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Figure 4.4.1.4 Growth curve of WT (red diamonds) and JW0411 (green triangles) with
0.40 mM potassium chromate (K,CrO,) added to lactate / sulfate grown cultures at zero

time.
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Figure 4.4.1.5 Growth curve of WT (red diamonds) and JW0411 (green triangles) with
0.45 mM potassium chromate (K,CrO,) added to lactate / sulfate grown cultures at zero

time.
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The mutant JW0411 is not impaired in growth on lactate / sulfate medium as
illustrated in the growth curve shown in Fig. 4.4.1.3. The increased sensitivity of
JWO0411 to added chromate was interpreted to mean that the hypothetical protein encoded
by DVUAOO095 has some role in protecting D. vulgaris from the inhibitory effects of this
toxic metal.

4.4.2 JWO0413: Stress Response Couplet

The construction of a deletion mutant for VIMSS209237/209238
(DVU0303/0304) was the first two-gene deletion constructed in D. vulgaris. This
ADVUO0303/0304 strain is referred to as JW0413. The deletion is inclusive of the start
codon of DVUO0304 through the stop codon for DVU0303. DVU0303/0304 is a two gene
operon with significant regulation across many stresses. This operon is one of two
transcripts that have significant up regulation in at least six stresses; the other being feoA,
a putative ferrous iron transport protein, DVU2572. It is interesting to note that the only
conditions in which DVU0303/0304 is down regulated are in a culture lacking pDV1 or
in coculture with Methanosarcina. Transcription of this couplet is increased in response
to all growth inhibitory agents.

The mutant JW0413 is not impaired in growth on lactate/sulfate medium as
illustrated by the growth curve shown in Fig. 4.4.2.4. Chromate at 0.45 mM caused an
extended lag time beyond that of the WT by about 60 h even though the starting culture
densities were quite similar. The most dramatic delay in growth occurred following the
addition of 2 mM nitrite to the cultures. JW0413 was unable to grow significantly for
over 16 days in this condition, while the WT grew to full cell density in about 10 days.

Clearly the absence of the genes in this two gene operon causes the cells to be more
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Figure 4.4.2.1 Operon prediction for DVU0303/DVUO0304. Blue filled arrows represents
DVUO0303 and DVUO0304 and the head of the arrow represents the direction of
transcription. Numbers are the exact number of nucleotides between predicted genes.

White arrows represent genes not part of the operon containing DVU0303/0304.
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Figure 4.4.2.2 Heat map for selected stress responses. The numbers to the left represent
the final concentration of selected chemicals in the treated cultures and the time of
exposure; DVUO0303 differential expression is illustrated on the left and DVU0304 is on
the right. The colored boxes are coded for the level of differential transcription when
compared with an untreated culture at the same growth stage. The column of boxes
under the heading “Log?2 ratio Legend” is the color key for ratios of transcription of
treated cells versus control. Dark outlines around the boxes indicate an absolute Z score
of >2.0 for the data and white boxes are less than 2.0. pDV1 was referred to as the

‘Megaplasmid’ in the microarray studies.
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Figure 4.4.2.3 Growth curve of WT (red diamonds) and JW0413 (blue circles) in lactate /

sulfate medium.
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Figure 4.4.2.4 Growth curve of WT (red diamonds) and JW0413 (blue circles) with 0.45
mM potassium chromate (K,CrO,) added to cultures in lactate / sulfate medium at zero

time.
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Figure 4.4.2.5 Growth curve of WT (red diamonds) and JW0413 (blue circles) with 2

mM nitrite (NaNQO,) added to cultures in lactate / sulfate medium at zero time.
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sensitive to these two inhibitory chemicals. The mechanism of this sensitivity will need
further examination. It will also be of interest to determine whether this mutant is also

more sensitive to exposure to oxygen or heat.

Chapter 5

ION TRANSPORT

5.1 Introduction

Ion transportation plays an integral role in cell biology. The functionality ranges
from transport systems, efflux, and chemical signaling. Efflux and transfer systems are
categorized in different groups depending on the energetic requirements for ion transfer
(Silver, 1996) and whether other molecules are transported across membrane barriers
along with the ion forming a motive force. Chemical signaling uses ion transport as an
indicator to control metabolic pathways in response to suboptimal survival conditions
(Tsuchiyaet al., 1998). The ion transporters discussed in this chapter are involved in a
diverse selection of the groupings briefly described above, but will focus on transport and
efflux systems.

Three ion transport systems of D. vulgaris were identified as orthologs of systems
from better studied bacteria. First, the NQR complex has been shown to be required for
active nutrient uptake in marine bacteria through efflux of sodium ions (Hayashi et al.,
2000). Second, the NorM genes of Vibrio parahaemolyticus were shown to encode
putative Na'-dependent multidrug antiporters (Morita et al., 1998) that actively export
various toxic compounds while taking in sodium ions. Third, DVU1778 (encoding a

putative FieF protein for iron removal) and DVUO0164 fall into the category of CDFs
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(Nies and Silver, 1995), cation diffusion facilitators. This third, novel category
encompasses metal ion transporters that may play a role in the resistance of D. vulgaris to
toxic metals, such as chromium and be a key feature needed for success in
bioremediation efforts. These novel ion efflux systems specific for metal ion resistance
undergo significant regulation during stress treatments in D. vulgaris. These genes are
discussed in depth and with specific regard to the physiology of D. vulgaris in the
following sections.

5.2 RNF Operon

The rnf operon, identified from Rhodobacter capsulatus, was shown to be
essential for nitrogen fixation (Jouanneau et al. 1998; Saeki and Kumagai, 1998). The
operon purportedly produces a transmembrane transport system providing a conduit for
electrons to access the nitrogenase enzyme. The rnf operon typically consists of 7 genes
with conserved synteny in many microorganisms (Alm et al., 2005). Vibrio cholerae
encodes a homologous seven gene operon designated ngr for Na'-dependent NADH-
quinone oxidoreductase complex (Jouanneau et al. 1998). This complex has been
suggested to use primary metabolic energy to establish a sodium motive force that can be
used to generate ATP or support motility (Unemoto et al., 2001).

A homologous operon was observed in the genome of D. vulgaris. The
annotation in this sulfate reducer used the rnf naming system for the genes (TIGR), but
also incorporated descriptions of the ngr complex components (Alm et al., 2005), leading
to some confusion regarding its true function. D. vulgaris and D. desulfuricans G20 have
a unique decaheme cytochrome, DhcA, and the gene encoding this cytochrome is

predicted to be the first gene in the rnf operon (Alm et al., 2005). A dhcA gene is not
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associated with the rnf or ngr operon in any other organism that has been sequenced or
any published studies of any orthologous operons (Elliott Drury, unpublished).

Targeted deletions were constructed by marker exchange mutagenesis in D.
vulgaris for dhcA and rnfC, the first and second genes in the operon, designated as strains
JW0415 and JW0403, respectively.

The data from microarrays of D. vulgaris subjected to inhibitory stresses (Fig.
5.1.2) would generally support the inclusion of dhcA in the rnf operon. The coefficient of
correlation for expression is a metric that scores the relationship of how closely the
expression levels for the genes in this operon are related. The scores for the rnf operon
ranged from 0.66 to 0.92 (Alm et al., 2005). Exposure to peroxide and salt showed no
greater variability between dhcA and rnfC expression than was shown between other
members of the predicted operon. It would be inferred that seven of the eight genes
(apbE, the last gene in the putative operon and the exception of the eight) might function
together to form an electron conduit across the membrane. If that were the case, then
marker replacement mutations of either of the first two genes in the putative operon
should result in the same phenotype, since this mutation should be polar. This was not
found.

Construction of marker replacement deletion mutants were carried out for rnfC,
DVU2792, and dhcA, DVU2791. They were completed in accordance with the materials
and methods section. Primers and suicide vectors used are listed in Tables 2.8.2 and

2.8.3, respectively. The mutant strains of ArnfC and AdhcA were designated JW0403 and
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Figure 5.1.1 Operon prediction for the rnf operon in D. vulgaris. The head of the arrow
represents the direction of transcription, with the dark blue box representing DVU2792,
rnfC; and the box immediately left of rnfC representing dhcA. The latter is predicted to
be promoter proximal. The other light blue boxes to the right of 7nfC are predicted to
encode the rest of the operon. The white arrows represent genes not part of the operon

and on the opposite strand.
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Figure 5.1.2 Heat maps of stress responses for the predicted rnf operon in D. vulgaris.
The numbers to the left represent the final concentration of described stressor in the
treated cultures and the time of exposure. The colored boxes are coded for the level of
differential transcription when compared with an untreated culture at the same growth
stage. The column of boxes in the middle is the color key for ratios of transcription of

treated cells versus control.
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JW0415, respectively. The pMO402 deletion vector, for the AdhcA construct was found
to have two nucleotide differences from the published D. vulgaris sequence. The first
was a ‘C’ to ‘T’ mutation in the intergenic region downstream of the kanamycin marker.
The second caused a serine to threonine change in the protein translated from the gene
following rnfC in the operon. Neither of these were expected to alter the phenotype
because the construction of the deletion by marker exchange was assumed to create a
polar mutation interfering with the transcription of downstream genes. The pMO414
mutagenic vector for the AdhcA construct had a ‘G’ to ‘A’ transition mutation in the
upstream “common sequence” introduced into all deletion constructs from the Wall
laboratory. This nucleotide change was assumed to have a negligible effect on the
physiology, but should be kept in mind should the “common sequences” be used for
quantitative comparison of deletion fitness by PCR.

The growth of these two deletion strains, ArnfC and AdhcA, on dinitrogen as sole
nitrogen source was tested. Fig. 5.1.3 shows the results for ArnfC, JW0403. This strain
was impaired for nitrogen fixation, although JW0415, AdhcA, was not (data not shown).
The nitrogen fixation of JW0403 was tested in a pyruvate / sulfite medium with N, as the
sole nitrogen source. This medium was used rather than the standard lactate / sulfate
medium because the latter requires the expenditure of two ATP equivalents for the
activation of each sulfate before its reduction is possible (Postgate, 1984). Nitrogen
fixation requires 16 moles of ATP per mole of N, reduced. When that energy demand is
coupled with the necessity of activation of sulfate to provide a terminal electron acceptor,
the cells sometimes cannot be observed to grow. The slower growth of the ArnfC mutant

can easily be seen when compared to wild type nitrogen-fixing cultures, Fig. 5.1.3.
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Figure 5.1.3 Pyruvate / sulfite growth with N; JW0403 (ArnfC) (green) and WT (red).
The severely impaired growth of JW0403 compared to WT with N, as the sole nitrogen

source confirms that the nfC is necessary for nitrogen fixation.
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Other phenotypic growth results for JW0403 show a two day lag phase compared
to wild type D. vulgaris when grown on lactate / sulfate (data not shown). JW0403
suffered impaired growth with ethanol as an electron donor when using sulfate or sulfite
as a terminal electron acceptor, but not thiosulfate (data not shown). The latter may
result from the overall slower rate of growth of all strains on ethanol / thiosulfate
medium.

Surprisingly none of these physiological phenotypes were witnessed in the
JWO0415 strain. These data question the prediction that dhcA is part of the rnf operon.
RT-PCR experiments are needed to explore the existence of a contiguous transcript
containing sequences from both genes.

5.3 Cation Diffusion Facilitators (CDF)

The presence of several iron related response genes, fur (DVU0942) and feoA
(DVU2572), being among the highest responding genes across a diverse range of
stresses; along with DVU1778, a cation diffusion facilitator (CDF) gene, (Elliott Drury,
unpublished) sparked an interest in iron studies. This latter D. vulgaris gene was a
putative homolog a novel iron cation efflux gene, fieF, studied in E. coli (Grass et al.,
2005). Published research on the E. coli gene provided some explanation for the absence
of an expected excess iron in a mutant of E. coli lacking the Fur repressor in which the
iron uptake systems are derepressed (Grass et al., 2005).

It was found that the D. vulgaris gene (DVU1778) has 51% homology over the
protein sequence and an E-value of e-28 (a ClustalW alignment is shown in Fig. 5.2.1)
compared to the E. coli fieF gene. Curiously, the D. vulgaris homolog has an extra 160

amino acid carboxy terminal tail.
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Figure 5.2.1 Clustal W alignment of E. coli fieF and D. vulgaris DVU1778. The results

of the alignment show a 51% similarity across the entire protein.
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In microarray analyses of differential gene expression in D. vulgaris subjected to
various growth-limiting treatments, the fieF" ortholog, DVU1778, was seen significantly
(Z score >= absolute(2) ) down regulated; for example, with high salt or nitrate, at acidic
pH, or exposed to peroxide or chromium (Fig 5.2.2; Alm et al., 2005). This gene was
also decreased in expression during stationary versus exponential phase of growth.

Grass et al. (2005) showed that the phenotype of a deletion of fieF” was consistent
with a role for this gene in relieving intracellular iron toxicity in E. coli. Shown below
are the B-galactosidase activities produced by a translational fusion with the E. coli fieF
gene in the mutant compared with the wild type (Grass et al., 2005). This gene, although
activated by iron concentration, is not fur regulated, as shown by the similar expression
profiles of fieF in wild type and Afur::cat mutant of E. coli in response to increasing iron
concentrations. A Fur-responsive gene would be expected to decrease in concentration /
activity as iron concentration increased. The Afur::cat mutant has a higher expression of
the iron-responsive fief’ simply because, in the absence of Fur, the cell will have a
somewhat higher intracellular iron content. The increased concentration of the FieF

protein would export the excess iron and maintain some homeostasis.
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Figure 5.2.2 Heat map of stress response for DVU1778 in D. vulgaris. The numbers to
the left represent the final concentration of described stressor in the treated cultures and
the time of exposure. The colored boxes are coded for the level of differential
transcription when compared with an untreated culture at the same growth stage. The
column of boxes in the middle is the color key for ratios of transcription of treated cells

versus control.
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Figure 5.2.3 fieF induction by FeS04 as measure by a fusion of lacZ to the fieF’ promoter
region. This graph shows that fieF is not Fur regulated, but regulated by iron
concentration. The Afur has a consistently higher induction of fieF, but that is expected
considering a higher level of intracellular iron due to the uncapped iron uptake from the
deletion of fur. If fieF were regulated by Fur an exponential curve would be expected in
the Afur strain and not mirroring the slope of the wild type induction of fieF. (reproduced

from Grass et al., 2005)
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Figure 5.2.4 fieF is responsible for lower intracellular Fe concentration. The solid
squares represent the AfieF’ strain that has had FieF complemented by a plasmid copy of
the gene, versus the open squares representing a AfieF strain. The graph shows the E.
coli strain lacking FieF has an increasingly higher concentration of intracellular iron
compared to the same strain with FieF complemented. This is significant evidence that
FieF mediates intracellular iron content as an Fe-specific efflux pump. (reproduced from

Grass et al., 2005)
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Deletion of the D. vulgaris ortholog for fieF, predicted as the first of a two gene
operon (MicrobesOnline.org) was unsuccessful, suggesting it may play an essential role
in the iron nutrition of this anaerobe. The downstream gene is a putative carbonic
anhydrase. It was anticipated that should either of these actually be essential that we
would have recovered insertion of the plasmid rather marker exchange. Since this was
also not observed, further experimentation is needed to elucidate the inability to obtain
the correct construct.

As a control for any technical problems in our efforts to delete fieF,, attention was
turned to another CDF, DVUO0164, and it was deleted. This strain was constructed by
marker exchange mutagenesis with no apparent difficulties and was designated JW0407.
A single ‘C’ nucleotide deletion was found in the pMO406 mutagenic plasmid located
906 base pairs upstream of the gene in an intergenic region. The distance from any
probable promoter and apparent location in a noncoding region reduces the probability of
detectable physiological effects resulting from this nucleotide change introduced into
JW0407. Strengthening this interpretation was the observation that this deletion strain
did not exhibit detectable abnormal growth traits when compared to wild type D. vulgaris
(data not shown).

Differential growth of this mutant on a complete battery of electron donors and
acceptors that supported growth of wild type D. vulgaris (Chapter 2.1) revealed no
distinguishing phenotypes. In addition, growth at pH 5.5 and fermentative growth were
tested and again no discernible growth differences between JW0407 and the wild type D.

vulgaris were observed (data not shown).

115



5.4 Efflux Pumps

After studies on the rnf operon, other Na'-dependent transporters became points
of interest for phenotypic studies in D. vulgaris. Two NorM genes annotated as norM
paralogs, encoding proteins belonging to the MATE (Multidrug And Toxic compound
Efflux) family were annotated in the D. vulgaris genome. The two genes, DVU1217 and
DVU2555, were deleted by marker exchange, and the deletion strains designated as
JW0405 and JW0409, respectively. The predicted operon for DVU2555 (Alm et al.,
2005) is shown below, with the downstream gene being a ‘conserved hypothetical
protein’ (Figure 5.3.1). The DVUI1217 gene is predicted to be monocistronic. These are
the only MATE family antiporters in D. vulgaris, although there are other putative
antibiotic efflux proteins annotated in the genome including a copy of the acrAB-tolC
operon. (See below.)

Orthologs of these genes have been studied in Vibrio parahaemolyticus (Morita et
al., 1998) and proven to encode Na'-dependent multidrug antiporters. These researchers
demonstrated that the proteins had efflux activity for norfloxacin and through
complementation of an E. coli acrAB mutant showed that this transporter increased
resistance to ciprofloxacin, ethidium, kanamycin and streptomycin. The AcrAB complex

is the major multidrug efflux system in E. coli (Morita et al., 1998).
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Figure 5.3.1 Operon prediction for DVU2555, a gene encoding an apparent multidrug
efflux pump. Blue filled arrows represent DVU2555 (darker) and DVU2554 (lighter)
and the head of the arrow represents the direction of transcription. Numbers are the exact
number of nucleotides between predicted genes. White arrows represent genes not part

of an operon with DVU2554-DVU2555.
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Complementation of E. coli AacrAB (KAM3 strain; Morita et al., 1998) was
accomplished by capturing the PCR products of the putative D. vulgaris norM genes,
including 300 bp upstream and 100 base pairs downstream of the predicted coding
sequences, in pCR-TOPO4 plasmid (Invitrogen, Carlsbad, CA). The up- and
downstream ranges of the predicted coding regions were chosen to ensure
complementation of any putative promoter and terminator sequences outside the coding
regions; along with primer design considerations concerning melting temperature, GC
content, and secondary structures. The transformation technique for E. coli was identical
to that described in Chapter 2.2. The captured gene product was sequenced to ensure no
errors were introduced during the PCR procedure. In the presence of the complementing
D. vulgaris norM gene, either DVU1217 or DVU2555, the E.coli AacrAB strain exhibited
an increase in its minimum inhibitory concentration for growth for chemicals such as:
ethidium bromide, methylene blue, safranin O, and acridine orange (Fig. 5.3.2 and data
not shown).

It was shown (Fig. 5.3.2) that the E. coli mutant complemented with DVU1217, a
putative D. vulgaris norM gene, had increased resistance to the toxic Safranin O
compound from 0 pg/ml to 4 ng/ml. The empty vector sample and negative control
samples showed no growth over the time duration of the experiment (not shown).

Deletion via marker exchange mutagenesis was performed for both genes in D.
vulgaris. In JW0405, ADVUI1217, there were five single base pair mutations in the 55

base pairs downstream of the stop codon. These mutations were not expected to cause
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Figure 5.3.2 Two ml LC medium with 20 ul overnight inoculum was present at time zero
in each tube. Lanes 1-2 were LC only, Lanes 3-4 had 2 pg/ml Safranin O added, Lanes
5-6 had 4 pg/ml Safranin O added, and Lanes 7-8 had 8 ng/ml Safranin O added. The
odd numbered lanes contain the AAcrAB E. coli mutant and the even numbered lanes

contain the AAcrAB E. coli mutant complemented with DVU1217.
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any phenotypes because they were not in a predicted coding sequence and did not appear
to be in a region that might have promoter function. JW0409, ADVU2555, had two
single nucleotide mutations. The first was a ‘G’ to ‘A’ mutation 15 base pairs upstream
of the former start codon for DVU2555. The other was a ‘A’ to ‘G’ mutation in the
downstream conserved hypothetical protein. This latter mutation is silent and does not
alter the predicted coded amino acid. Neither of these mutations is predicted to alter the
phenotype of the deletion resulting from the marker exchange mutagenesis.

Although growth of D. vulgaris with ethanol is quite limited, the mutants JW0405
and JW0409 were both impaired in growth with this substrate and either sulfate or sulfite
as the terminal electron acceptor (Figs. 5.3.2 and 5.3.3). Interestingly, no differences
between the mutants and wild type were noted when growing on ethanol with thiosulfate
as the electron acceptor.

Successful complementation of the E. coli mutant lacking multidrug exporters by
the D. vulgaris NorM genes and impaired growth phenotypes of the D. vulgaris AnorM
candidates, JW0405 and JW0409, in multiple media supports a role for the mutant
sodium-based multidrug exporters in the sodium circuitry of D. vulgaris metabolism.
Further study detailing the exact role these genes play in the overall physiology could be
accomplished through a double marker exchange deletion of these genes and RT-PCR

experiments examining expression conditions.
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Figure 5.3.3 Ethanol / Sulfate medium; JW0405 (blue), JW0409 (green), and WT (red).
The two mutants, JW0405 and JW0409, show a distinct impairment of growth compared

to the wild type.
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Figure 5.3.4 Ethanol / Sulfite medium; JW0405 (blue), JW0409 (green), and WT (red).
The mutants, JW0405 and JW0409, show a significant growth lag on ethanol / sulfite

medium compared to wild type.

125



0D600

0 50 100 150 200 250 300 350

Hours

126

400



5.5 Conclusion

The range of ion transporting genes carries the responsibility for a diverse
selection of important physiological capabilities in D. vulgaris. The rnf operon is Na'-
dependent transporter that was shown to be essential for fixing nitrogen in D. vulgaris,
confirming the phenotype originally observed in R. capsulatus (Jouanneau et al. 1998;
Saeki and Kumagai, 1998). In D. vulgaris, the CDF family protein, DVU1778, was
observed to be encoded by a potential homolog to a gene in E. coli that was crucial for
removing intracellular iron stress, fieF' (Grass et al., 2005). Although this gene could not
be deleted in D. vulgaris some evidence supporting this role was extrapolated from
available microarray data. Another CDF, DVUO0164, was deleted, although a distinctive
phenotype has not been ascertained at the time of this publication. These results were
interpreted to mean that the two CDF proteins did not mediate redundant activities in the
cell. The two putative norM genes in D. vulgaris, DVU1217 and DVU2555, were
demonstrated via complementation of an E. coli mutant to encode proteins that export a
variety of toxins. Both were effective in complementation assays with E. coli and
distinguishing phenotypes have not been identified to date.

All of the systems described here are distinct families of genes encoding cation
transporters. With the possible exception of DVU1778 encoding an apparent FieF
ortholog, the presence of these genes is not essential for viability of D. vulgaris under our
standard laboratory conditions. However, they appear to play a role in providing

protection under specific stress-inducing conditions.
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Chapter 6

SOFTWARE UTILITIES

6.1 Introduction

During my tenure in the Wall lab various projects yielded the potential for useful
software utilities to be written that would allow higher throughput methodologies to be
adopted, as well as saving man hours. Being able to automate the identification of
genomic DNA sequences adjacent to genes targeted for deletion by marker exchange
mutants (Bender et al., 2007) saved time and allowed for mutants to be constructed more
quickly. That was the purpose of “GeneFinder.” Secondly, “BLASTFinder” provides
quick location of insertion sites of transposons from BLAST results of flanking
sequences. This tool has established the basis for high throughput characterization of
transposon mutants. With the successful creation of these tools another lab member was
stimulated to ask for a utility that would automate the selection of restriction
endonucleases for genomic digests for Southern Blots. Ithen generated “Restriction
Mapper” for that purpose. Finally, I addressed the problem of disparate gene
nomenclature for D. vulgaris annotated genes in available databases. Lists were
generated, “Master Lists” to have a concise table of all necessary information about the
SRB genomes and easily translate from various naming conventions to avoid the
difficulties of multiple designations for a single gene. The following sections detail the
construction of these various programs and serve as a ‘Help’ section for these utilities.

6.2 GeneFinder

The utilities available at http://www.microbesonline.org/ display only the protein

coding sequences and translated proteins, along with other annotation information.
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Recent modifications to the MicrobesOnline.org site have improved sequence
accessibility, but the up- and downstream sequences available for each ORF are still
restricted to 250 bp. The information contained at this site was not sufficient to design
the necessary experiments required to construct marker exchange mutants. Hence, a
program was written to facilitate location of the intergenic regions in the genomic
sequences of the Desulfovibrio strains and constructs of interest in the Wall lab.

The need for easy access to intergenic DNA sequences up- and downstream of
target genes became apparent when primers were being designed for the construction of
marker exchange mutants (see Chapter 2.3.1 for details). For the deletions, about 1000
bp up- and downstream of the gene targeted are cloned on either side of the selectable
antibiotic resistance gene. With only a file containing the complete genome sequence
and ORF sequences available, the methodology available for accessing the sequences
surrounding ORFs was very tedious and time consuming and needed to be repeated for
every set of primers associated with the creation of a mutant. The complete genome
sequence had to be manually searched for the position of the targeted gene, this was a not
a trivial task considering the size of the genome and the limited search mechanisms
available in most word processing software, it was even more difficult for genes encoded
on the opposite strand of given genome sequence file. Upstream, downstream, and
coding regions had to be identified before potential primers could be identified.

Therefore the following search protocol was developed (Fig. 6.2.1).
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Figure 6.2.1 Input options for GeneFinder.
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VIMSS#: |

UpStream: m

DownStream: m

Submﬁ!l
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The input options (Fig. 6.2.1) are streamlined and efficient. The ‘VIMSS#’ is a
six digit unique identifier for each putative gene assigned from the MicrobesOnline.org
website. The upstream and downstream boxes are for identifying how many DNA base
pairs are desired to be shown before the annotated start codon of the target ORF and
following the stop codon, respectively. Clicking the ‘Submit!” button provides the results
for the given gene and intergenic regions. An example is given in Fig. 6.2.2 (output is
shown in Figs. 6.2.3 and 6.2.4).

The inputs are verified and then processed. All genes in the genome are listed in
a lookup table. That table contains a listing of the gene’s VIMSS#, two numbers
designating the base pair within the genome where the gene starts and ends, and a ‘+’ or
‘-¢ signifying the strand on which the gene is located. The program locates the input gene
within the lookup table. The offsets are calculated in accordance with the ‘UpStream’
and ‘DownStream’ numbers provided. The region of sequence is located within the
genome sequence file and extracted.

The sequence output is in lines of 60 base pairs with the gene colored in red and
the intergenic regions, or simply DNA regions up- and downstream of the target gene, in
black. Ifthe gene is on the negative strand, the reverse complement is supplied so the
sequence given is the sense strand of the gene. These notifications are provided above
the sequence, including a link to the MicrobesOnline.org page supplying other

information about the gene (Fig. 6.2.3 below).
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Figure 6.2.2 Input example for GeneFinder.
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VIMSS#: [207243

Upstream: hED

DownStream: hED

Submﬁ!l
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Figure 6.2.3 Output example for GeneFinder.
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VIMSSZ07243

The gene 12 on the main chromosome.

Fene Requested iz on the Minus (-) Strand.
The reverse complement iz provided below.
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Figure 6.2.4 Sequence output from GeneFinder.

137



GATGTCGATGCCATCAGRCAGETGAAC T RCCCRCAGRCAT TGRGC CTCGTAGC CRCGACATG
GEGETEARCGGCTTGCCTCGTECGoGC CECCEoCGRATGOCAGATTCTACC GEAGTRAGT
ATGTCAGACGAT TATACCTATATCGCCGAGGCCEACAGGGAGAAGCECATCGCTECGCTT
TCATCCETCGRGECEECT I TGO TECTTACGERERACTCAAACTGREAGTRGGEFTTCECCACT
AACAGTCTGGGCAT CCTCTCCGARGCGECCCATAGCGEFTCTCRACCTTETTGCCRCGETT
GrGACCTACTGGGCTETTCGTGCGECETCECGCCCCGCCEATGCCGACCATCCCTACGEG
CACGECAARGTGERAGAACCTCTCCACGCTTETEGAGACGT TACTGU T T TGO TCACCTGE
GGECTEEATTGTGCETGAAGCCETCCACAGACTCTTCTTCOAAGCCETTCATGTGEAACCT
TCGETATGGGGEC T TERCCETCATRGGCGTCTCAATCGTCETCRACATTICCCGTRCACGT
ATGCTGCACCAGETCECCCOCARGRCACAACAGRTCAGGCACTTGRAAGCCGACGCCOTGCAT
TICTCGACGGACGTATGGTCTICAGCGETGETCATCGCREGGITTCTERECETTGCEC G0
GCCATETITCTITCCGCAGGACTC T TCATE T TCGC CETGCTECAACGREAC TGATGCCTTC
BrGECACTCGTCGTGTCGTGCATCETCGTTITCATGAGCCTGCAACTTGETCGACECGECT
FICGACGTERCTGCTCRACGRCEGERECGCAGFARCAGETCRAGC GTGCTERCGRATGCCCTG
AAGGATTTGCCGGETATCATCCGCATCGAGCRACTTCGERETACGCCAGAGTOGGCCTCGEC
ACATTIGTCGACCTETIGCTT TRCGTGCCGCAAGGEAT GAGCTTTGAAGCETCTCATACT
CTTTCCGAACAGRUCGAAC GOCFTCTCCAGGCGRETGCTICCCCARAGC CERAC GTTATCETA
CACATGEGEAACCCECCAGTCCCBACGAGGTEGEGEATGCTCOAACGTATCCETGETGTIGCC
GUTTCACACGGGCTIGCCETGCATRCC T TICETTCATGUTHETCGACGRAGAACAGCAT
FICEFACCTOCATGCAGAGETCOCCORAGARGAACGGCTIGAAGTCGCOCATGAGCEGETG
AGTGCGTTCGAAGC CRACCTTGCGAGAACGCTGRGCAAAGCCACGEFTBETRACGCATATC
FAACCHGFTCOCTETICECGAGEATRCCCTEC CEGAGECALAFTAATEAGRCGCTCACTGCT
FrGGAAGEREETGETGCACTCCC TGO TTGACGCAGAGCCTRACGTCEACGAT TETCACAAC
ATGCGGCTTCACCGEO TAGGTGATGAGC T TCGT TGAGCTITCAT TGCCGCATGFICTCCC
GAAACCCCOETEFTCGETCOCCCATCAGGCCGCTACGURACTIGAGAAGTCCCTGLETGUA
AGGTTGEETGATATCTCTCGGETGGCCATTCATATGGARCCGACGCCGCGARAACCATCAG
G TTAACGATCAGEACAGAGRACATTCGATGCCACAGAGRERAT CTCGACAGGTTCATCGE
COGTITICECCGET I TCAGCGTAACTATITITGCCACGACCACAATCTETTCOAATCCTT
GCGETGEA
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There are currently versions of GeneFinder for Desulfovibrio vulgaris
Hildenborough and Desulfovibrio desulfuricans G20. These two strains are both being
used as model organisms to attempt to delete or mutate every gene systematically.

6.3 BLASTFinder

A program was written to aid in mapping the location of insertions of Tn5-RL27
transposon (Larson et al., 2002) following random mutagenesis of D. vulgaris (see
Chapter 2.4 for details). This program has also been used as tool to obtain locations and
extents of genomic DNA fragments captured in a plasmid library.

A library of over five thousand Tn5-pRL27 mutants has been constructed in
Desulfovibrio vulgaris Hildenborough (J. Ringbauer and J. Wall, unpublished). Direct
sequencing from chromosomal DNA adjacent to the transposon from a primer with
homology to the transposon sequence was unsuccessful for the identification of the site of
insertion. An alternative procedure, a nested semi-random PCR procedure (Chun et al,
1997) was subsequently productive in amplifying the DNA regions flanking the
transposon (M. Shirley and J. Wall, unpublished). The amplicons were sequenced; the
sequences of the flanking regions were then located on the sequenced genome, and if
appropriate, correlated to a given ORF.

The BLAST (Basic Local Alignment Search Tool) was used to locate the base
pair number of the sequence flanking a transposon by alignment of the amplicon
sequence with the genome (Fig. 6.3.1). The standard BLAST output has no way of
locating or identifying the gene or intergenic region matching the query sequence. It only

designates a single number that cryptically corresponds to a location on the chromosome.
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Figure 6.3.1 Example BLAST output.
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>1944 Desulfovikbrio wulgaris subsp. wvulgaris str. Hildenborough, complete
enome .
Length = 3570858

Score = 1273 bits (642), Expect = 0.0
Identities = 642/642 (100%)
Sdtrand = Plus / Minus

Cuery: 1 toaccotogocacgyocattotogtatgyoacatacgacgtocgogaaggogecctgeces 60

CEErrrerrrertrrrrr e ettt ettt ettt et ettt
Shijct: 455420 toaccotogocacguocattoctogbiatggoacatacgacgtogogaagyegoectgecoe 455361
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The tool I developed uses the number returned by BLAST to identify the genetic
location of the transposon. The number identifying the first base of the sequence
matching the query sequence is typed into the BLASTFinder box (BP; Figure 6.3.2). The
lookup table described for GeneFinder is searched for the ORF with coordinates closest
to the query for base pair, ‘BP’. The closest gene is given, along with a link to the
MicrobesOnline.org page containing the gene description (MicrobesOnline.org) and an
exact location of the base pair in relation to the N- or C-terminus of the gene (Fig. 6.3.3).

At present, BLASTFinder has only been established for D. vulgaris
Hildenborough, although it is easily adaptable for D. desulfuricans G20 if the need arises.
Approximately 100 Tn5-RL27 mutants have been sequenced thus far by the Wall lab
using this tool for determining the transposon integration site.

6.4 Restriction Mapper

Tagging genes for visualization of the encoded protein, for locating the final
protein product within the cell, and isolating the protein by immunoprecipitation to
ascertain protein complexes is a powerful genetic tool being applied by the Wall lab. A
useful confirmation of the successful tagging of genes in D. vulgaris Hildenborough
involves Southern analysis of genomic DNA restriction fragments from the parental wild
type cells and the tagged constructs. The tagged constructs have the tagging vector
integrated into the chromosome and two copies of the target gene are present (Fig. 6.3.1).
Southern analysis of digested genomic DNAs of the construct versus the WT strain will
reveal whether the tagging vector has integrated into the chromosome generating a partial

diploid for the cloned sequences. An unambiguous pattern of DNA bands is needed to
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Figure 6.3.2.Input box for BLASTFinder, ‘BP’ stands for Base Pair that will be located
within the genome of D. vulgaris and described in context of proximity to a predicted

gene shown in Fig. 6.3.3.
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BP: 341380
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Figure 6.3.3 Output example from data used in Fig. 6.3.2.
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That position 1s within gene: VIMSSZ206Z79
It is 480 hp from the H-terminus.
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distinguish the wild type chromosomal structure from that generated following vector
integration. This requires knowledge of the potential DNA fragment sizes produced by
the restriction endonuclease used for genomic DNA digestion. Because the fragment
patterns of several endonucleases were often needed before an interpretable pattern was
obtained, prediction of the expected DNA restriction endonuclease fragment sizes was
very tiresome and could be streamlined and automated. Hence, this tool was created.

Upon integration of the tagging vector there should be two copies of the gene; the
tagged copy of the gene would remain regulated by the wild-type promoter, while the
secondary copy would remain untagged and might not have a promoter. An example for
the dsrC gene (VIMSS# 208282 / DVU# 2776) is provided in Fig. 6.4.1.

A utility was created that accepts the VIMSS six digit identifier unique to each
gene, the orientation of the tagged gene sequences captured in the tagging vector
(revealed when the cloned gene is sequenced in the tagging vector), and the tag used in
the construct (Fig. 6.4.2).

To make the comparison simple, restriction endonucleases that do not cut the wild
type target gene were selected. Therefore, a single band would be revealed in the
Southern for the wild-type and two bands would be seen in a successfully tagged
construct probed with a fragment internal to the target gene if the vector contained at
least one cut site. A list of all restriction endonucleases that cut the sequence in the
required three places (upstream, downstream, within the plasmid) and do not cut within
the gene are listed. Also given are the fragment sizes for the two bands (the tagged copy

of the gene and the untagged copy) in the construct and the size of the fragment in the
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Figure 6.4.1 Map of Sphl digest genomic DNA in the region of dsrC and the tagged
construct. The wild type genome cut with Sphl would generate a 5589 bp fragment
containing the dsrC gene. By comparison, dsrC would be found on two fragments of
6958 and 3145 bp if the tagging vector had successfully integrated in the correct position
of the chromosome. These fragments are readily distinguishable when probed with dsrC

in Southern blot analysis.
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Sphlé Sph 1 5595

Upstream Region

D2 776
D. vulgaris WT Chromosome

Sphla Sph 1 G564 : Sph 110109
Upeireans region Upstream region
plasmid’ ‘plasmid

D2 TT6-Erep lageed Eank vl 776
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Figure 6.4.2 Input options for Restriction Mapper.
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VIM3E#: |208z282

Plasmid integration: & Forward

Tag:  SHAP Coph

Submit:

 3TF

" Reverse

* STREP

O TETRA-CYS

" SHAP-SPA
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Figure 6.4.3 Restriction enzymes and band sizes. The two copies of the tagging construct

are referred to as “Tagged Gene” and “Untagged Gene.”
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Py T T 56 2% 3 36 36 36 36 36 36 36 36 36 36 36 36 36 3 9 36 3 36 36 36 % %

Cut sequence : CAGCTG
Tagged OGene Size = 562
IInTagged Gene Size = 757
Wl Gene Size = 588

SphI*************************

Cut sequence : GCATGC
Tagged Gene Size = BY955
InTagged Gene Size = 2935
Wl Gene Zize = 5580

TSP5D9I*************************
Cut sequence : AARTT

Tagged Gene Size = 594

UnTagged Gene Size = 1572

Wl Gene 2ize = 180
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wild-type control. All restriction endonucleases that meet the criteria are printed so those
with the most easily distinguishable band sizes could be identified and a correlation made
with the enzymes available. Of course, the tagging vector and its sequence must be
known. For the example given here, pPCR®4Blunt-TOPO® (Invitrogen, Calsbad, CA).

An ideal banding pattern would look similar to Fig. 6.4.4, with distinct band sizes
for the “WT’ control lane and the experimental lanes ‘521-2776 and ‘965-2776-1°. The
probe used was an internal fragment of the gene tagged.

In addition to the restriction enzymes and fragment sizes, the fully assembled
sequence is provided. This sequence is the modified genome after insertion of the
tagging vector, as shown in Figure 6.4.1. This sequence includes 8000 base pairs up- and
downstream of the target gene, is printed according to the color coding in Fig. 6.4.5 in
lines of 60 base pairs.

This tool has been updated to include options for more tags and different tagging
vectors. This is a very simple process that will allow any future tagging vectors to be
added to this tool. It also contains the ability to select either the VIMSS# (old) or enter in
the base pair range on the chromosome to include upstream region (new). This was
necessary because many constructs have to be designed to include the upstream promoter
region of the gene to be tagged, so the gene sequence itself was not enough information
to generate an exact map of the construct upon integration of the plasmid and the

predicted Southern blot fragments did not correlate with the fragment sizes obtained.
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Figure 6.4.4 Southern blot film. Distinct band sizes for the “‘WT’ control lane and two
bands, one larger and one smaller that the “WT’ control lane, are shown in the
experimental lanes ‘521-2776° and ‘965-2776-1". The probe used was an internal

fragment of the tagged gene.
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Figure 6.4.5 Output color codes and total size of sequence listed. Note: Some sequence

has been trimmed to save space.
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Gene Coding Sequence

Tag Fequence

Topod Plasmid Seguence
HonCoding Genomic Segquence

Total Segquence Size (hp): 20619

TETCRCGCTITCATGETGECACCHCTCACAGGGTACTGCATAGTCTGCGECETGTTIICTT
FrGETCGAACACCACCTTGCCACCTGC AT TGICGAATCGRATGCGUFTCEGAACGRETCC
FECCACGTCTCCTEGTAT I GAATARCCAAACARCGCRACARTIGCCATCAGTCCAGT AR
CACAACAACGGAGATGTAGCETITRGGCATGRCCAACCTICATCAATGAGAAGT TACAAC
FATGCACTCC TRACGARC T TTGCATGRACATTOGCATGTTETGAGGET T T TGEARAGTG
ATGGECTGTATT I TCTAAAAGRACATTATTICACAAGCCTIGCACTCGOTT GCGRAGARA
ACCCEEETAAGTGGCETAATCCTTGTGAAT RCAT COTATAGT GERAGCCACCCGCAGTTCG
AAARANTARARAGRECEAATTCECEECCECTARATTCAATTCGCCCTATAGTRAGT CETATT
ACARATTCACTGECCETCETITTACARACGTCOTGACTGGEAARACCCTEGCETTACCCAAD
TTAATCRCC T TGCAGCACATCCCCC T I TCGCCAGC TG ETAATAGCGAAGAGGCCCGIA
CCGATCGCCCTTCCCAACAGTTGUGCAGCCTATACGTACGECAGTTIAAGET TTACACCT
GFAAGOGEGARGAGCECCCAATACGCAAACCGCCTCTCOCCEoGCETTGRCCGATTCATTAS
TGCAGCTEECACEACAGGTTTCCCGACTEGALAGCGEGCAG T GAGC GRAACGUALTTAAT
BTGAGTTAGCTCACTCATTAGGCACCCCABGCTITACACTTTATGCTTCCGGCTCETATG
TTGTEIGEAAT T GAGC GEATARCAATTICACACAGGARACAGC TATGACCATBATTAC
GBCCAAGCTCAGAAT TARCC CTCACTARAGGFACTAGTCCTRCAGGTITARAACGARTTCGE
CCTTTITGCATGRACATIGGCATGT TG T GAGGET T I TGREAARGTGATGRGCTGTATTITTCT
AAAAGAACATTATTTCACAAGCCTTGCACTCGGET TOCGERAGAARACCCGHETAAGT GG
TaATCCTTGTEAATGCATCGTATAGGCAAGCGCAAGECCTIGAGAAGACTGCATTCGGAG
TCGACTGETTCATTTTICCCEC RACGAART GUEAGACARGRCGTTCTGTAT I TAT GCARACE
FEFTTCTAGRGGRACAGTCGAAGC CACACTEC CRETATCGREAC GAATACATCAAT GAACT
FEAATOGTATGCAATARAARATGCOAGFTGTGCTETGCETCCTECACTGTETGAGCGCACAG
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6.5 Lists

After obtaining the full genome sequence (Heidelberg et al. 2004;
http://genome.ornl.gov/microbial/ddes/2005) of the sulfate reducers studied in the Wall
lab, an issue arose of consistent naming of the genes. An initial assignment of putative
ORFs (Open Reading Frames) was made either at The Institute for Genome Research
(http://www.tigr.org/) or the Joint Genome Institute (http://www.jgi.doe.gov/). Then
annotation resulted in functional names (such as dsrC or rnfC) for a large portion of the
ORFs. Further, new designations were made by other groups and by NCBI. Finally,
MicrobesOnline.org assigned a unique identifier for each gene. With different groups
using different designations for genes it was beneficial to have a master list to facilitate
cross referencing of the various naming schemes.

6.5.1 Desulfovibrio vulgaris Hildenborough Master List

A program was designed to pull information from the MicrobesOnline.org site.
This included the VIMSS#, DVU#, ORF#, name, description, COG, strand, and base pair
coordinates. This was then parsed out of the raw data pulled from the web and formatted.
These data were then ordered and put in a spreadsheet. This accessible list was also very
useful to have while analyzing the microarray data for stress responses (Chapter 3) and
establishing the validity of hypothetical genes (Chapter 4). An example of a short region

of the master list for D. vulgaris Hildenborough is given in Figure 6.5.1.
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Table 6.5.1.1 Segment of Desulfovibrio vulgaris Hildenborough Master List table (some

columns condensed for page space concerns).
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WM SS# Mame DWvlU# ORF# Description CoG Start End Strand
VIMSS208995 yhaO  DWVUOD70 ORFO4748 SerThr protein phosphat COGA420, DMNA repair exonuc B56E6| 87021 -
WIMSS208999 dinP w0071 |ORFO4749 DNA polymerase IV (TIG COG3EY, Mucleotidyltransfer] 87532 88699 +
WIMSS209000 mpg DvU007Z ORFO4750 glucose-1-phosphate cyt COG1208, Nucleoside-dipho; 89105 89884 +

WM SS205001 w0073 |ORFO4751 CDP-glucose-4 B-dehydr COG451, Mucleoside-diphos) 89894 91000 +
WIMSS209002 CwUD074 |ORFO4753 polysaccharide biosynthi COG1838, dTOP-4-dehydrort 90988 91431 +
WIMSS209003 rfbE DvUOO075 ORFO4754 aminotransferase, Degl/ COG399, Predicted pyridoxa) 91765 92895 +
WIS E208004 DWUOO76 |ORFO4756 glycosyl transferase, gro COG4E3, Glycosyltransferas| 92948 535953 +
VYIbSS209005 DVUOO?P?  ORFO4A7S7 conserved hypothetical pCOGA29, Predicted membr; 943160 95398 +
VI SS209006 DvUO078 ORFO4758 conserved hypothetical pCOGA095, Uncharacterized ¢ 95445 35786 +

WIMSS209007 gufs DWVUODYS ORFO4760 ZIF zinc transporter fami COGA23, Predicted divalent | 951589 98952 |+
VIMSS209003 furnC  DWUODB0 ORFO47BZ furnarate hydratase, clas COG114, Fumarase [Energy. 97000 93406 +
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6.5.2 Desulfovibrio desulfuricans G20 Master List

The master list of ORFs for G20 was slightly more complicated. The information
had to be collected from multiple websites before being correlated. Data were mined
from the necessary websites: NCBI, MicrobesOnline.org, and the DOE Joint Genome
Institute.

The protein sequence from MicrobesOnline.org (not that it matters which one was
used to start) was utilized in the BLAST program against the protein sequences collected
from the other sites. This allowed the naming/numbering systems to be matched and thus
all the schemes were correlated. An example of a short region of the master list for D.

desulfuricans G20 is given in Fig. 6.5.2.

162



Table 6.5.2.1 Segment of Desulfovibrio desulfuricans G20 Master List table (some

columns condensed for page space concerns).
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WIS S# Mame Description Start

WIS S39291 3 murd UDP-MN-acetylglucosamine T-c; 117811
WIMSE392914 barA  Sensorregulator, activates Or 119554
YIMSS3S2215 mwil  Integral membrane protein Myil 122508
WIMSE392916 muth  Formarmidopyrimidine-DMA gly 124204

YIS 5392917 PDZ darmain (Also known as D 125376
WIMSE392918 Coenzyme F390 synthetase fa 126755
YIMS 5392919 Conserved hypothetical protein 128237
WIS E3525920 Conserved hypothetical protein 129349
WIMSE392921 e Ribonuclease E itne) (VIMESS-, 130402
WIS 5392822 Uncharacterized BCR, COG16 131865

End

119061 -
122499 -
124189 -
125091 -
126764 -
128020 -
129157 -
130338 +
131862+
132521+
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Dde#

Dde0546
Dde0544
Dde0543
Dde0542
Dde0a41
Dde0540
Dde0539
Dde0535
Dde0&37
Dde0837

560473
557035
555345
554443
552770
551514
550377
5491596
547672
547672

Dde Start Dde End NCEI # and Description

861723 + gh|ABB37347 1| UDP-N-acetylgluc
559930 + gb|ABB3¥345.1] periplasmic sensc
256528 + gblABBEZS7344.1] integral membram
555330 + gblABB37343.1] formarmidopyrimid
554158 + gbh|ABB37342.1| PDZDHR/GLGF |
552779+ gb|ABB3Y341.1 phenylacetate-coe
551297 + gblABB37340.1] protein-L-isoaspar
A50185 - | gb|ABB37339.1| radical SAM dom:
549132 - gblABB37338.1] ribonuclease, Rne
549132 - gb|ABB3¥338.1] ribonuclease, Rne



6.6
Conclusion

The software described above is just a fraction of the ideas and potential for
automation and significant time savings through software development. Another useful
program to be implemented for high throughput transposon mapping would be a
searchable database to track sequencing runs, insertion sites, and other pertinent
information for each mutant. Continued development for “GeneFinder” would yield
automated primer selection for the chromosome fragments that make up the marker
exchange vector. The utilities already developed, and those yet to be created, pay for the
cost of development within months from the date of deployment through time savings
and increased productivity of the scientists using them to aid them in their research.

Embracing software involvement within the realm of basic research is a necessity to

thrive in the increasingly competitive race for funding and breakthrough discoveries.
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