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Introduction

Sulfate-reducing bacteria (SRB) are an environmentally significant group helonging
tothe anacrobic delta-Protesbhacteria that respire suifate for growth. From an industrial
standpoint. SRB pose a threat through corrosion of ferrous metals and production of
toxic sutfides. The more positive aspects of the metabolism of the SRB include a robust
but poorly understood hydrogen metabolism that is of interest o alternative CRergy
studies, SRB also immobitize a numiber of heavy metals through sulfide precipitation
or through changing the redox state of the metal, and thus iis solubility, When mietals
arcmadelesssoluble, asisthecase withchromium (CriVIno Crill D oraranium ( U V1)
to VTV, toxicity isreduced by timiting biological availability. Despite the economic
and environmental impacts associated with SRB activitics. our current knowledge of
their metabolism is inadequate. Among the SRB. members of the Desulfovibrio genus
have received most attention because these strains are grown most readily in pure
culture. Therefore. Desulfovibrio strains have been the focus of biochemical and
hiophysicalunalyses: however. genclic studies have been more difficull. Over the pasl
L5 years, progress has been made in developing technigues for DNA translormation.
genc mulagenesis and over-cxpression. and protein agging. Ten years have passed
since the Jast genetics of SRB review by van Dongen ¢ 1995), and the compicte genome
sequences of a few sirains are new available (Heidelberg er af.. 2004), This review
highlights the current advances in the genetic manipulation of Desulfovibrio species
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and the potential use of these wols 1o understanding the metabolism ol sullate
reducers for biotechnological purposcs.

The SRB are best known for their negative cconomic impact in the industrial
world. most conspicuously affecting the petroleum industry. First, the product ol
microbial sulate reduction, hydrogen sulfide, is directly responsible [or oil souring
and the formation of precipitates thal piug pipelines (Singleton, 1993). Sceond. the
bacterial capacity lor anacrobic corrosion ol iron has altered storage and engineer-
ing practices. Mechanisms of microbially influenced corrosion include sullide
production. cuthodic depolarization. and direct metal exidation, Blogenic sullide
generates o chemical attack that results {rem pyrite formation by the fellowing
reaction: e’ + .S — FeS + H, (King and Miller. 1971} This dissolution of iron is
compounded by cathodic LlCl)()iEH'iZ:iliUH. proposed as a model for biocorrosion by
von Wolzogen Kiihr and van der Viugtin 1934, In this model. protons from waler acl
as an oxidant to drive the formation of Fe™, and thereby form cathodic H, en the
metal surface. The H, is then scavenged by the SRB. resulting in cathodic
depolarization and stimuladion of further corrosion {Hamilton, 2003). Finally. the
elfect on the metal surface of concentrated organic actd end products refeased by the
metabolism ol SRB in biolilms (Beopathy and Daniels, 1991) alse may be a [actor in
anacrobic metal corrosion.

All the preceding mechanisms result in corrosion Irom direct influcnces of the
metabolism ol SRB. Recently, a Desilfobacteriton-hke strain was isolated that is
capable of corroding ferrous metals directly by coupling the reduction of sulfate o
metallic iron oxidation, bypassing the need for o hydrogen intermediate (Dinh et ¢l
2004). The ubiquity of the use of Fe” as a source of reductant has yet to be determined
and may point to an. as yel, unrecognized substrate, since Fe' is essentially anthro-
pogenic. These negative bivcorrosive impacts associated with SRB have prompted
physiological studies aimed at controlling SRB metabolism.

A potentially valuable biolegical trait of SRB is the abilily 1o produce hydrogen. a
biofuel. To realize the potentiad benefits [rom this capacity. the pathway lor hydrogen
eeneration and the role of hydrogen in the metabolism ol the SRB has been, and
continucs to be, explored. Several imodels have been proposed. In 1981 the "hydrogen
cyeling” model was cutlined by Odom and Peck (198 1). Encrgy sparing and additional
ATP generation were proposed toresult from moving protons rom the cytoplasmto the
periplasny by an energy neutral process. First, clectrons from lactate or pyruvate
oxidation are converted o H, via a cytoplasmic hydrogenase. The M, then diltuses
across the membrane, where itis re-oxidized by a periplasmic hydmgen{asc ecnerating
protons tor ATP generation. However, in 1984, Lupton and co-workers challenged the
hydrogen eycling model with a trace H, wansformation model {hupton er af.. 1984). In
this scenario. cells diluted into fresh medium convert excess electrons from carbon
oxidation to H, for redox batance. The hydrogen 13 subsequently reused when electron
donors are more limiting. Both of these models are dependent on the presence of a
cytoplasmic hydrogenase in SRB. which has not yet been experimentally wdentitied
(Voordouw e «f., 1990a; Pohorelic ef af.. 2002 1. A completely different method for
hydrogen generation by SRB may involve the activity of a CO dehydrogenase (CO +
HLO = COL+ HLorecently Tound in Desulfovibrie (Voordouw, 2002). Studies are
(‘)ligt')i11g to evaluate the proposed hydrogen gencration models. as well as to wdentify
the factors that allow increased hydrogen production by SRE.
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A role for the SRB in toxic metal remediation has been suggested based on their
apparent resistance o a number ol heavy metals, their robust metal metabolism. and
their praduction of suifide. Sulfide. the product of sullate reduction. can be used 1o
immobilize metals through salfide-precipitaie formation. Remarkably, the SRB
have been shown (o be capable ol direct enzymatic reduction of heavy metals. such
as UV CrtVD. Tt VD, and As(V), generating insoluble forms (Aubert o af.. 1998
Macy er al.. 2000: Smith and Gadd. 20007 de Luca er of., 30011 Specifically.
Desulfovibrio specics have been shown o reduce toxic UrvD. TetVIDL and OtV o
less soluble forms via a c-lype eytlochrome (Payne ez af., 2002: Chardin ef af.. 2003).
Both sullide precipitation and enzymatic reduction immabilize the toxic metals and
allow for subsequent environmental abatement. For elficient bioremediation of
heavy metals. SRB strains need o be engineered for optimal metal reduction. as well
as oxygen and metal olerance. While the SRE exhibit resistance 1o several metals,
they are rather sensitive to inhibition by Cd(T13. Zniih. and NitID) at levels between
20 and 200 pM (White and Gadd. 1998). Also. as anacrohes. (hese bacteria are
limited o environmental sites with reduced oxvaen concentrations. LEngincering
strains 10 expand their niches and 1o gain the ability 1o produce biosurfactants might
also inerease access to metals for immobilizaten (Valls and de Lorenze, 2007).

To bmpact the SRB processes of microbially influenced corrosion. hydrogen
production. or immobilization of toxic metals. an understanding of the intrinsic
metabolism must be accomplished. Also, it will be necessary to determine the
responses ol the bacteria o environmental stresses and possible adaplation
responses. Future bicengineering of SRB for industrial or environmental purposes
wiil rest on this knowiedge. An bmportant ool for the elucidation of microbial
metabolism s the development of a genetic systen. Here, we discuss the limitations
and advances in genetic manipulation of Desulfovibrio and the application ol the
technologies.

Genome highlights

In 2004, the gerome of Desulfonibrio vilgaris strain Mildenborough was released
(Heidelberg eral.. 2004). This bacterium possesses a 3.57 Mb genome and a 202.3 kb
megaplasmid that contains the genes for nitrogen fixation. The genome has about
3395 putative coding sequences with over 850 genes corresponding to unconserved
hypothetical proteins. Deselfovibrio desulficricans G20 (1o be renamed Desulfovibria
etlaskensis G200 Wall er af.. in preparation) has also been sequenced and exhibits
3862 1otat genes. apparently all on ene replicon of 3.73 Mhb. Access 1o the SCGUENCE
is available Irom the Joint Genome Institute (Markowitz e af.. 20063, While these
attributes are not unusual, the occurrence of previousiy unknown hydrogenases and
eytochromes s signilicant because of their potential roles in promoting corrosion
and metal reduction (Heidelberg ef al.. 2004). However. a comparison among the
genome sequences of D3 valgaris, D, desulfuricans G20, and Desulforalea
psveiirophila revealed o Jack of conserved eytoplasmic hydrogenases, weakening
the two proposed hydrogen production models (see above). Numerous aenes
encoding formaie dehydrogenases were also annotated for the Desulfovibrio as well
as the Desulforalea strains. indicating a putative second method for building a
proton gradient through transfer of uncharged lormate to the periplasm and



fot K.S.BENDER, H-CLYEN AND LD WaALL

its subsequent oxidation (Heidelberg er af.. 2004). These genes are cxcellent
targets for mutagenesis o establish their roles in the metabolism of SRB, While a
targeted mutagenesls system iy now available. several developments are still
hucking.

Genetie system

The first molecular analysis of SRB occwrred in 1985 when Voordouw and Brenner
cloned hydrogenase genes into Escherichia coli (Voordouw and Brenner, 1985).
However. the heterologous expression of genes encoding SRB clectron transfer
prowins in £ coli was problematic due Lo the formation of apoproteins facking meial
clusters (Voordouw er af.. 1987 van Dongen er o, 1988). Thus. the need tor a faciic
method for expression of SRB genes in a homologous background was recognized.
OUme of the major hindrances to molecular work in SRIB has been the low and variabic
plating clficiencies. Whereas 30-80% cfficiencies have been achieved {Singleton ¢
el 1988 van den Berg er of L 1989) often they are far less, This Jow clliciency may
he caused by contaminating oxygen. since single cells are more sensitive 1o oxygen
than biofiims (Cypionka, 20000 Generally. the simple use of an overlayer of
solidilied medium improves colony formanen. An additonal difticaliy with growth
ol lawns on the surface of solidificd mediwn results from pH control. The gencration
of sullide and the release ol hydrogen suifide into the atmosphere drive the pH uap.
oflen to a range that is inhibitory 10 growth. Regardless of plating limitations, the
Iirst stable vectors were introduced o Desadffovibrio via conjugation in {989 (Powell
ei af.. 19897 van den Berg ef al., 1989).

SELECTABLE MARKERS

Another obstacle associated with genctic manipulation of SRB is the small number
ol Tacile selectable markers. SRB wre naturally resistant o many antimicrobials
{Postaate. 1984). Conversely. Geobacter sulfurreducens. another metal-reducing
delta-Protecbhacteria, has shown sensitivity o chioramphenicol, nahdixic acid,
tetracyeline. kanamycin, spectinomycin. streptomycin, and ampicithin at varying
concentrations on plates (Coppl er af., 20000 In faci the annotation of the
Desulfovibrio genome has several multi-drug exporters. Recent studics indicate that
these exporters may be sodium dependent. since the salt concentration ol the
medium was shown to influence the level of antimicrobial resistance (Payne er al.
2004 ).

Kanamycin resistance has been shown o be o tacile marker in £ desulfuricans
G20 {Areyie er el 1992). However. D vadgaris Hildenborough requires concentra-
tions of | mg kanamycin/ml ormore 1o be effective for colony selection. Recently. it
was observed that G418, an aminoglycoside that selects lor genes encoding
enzymes for Kanamycin resistance. could be used effectively al a concentration of
200 to 400 pg/ml o obtun Kan® colonics of . vudfgaris (Ringbauer er of . 2004),
This observation has made a number ol plasmid constructs and transposons bearing
this marker availuable for manipulation of D, vedgaris,

Tetracyeline sensitivity of 2. vedgards in Hguid cultures also has been shown al
levels as low as 20 pe/ml, and the Tel® determinant {rom pBBRMCS-3 (Kovach o1
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al. 1995) confers resistance (FLC. Yen and 1D, Wall, unpublished). Use of wtra-
cyeline 1o scleet rare resistant colonies from a culture of sensitive cells is currently
bemg explored. The limited range of Pesulfovibrio antibiotic resistance markers for
colony selection may be related in part o the number of cells plated. Fu and
Voordouw showed that chioramphenicel selection was Teasible at a level of
HO pg/ml. However, clean seiection occurred only when plaging no more than
O cellsfem? per plate or 107 celis/mi in Tiquid (Fu and Voordouw. 1997). Additional
selectable traits such as auxotrophic markers have not yet been applied to genctic
manipulation ol the SRB.

CONIIGATION

Transfer of mobifizable plasmids [rom E. coli denors was the [irst suceessul genetic
transfer method in Desulfovibrio (Powell ¢ af.. 1989 van den Berg er al . 1989y
These broad host range vectors belonged to the TncQ) incampatibility  group.
Similarly. IncQ plasmids have been shown 0 be stable in Geobacrer {Coppi er el
2001 A second replicon Tar Desudfovibrio was discovered in 1993, Designated
PBG I tisasmall cryptic plasmid lvom Desuljovibrio desidfiericans GOOA (Weimer
or ol 1988). parent strain of G20. pBGI replicates in Desalfovibrio strains. but not
in £ colic and is compatible with [neQ plasmids (Wall ¢r af.. 1993). This native
plasmid has allowed shuttle vectors to be generated by fusion with E. coli plassds
that offer the convenienee of blue/white sereening in £ coli (Rousset of al.. 1098).
Although plasmids based on the pBG I replicon are apparently stably replicated in
D desulfuricans G20 loss of these vectors from D, vidgaris can be detecied in about
5% ol cells grown (o stationary phase in the absence ol antibiotic sclection (H.C.
Yen. unpublished observation). However, pBGI replicons have not shown stability
in Geohacter (Coppi of af.. 2001). The ability o introduce forcign DNA into the
SRB via conjugation allowed for the lirst over-cxpression of Desudfovibrio genes to
produce Tuily functional proteins, Both type-f tetraheme cytochrome o, [Voordouw
cial . 1990b: Mus-Veteau er af.. 1992) and prismane (Stokkermans of af.. 1992)
genes were successfully over expressed in alternate Desulfovibrio hosts. Although
conjugition works well. counter sclection of the E. eoli donor remains a concern due
1o the resistance ol £ cafi to aminoglycosides under anacrobic conditions,

TRANSDUCTION

Only one case of transduction in SRB has been reported (Rapp and Wall. 1987). A
defective bacteriophage was found in Desulfovibrio desulfuricans 2777 capable of
intraspecies transfer of antibiotic resistance and auxotrophic markers. The transfer of
genctic markers oceurred via bacteriophage-like particies that had packaged
random picces of bacterial DNA {(generalized transduction). Beeause transler of
antibiotic resistances to other Desulfovibrio species was nol observed. it was
concluded that the vector had a restricted host range (Rapp and Wall, 19873 Wilh
this system. no plaque-forming ability was detected. impeding the development of
more useful constructs. That Hmitation, along with the inability (o observe conjuga-
tion with the hoststrain, D, desulfiericans 27774, discouraged its further development.

Gerome sequences of Desudfovibrio strains have revealed (he presence of o
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number of gene chusters that might encode endogenous bacteriophage {BacMap al
hitp://wishartbiolegy. ualbertaco/BacMap/y. Earlier reports [rom Akagi and co-
workers showed muomyein C induction of phage production [rom [2. vulgaris
Hildenborough (Handley ef af.0 19730 19910 Seyedirashii of af.. 1992). Subsequent
restriction analysis of the DNA obtained from the particles was interpreted as
evidence that at least two phages were being produced. No plague-forming abibly
was demonstrated. Tikely beeause g susceptible host was not available. Recently.
Stahl solated D vedgaris strain DP4 from the contaminated Lake DelPue thal, by
DNA hybridization o Hildenborough microurrays. appeared o lack the bacterio-
phage genes (0. Stahl. personat communication). Testing of that strain as o host has
revealed plagues from supernatants of mitomyein C-induced and -uninduced
D ovrdearis Hildenborough caltures (H.CL Yens vnpublished data). Further work s
necded o determine the number and transduction capacity, it any, ol the phages
being produced.

TRANSPOSITION

Transposons have been shown (o be effective ols tor random mutagencesis in
Desuffovibrio. Early studies indicated successful, but rather low, efficiencies of
transposition of Tnd derivatives and To7. but ne transfer of TnY or Tn/0 was
observed in . deselfiricans G20 (Wall ¢ gl 1996}, More recently. o mini-Tn3
derivagive developed lor Xanthobacter, Tn3-RL27T (Larsen er af., 2002). has been
used o generate transposon mutant libraries of D0 vedgaris and D. desalfuricans G20
(1. Ringbauer and R. Payne. unpublished). The transposase i this element was
mutated o increase the efficiency of transposition (Larsen ef .. 2002). Tniportantly,
the gene encoding the mutant transposase was placed outside ol the transposed
[DNAC thus, successive ransposition in the cell is prevented. Although not optimized
for SRB as vet. the transposition etficiency in preliminary experuvents was observed
10 be in the range of 1 in 107 vecipient cells ). Ringbauer and R. Payne. unpub-
lished). Random sequencing of about 50 transposition sites showed that transposition
was essentially random. Mutations were generated m such putative genes as /vl
{high-alfinity branched-chain amino acid ABC transporter. ATP hinding protein).
fleG (Nagellar basal-body rod protein). and zraf (zine resistance-asseciated
protein). as well as several apparent histidine kinases. Introduction ol the
transposition vector by clectroporation eliniinated the need for counter selection of
aconjugal donor, although fewer mutants were obtained (3. Ringbauer. unpublished).

ELECTROPORATION

Electroporiation has been explored as an allernative o conjugation lor DNA intro-
ducticn. In SRB, the technique was lirst successtul in Desulfovibrio fructosovarans
{Rousset er gl 1991). However. success with the technique has been slower in £,
vadearis and 0. desdfuricans G200 In an carly attempt al clectroporation ol D,
virlgeiris by a procedure similar to that used for D, fructosovorans. Fu and Voordouw
were unable 1w obtain wransformants (Fu and Voordeuw, 19973 In this attempt.
chloramphenicol was used as the selective agent. Electroporation trials with the
pBG-based vector. pSC27, encoding a kanamycin resistance determinant that was
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selected with G418, were successful in 1. vilgaris (Ringhauer ¢r af.. 2004). The
procedure used ca. 2% 107 late exponential 2. vilgaris cells re-suspended in cither
30 mM PIPES hufler or I(}(/( glycerol in 1 mM MgCl.. To overcome restriction
barriers in the SRB.0.5-5.0 ug of plasmid DNA purificd { rom £, coli was introduced.
This protocol gcncrull) gave a minimum efficieney ol transier of 105, or about 20—
F00 CFU (G Zane, unpublished observations), However, with differential cell lysis
from the electroporation and cell death fram oxygen contamination occurring with
manipulation. the actual efficiency is certainly higher. Efforts at conlinucd
optimization will prove invaluable in increasing the ctficiency ol genetic
manipulation of Desulfovibrio specics.

TARGETED MUTAGENESIS

While random mutagenesis is a useful ool in analysing the biology of SRB. a
method Tor studying specific genes. such as hydrogenases and cylochromes., is
integral to the elucidation of metabolism. In 1991, van den Berg and co-workers
were the lirst to utilize antisense RNA in 12 vielearis to decrease expression ol the Fe-
hydrogenase (van den Berg e al., 1991). While this technique gave some insight to
the function of the hydrogenase. the interpretation of the results was clouded hy the
residual expression ol the gene. It is now well known that suppression of translation
ol mMRNA by antisense RNA is incomplete.

Mutagenesis by plasmid integration or interruption is an allernative method that
abolishes activity ol the target gene. In 1. desulfiericans G20, a telraheme cylo-
chrome ¢, mutant was created via gene interruption by homologous recombination
with a 292 bp internal portion of the ¢, gene (Rapp-Giles ef al.. 2000). The [ragiment
was cloned into a plasmid constructed from pBlueseript® {Stratagence that does not
replicate in the SRB. Integration of the entire plasmid into the gene was selected by
requiring imheritance of the plasmid antibiotic resistance {(Rapp-Giles er af.. 2000).
In D vulgaris, the same strategy is being used for ongoing studies on histidine
kinases (A. Mukhopadhyay. personal communication). While plasmid inserGon
results in mutated genes. the complete sequences of the targel genes remain in the
genome. raising guestions regarding the stability ol these constructs, Genone
rearrangements restoring a wild-type copy of eytochrome ¢, gene were documented
in the sirain with the plasmid-interrupted mutation. while the selection determinant
was retained (Rapp-Giles er af.. 2000). Thus. defetion of target genes in Desulfervibrio
yields mutants that are more stable, and thus casier (o analyse.

The first defetion mutant generaled by marker exchange 1 D vulearis was
obiained using a two-step recombination method with saeB as the counter selection
determinant (Fu and Voordouw. 1997). Briefly. an unstable Kan® vector containin Iy
aCmf marker Banked by DNA sequences up- and down-stream of the tar el gene was
intreduced via conjugation, integration of the piasmid in the lirst recombination
evenl was selected for by Cni¥ and Kan®, The vector also contained a sacf gene for
enrichment of the sccond recombination event removing plasmid sequences. Be-
cause the sacB gene encodes levansucrase. which confers sensitivity o sucrose. the
merodiploid generated by plasmid insertion was sensitive to sucrose. Removal of
the kanamyein pressure. in the presence of sucrose. enriched for cells in which the
unstable merodiploid had resolved via a second recombination event yielding celis
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that were Cm¥, Kan®, and sucrose resistant. Mutants deleted for the target gene were
obtained. When attempts were made to introduce this mutagenic construct by
clectroporation, no mutants were identified (Fu and Voordoww, 1997).

Muarker exchange with this twe-step precedure ol homolegoeus recombination has
provided a number of important deleton mutants i D0 vidgaris (Table 9.7). How-
ever, i recombinational cvent that removes plasmid sequences is not the only event
that can result in loss of the saeB gene and sucrose resistance. Voordouw and co-
workers also tfound that movement ol endogenous insertion clements into sach
accounted Tor almost 50% ol the sucrose resistant colonies (Fu and Yoordouw,
1998, These cevents had to be distinguished rom among the desired deletion
mutants (Fu and Voordouw. 19973 Thus. this procedure for construction ol mutants
remains an investment of time and tatent,

To expedite targeted mutagenesis in Do vulgaris, o deletion strategy was

developed that vsed a mutagenie cassette gencrated without restriction enzymes
(Figure 9.0 (B, BEmoe and 1D Wall, unpublished). The cassette, made by sequential
PCR reactions, contained a gene encoding a Kan® determinant MNanked by ~800 bp
ol the up- and down-stream regions of the target gene, as well as unigque nucleotide
sequences for mutant tracking (see below), No counter selection delenminant was
present or needed. The cassette was ligated into an unstable vector and directly
clectroporated e 10=10" cells of D, vedgaris (Bender er af.. 2005). Deletion
mutants were selected by resistance to 400 ug G418/ml. With this approach. deletion
of the targel gene apparently occurred by double recombination in a single
selection, as was observed for Desutffovibrio fructosovorans (Rousset ef al . 1991}
Unlike the confugation approach where the mutagenic plasmid was [irst integrated
in the region adjacent to the target gene and sacB empleyed {or envichment of
plasmid loss, plasmid integration (single cross-over event) oceurred only in a
minority of cases following electroporation. The double recombination cvent is
belicved o be necessitated by the linearization of the incoming plasmid by
endogenous nucleases. A single recombination event with linear DNA would result
in a lethal double-strand break. Thus, stable acquisition ol the marker replacing the
target gene would require two recombination events.

Current studies

While progress has been made in developing an eflicient genetic system in
Desulfovibiio. other technologies are being pursued. Currently. D2, vulgaris deletion
mutants o the Wall faboratory (K. Bender and 11D, Wall, unpublished) are being
marked with a bar ceding strategy first proposed in Succharomyees cerevisiae
{Shoemaker e a0 1996: Giaever, 20023, This tracking method alows identification
and guantitation of deletion strains subjected to growth competition.

Another technigue being explored is the addition of peptide tags 1o proteins for
the isolation of functional protein complexes and the identitication of the interactome
(Gl Zane and LD Wall, unpublished). The modified target genes containing the
Strep-tag® (IBAY are cloned mto an unstable vector. Following introduction into
£, valgaris by clectroporation, integration into the genome oceurs by homologous
recombination with the targel gene inserting the plasmid into the chromosome.
Analysis of these constructs 1s now under way. The tagged proteins will be isolated,
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; 76 base common sequence
B 20 base unigue barcode

F1 D.vidgaris gesomic DNA 5 P32 O.vulgaris genomic DNA
template Lo emplate
ATG[Tarsetgéne JTAA
-800 by up-stream of targe! ) ~B00 bp dowr-siream of larget Py
PCR product 1 PCR product 2
ATGY AA
PCR product 3
Km® cassette containing common
Kmk

sequence and unique barcodes

Fusion PCR with products 1, 2, 3 and primers P1and P4

!

0.vulgaris genomic DHA PCR product 4 D.vulgans genomic DNA
template template
ATG Km® : TAA
~800 bp up-stream of target ~800 bp down-stream of farget

Figure 9.1, Cloning without restriction enzymes, scheme for generating deletion cassettes. POR
product T corresponded to the up-stream regivn and start codon of the farget gene and was

eoncrated using primers P4 oand 220 A 26 bp comimon sequence was added o the 57 end of P2 for
future priming. PCR product 2 corresponded 1o the stop coden and down-stream region of the
target gene, and was generated using primers P35 and P40A 26 bp commoen sequence was also
added w the 3 end of 23 for future priming. PCR product 3 corresponded to the Km® determinmt
with flanking comwuon sequences and unigque bar codes tgenerated by primers containing both the
common and unique sequencesd, The deletion cassette. PCR product 40 was generaled by

1

combining PCR praducts .2, and 3 inoa final amplification using primers P2 oand P4 The
common sequences tacifitaed fusion of the three products.

along with cther associated proteins, giving a glimpse into the intricate protein
interactions that occur during different growth stages and environmental stresses.

Two limitations siill plaguing the genetic analysis ot Desudfovibrio are the lack of
inducible promoters and casily visualized reporter genes, While the promoter of the
tetracyeline resistance gene in pSUPTO4 (Pricter er af.. 1985) has been shown Lo
express high levels of cloned genes in Desulfovibrio vidgaris (van den Berg et ol
1989 Stokkermans ef al.. 1992} no controllable promoter has been found for
molecularwork in Desulfovibrio. Carrently, facile reporier genes foranacrobic studies
arelimited. Commonreporterssuchas Lux AB (luciterase yand GFP (green lMuorescent
protein) are not suitable because of the oxygen requirement for bioluminescence or
Muerescence (Burlage and Koo, 1994 Heim er of.. 1994). While B-galactosidase
activity can be assayed in SRB. the dark sulfide precipitates in normal cotonies makes
colour dilferentiation problematic. In addition. B-galactosidase substrates such as
X-gal also require oxidation for colour development.

Another desirabic genetic tool is the ability to delete two or more genes in one
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1.0
—@— no 5FU
0.8
0.1 ug/ml 5F
06 | kg/ml SFU
3 o4 0.2 pg/mi 5FU
02
1.6 pg/mi BFU
0
0 20 40 B0
Time (h)

Figure 9.2, Deswlfovibiie vilearis Ildenborough erown ancerobically al 37°C with mereaning
concentrations of 3-Tuorourscit,. Growth was duummul by optical density of the culture.

strain. Sequential deletion of three different hydrogenases was performed in 1,
Sroctosovorans (Table 912 Casalot 1 af.. 20023 This was accomplished by marker
replacement. such that the final triple mutant also carried three different angGhiolic
resistance determinants, These resuits showed that such an approach was possible. A
recent study confirming expression of the Tet* determinant in 2. vudearis also
expands the sefectable markers for making a second deletion in a Kan® background,
However, markerless exchange may be a more desirable strategy lor engincering

Mutageneic vector

Step 1: Transformation

vt

Chromosome

upp

Step 2: Recombination

Chromosome

AU ]
e Step 3 Select for 5FUR

Figure 9.3, Deledon of upp gene using markerless exchange. The mutagenic vector funstable in
Desulfervibrio) contained NDNA lmmnEo”oux W the up- and dosnostream regions {shaded boxesy of
the 1) vadgaris app gene (grey wrowd as well as a bela-lactamase gene (black arows for selection
in £ cofio No marker separated the up- aed down-stream regioms. The vector was transformed into
. vadgoris viaclectroporation iSwep 1. Following recombination (Step 20, mutant cells werpe
selected wsing 40 pg S-flworouraciliml (Step 3
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upp Kanft

Deletion vector

Step 1: Transform Aupp strain
A upp chromosome

Step 2: Select for plasmid
integration (KanR, 5FU%)

upp GO0

Step 3. Select for resolution of

inloi I 5
Either recombination will mierodiploid (5FUR, Kan®)

eliminate plasmid

Step 4: Screen for deletion

(a) (b)

Figure 9.4, Markerless exchange using rpp s @ counterselectable marker, The gene ol interest
(GO is dedeted fromy the Auppr strain using o vector containing DNA homologous (o the up- and
down-stream regions (shaded boxes) of the GO (grey arrowy i Kan® determinant £striped
arrow). and the gpp gene thlack arrow) Following truasformation of the dwpp straln. integration
of the plasmid is selected by Kan® and screened by SFUT (Step 21 Beeause the deletion vector is
wnstithle 1w Desudforvibrio, Kan® SFU wransformants can ondy arise via a single recombination event
tdotted Tinesy (Step 20 (While insertion into the up-stream region is shown, integration is also
possible via the down-stream hemology.) Integration of the plsmid creates an unstable merodipioid.
Nonselective growth allows plasmid excision and resolution of the meredipioid allele via o second
recombination event (dotted linesy (Step 31 Depending on which homologons region is used for
the second event. the result s cither allele retention o or deletion by (Step 4y (Priccheit o all.
200-4y.

multiple mutations and would allow compiementation with genes imtroduced on
antibiotic resistant veciors, One approach would be 10 use resistance or sensitivily 1o
a nucleotide analogue such as 3-fluorouraci! as either positive or negative selectabic
markers (Pritchett er af., 2004). Genome scanning indicated that D, vifgearis
possesses a uraci! phosphoribosyl transferase (upp) gene lor salvage of pyrimedine
huses and. therefore, was predicted o incorporate the toxic analogue S-finorouraci]
(L. D, viedearis was subsequently shown to be quite sensiive 10 SFU (Figrre 9.2).
Based on these findings. a strategy similar to the one used by Bender and co-workers
{Bender ez af.. 2005) Tor marker exchange mutagencsis was employed 1o delete the
upp gene involved in the salvage of pyrimidines. This strategy was altered by fusing
togcther the up- and down-stream regions of the upp gene (Fignre 9,33, No selectable
marker scparated the two homologous DNA regions. Following electroporation,



Anilvsing the merabalic capabilities of Desulfovibrio species 169

Aupp ranslormants were selected by resistance o SFU (K. Bender and 1.D. Wall,
unpublishedy. This strain was confirmed by Southern analysis and can now be used
as the parent strain for the creation of multiple unmarked deletions (Figure 944
Reintraduction of the upp gene restores the seasitivily o SFU and provides the basis
for sclection of vector loss during the introduction of mutant alleles. lagged genes.
or gene defetions by two recombination events (Fiowre 9.4). Alrcady. this strategy
has been employed successiully in Bacilius (Fabret ef al.. 2002) and Methanosarcine
(Pritchett er af.. 2004

Overview of current mutants

A number o informative mutants of Desulfovibrio strains have been constructed
throtgh the years (Table 9.7). While this list is not inclusive. mutants in cylochrome,
hydrogenase. oxygen resistance. and regulator genes have provided new insights
into the metabolism of SRB. While studying the response ol 12 vidgaris 1o nitrite.
Haveman and co-workers showed that deletion of the nitrite reductase cytochrome ¢
(rrfA ) increased (he inhibitory effect of NO. on suifate reduction (Haveman ¢ al..
20041 thus providing another potential counter selection method for generating
markerless mutants in a AnfA background.

fn an effort to engineey a SRB strain with increased metal bioremediative polen-
tial. Aubertand co-workers over expressed the Desulfiromonas acetoxidans C.gene
it £ desulfuricans (Aubert o1 af.. 1998), Physiological studies of the mutam
indicated that cytochrome oo retained its reductive ability in the D, desiudfiricans
host, increasing the metal reduction capability of the strain versus wild type.
Additional efforts to explore the metal-reducing capacity ol the Desalfovibrio strains
resulted in a plasmid insertion mutation of the gene for type [ eytochrome o (Rapp-
Giles er ol . 2066). Elimination of that eytechrome caused impaired reduction of
UtVIE o U(IV) with factate and pyruvate as the elecuron donor: whereas with
hydrogen as the clectron source. the reduction was icarly abolished (Payne ef of..
20023 This mutant illustraies the complexity of the pathways utitized by SRI3 for
respiration and metal metabaolism,

Based on the controversial hydrogen production models proposed Tor SRB. a
great deal ol molecular work has locused on understanding hydrogen metabotism,
The Hme complex (high molecular mass evtochrome redox complex) has been
proposed as a conduit for electrons from hydrogen oxidaton in the periplasm (o
sulfate reduction in the cytoplasm. The first deletion studics to explore hydrogen
production targeted the Hime regulatory genes (rrf1 and rrf2y (Keon er al.. 1997). A
deletion mutant exhibited an increase in Hme operon expression. as well as
imereased growth on hydrogen when coupled (o sullate reduction. Conversely, the
mutant showed impaired growth on lactate during sulfate reduction. Later studies on
mutants with the entire Hime complex deleted indicated impaired growth on
hydrogen as the electron donor. but not on lactale or pyruvate as the clectron donor
when coupled to sulfate reduction (Dolla ¢f af.. 2000, These results are consistent
wilh the proposed roke for the Hime compiex in electron transport across the
cyvtoplasmic membrane.

Providing a glimpse into the controlling factors associated with hydrogen
production. deletion of the periplasmic Fe hydrogenase {hvd) gene in Do vudgaris
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indicated thar more hydrogen was produced from lactate and formate 10 excess
sulfate was present when compared 10 wild type (Voordouw, 2002). This resulk
indicated that the Fe hydrogenase was oot the sole enzyme producing or consuming
hydrogen. and underscored the capacity for compensation exhibited by D vilgaris
in hydrogen metabolisnm. More studies are needed before the mechanisms for
hydrogen production in SRB are Tully realized.

Since SRB experience periodic exposure 1o oxygen in the environment. they need
mechanisms 0 deal with reactive oxygen species. [n an elfort 1o understand this
tolerance mechanism. several oxyeen resistance genes have been mutated in
P2, viddgerris. The first gene 1o be deleted in D, vidgaris was derd an apparent oxygen
sensor, This strain proved o be more resistant (o oxygen than the wild type (Fuand
Voordouw. 19971, Further analysis of the genes encotling superoxide reductase (o)
and superoxide dismutase (sody indicated that the superoxide reductase was
imvolved in superoxide resistance, while the superoxide dismutase was involved in
protection against both oxygen and supevoxide (Fournier e af.. 2003). While
rubreryihrin exhibits NADH-dependent H, O, reductase activity. no oxidative stress
phenotype was observed when a deletion of the encoding gene (rbr) was constructed
(Lumppio ef al.. 1997: Fournicr ez al., 2003). Studies arc ongoing Lo turther under-
stand the oxygen defence mechanisms of SRB for future hiotechnological
applications 1o aerobic environments,

Recently constructed 2. vidgaris deletions of the Ferrie Uptake Regulater encod-
ing paralogs, fier. perR. and zur. have shown interesting phenotypes (K. Bender and
1.0, Wall. unpublished). Compared w results for Fur in well-studied gamma-
Proteobacteria. Fur appears 1o play a less signilicant role in Fe regulation in this
anacrobe and @ more dominant role in oxygen protection. As in Bacillis, the PorR
regulator is invelved in protection against oxidative stress. However, the Zur imutant
may have a more global role than the predicted zine uptake regulation. This deletion
strain shows an inereased resistance o high salt exposure and to high pH when
compared to the wild type. No distinguishing phenotype was observed when the
strain was exposed W various concentrations ol zine. As more regulaiors are targeted
for mutagenesis, and transcriptional profiles are determined through microarray
analyses, an increased understanding of the SRB stress response will result.

Conclusion

Over the past 13 years. numerous advances have been made in the genctics of
Desulfovibrio. Currently available Desulfovibrio cytochrome. hydrogenase.
oxygen response, and transcriptional regulater mutants have provided the first
glimpse inta the complicated SRB metabolism. Global analyses derived from
genome sequences of a few SRB have allowed pathway predictions from gene
annotations. However, the inherent limitations in annotation accuracy require that
deletion studies be carried out o verily the predictions. The advent of
transcriptional profiling and protecomics analyses for D vulgaris have also provided
data for pathway modelling but. again, targeted mutagenesis is needed 1o confirm
these models. As further improvements are made in the melecular maniputation of
SRB. a greater understanding ol the intrinsic SRB metabolism s likely o Toliow.
Since engineercd systems can be successful only il entive pathways and overall
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energy budgets are taken into account. these new techniques will prove integral 10
biotechnological strategies for optimizing bioremediation and reducing corrosion
caused by SRB,
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