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NITRATE AND NITRITE GROWTH INHIBITION OFDESULFOVIBRICSTRAINS
Hannah LKorte
Dr. Judy D. Wall, Dissertation Supervisor

ABSTRACT

Sulfatereducing bacteria (SRB) can perform desirable functions such as immaobilization of environmental
heavy metals, but they al so caus ectdGrowthdf SRBcanbengo bec
controlled by the inhibitory effects of nitrate and nitrite. However, prior studies have suggested that nitrate
does not directly inhibit SRB. Rather, it was thought that nitrate is converted to the more toxic nitrite,
which seves as the ultimate inhibitoHere we tested whether nitrate can inhibit SRB by a mechanism

other than through nitrite inhibition, and therefore whether responses of SRB to these different inhibitors
might also be different. We measured growth kinetiod the fithess of thousands of mutants of the model
SRB Desulfovibrio vulgariHildenborough andesulfovibrio alaskensi&20 in lactatesulfate plus nitrate.

We found that mutations in homologous gene clusters (DVUIB10245/Dde_059+Dde_0605) and in

the Rex transcriptional regulator (DVU0916/Dde_2702) of these SRB confer resistance to nitrate. The
same mutations did not confer nitrite resistance, and no nitrate consumption was observed. We also found
thatD. vulgariscan use subinhibitory concentrations of nitrite, but not nitrate, as a nitrogen source or
terminal electron acceptor for growth. Since nitrate did not support grothvefigarisas a nitrogen

source, we infer that significant nitrite is not generatethfthe nitrate. These results show thiatate

inhibition of SRB can be independent of nitrite production. Furthermore, they mesausly

uncharacterized metabolic abilities which may allow niche expansiDnwaiflgarisin low-sulfate
environmentgontaining nitrogen oxides. These insights into the interactions of SRB with nitrate and

nitrite may lead to better control of SRBindustrial settings and better prediction of theferactions in

the environment



CHAPTER 1

INTRODUCTION

I. Significance of sulfatereducing bacteria (SRB)

Sulfatereducing bacteri@SRB)are environmentally and industrially significant
microorganisms that use sulfate as a terminal electron acceptor in anaerobic respiration.
These obligate anaerobes produce sulfide as the end prodiigsiofilatory sulfate

reduction, their cell respirain procesgPostgate, 1994 Sulfide is toxic to most
organismgCaffrey and Voordouw, 20)0including humangVoordouw et al., 2007

and the production of sulfide by SRB is considered to be the chief cause of oil souring in
the petroleum industrfLigthelm et al., 1991Sunde et al., 1993 In addtion to these
negative roles, however, SRB can have positive effects in the environiitet are

essential players in global nutrient cycling, especially carbon and sulfur cycling
(Postgate, 1994 Furthermore, because of their ability to precipitate heavy méiais,

have been exploited in studies of heavy metal bioremedigiang and Fan, 2008

Martins et al., 2000 SRB precipitate heavy metals both by reductiavley et al.,

1993a Lovley et al., 1993pLloyd et al., 1999Chardin et al., 2003and by formation of
insolublemetal sulfidegJalali and Baldwin, 2090 The metabolism of B, therefore,

is studiedto understand better how to minimize their detrimental economic effects and

maximize their positive metabolic traits.



[.A. Introduction to sulfate reduction by SRB
In the central respiratory metdlson of SRB, sulfate is reduced to sulfide by multiple
enzymegPostgate, 1984 These enayesarerepresenteth Figurel.l. A variety of
electron donors are knowa be used bthe SRB(Peck, 1998 However, many studies
of the mo@l SRBDesulfovibrio vulgaridHildenborough have been conducted with
lactate as electron donorchaulfate as electron acceptor because of the environmental
relevance of these substrafete et al., 2006Redding et al., 2008Mukhopadhyay et al.,
2007 He et al., 2010&Zhou et al., 2013 This is the reason foihe predominant use of

lactatesulfatemedia in the studies described in this work.

2AMP+2PP,
2ATP Sulfate APS 2 Sulfite 6e
Adenylyltransferase /Rwﬂﬁ% »&
S0 il
S0,% APS 3 Ifid
sulfate adenosine sulfite sullide

phosphosulfate

Figure 1.1. Dissimilatory Sulfate Reduction. Sulfate is activated by sulfate
adenylyltransferase to adenosine phosphosulfate (APS), and this process consumes 2
ATP equivalentgPeck, 1998 APS eductase reduces APS with two electrons to form
sulfite, which is then reduced by sulfite reductase with six electrons to form sulfide
(Peck, 1993 The reduction of APS and sulfite allows for generation of a proton gradient
which energetically offsets theiiial input of two ATP molecules and also allows

enough energy for growifThauer et al., 2007



|.B. Nitrate and nitrite as inhibitors of SRB
Growth by sulfate reductioran be inhibited by marmghemicals.Among such inhibitors
are nitrate and nitrite ionalthough several sulfateducing bacteria alenown to be
capable ofising nitrate and nitrite idissimilatory nitrate reductiofMoura et al., 200/
Probably the besttudied(Moura et al., 200)/of these bacteria Besulfovibrio
desulfuri@ansATCC 27774, which has both nitratend nitritereduction enzymes.
However, there amnanysulfatereducingbacteria, such d3esulfovibrio vulgaris
HildenboroughlHaveman et al., 20Q4that can reduce nitriteut apparently not nitrate
(Moura et al., 1991 Infact, the presence of a nitrite reductase serves as a resistance
factor for sulfatereducing bacteria in the presence of nitfiteéeene et al., 2003
Studies have indicated thatither nitratgMitchell et al., 1986Seitz and Cypionka,
1986 nor nitrite (Pereira et al., 20Q@ouldbe used by. vulgarisas a terminal electron
acceptor in energgonservationyhich suggestethat the role of the nitrite reductaise
entirely for detoxification of nitrite Nitrite is much more inhibitory to sulfateducing
bacteria than is nitrai@¢iaveman et al., 2004#e et al., 2006He et al., 2010a For
example, millimolar levels of nitrite can completely inhiDitvulgaris Hildenborough
growth(Haveman et al., 2004whereasthe same bacterium cagcover from inhibition
by cal00 mM nitratg Redding et al., 2006He et al., 2010a The strong inhibition by
nitrite is thoughto result from competition of nitrite with sulfite for binding to the
dissimilatory sulfite reductase (Figl). Bothin vitro biochemical analysis of enzyme
activities(Wolfe et al., 199%andin vivo genetic studiefHaveman et al., 2004upport
this hypothesis Suchenzymeinhibition has been suggested to cause a decrease in

bacterial viability inDesulfovibriocultures incubated in human sale@ntaining both



nitrate and nitritéogether(Mitsui et al., 2013 However,for some of the study
participantsDesulfovibrioviability was greater isaliva samplewith higher
concentrations of nitrate and nitr{fditsui et al., 2018 This suggests that those baete
were partialy resistant to nitrate and nitrite inhibitiorf@ince Desulfovibriohave been
found in the human oral cavifWillis et al., 1999 and have been associateith
periodontitis(Loubinoux et al., 2002and ulcerative colitigRowan et al., 20)0such
resistancenay havamportant medical implications. There is much debate about
whetherdietarynitrates and nitrites are harmful or beneficial for humanthédbrd et
al., 2009. Thereforethe interactions of bacteria with thesgestedonswill bean
increasingly more important fek of study as more is understbabout these interactions.
Theinhibition of SRB by nitrate and nitrite has been used industrially to control
the growth and sulfide production of sultaeglucing bacteria. For exampiétrate was
usedas early a4929 to control sulfide odors produced®®Bin industrial sewage
(Fales 1929. In 1986, it was suggested that nitrate could be used in microbially
enhanced oil recovetp reducd he fsouri ngo o fodaciiohoft hat
sulfide (Jenneman et al1986§. Such souring leads to corrosion of pij2ku et al.,
2006 Voordouw et al., 2007a s we | | a s of biloesdivpils bygngtal sutfides
(Voordouw et al., 2007 This is a majoeconomic problem becauS&B arewidespread
in oil reservoirs, includingpw-temperature (22.6°Qpao et al., 2013 mesothermic
(30°O)(Voordouw et al., 200%andthermic(80°C)(Gittel et al., 2009reservoirs Even if
bacterial growth is limited by high temperatures in the oil field (80°C), sulfide can be
produced in surface processing facilities where the tempernatiower(Agrawal et al.,

2014. FurthermoreSRBtendto be enrichd by produced water reinjection, a process



used to increase the output of oil reservf@geg et al., 201)1 In this process, water is
usedt o fAipusho oi | tinweservdirs that bastelosttpriessure oweetheir
production life(Gieg et al., 201)1 Seawater, which has a high sulfate concentratiah
thereforepromotes the gwth of SRB, is usually used this procesgGieg et al., 2011
In order to alleviate the negative effects of sulfide productibrate has been
successfully used in oil wells tmntrolthe activity of sulfateeducing bacteria
(Jenneman et al., 19990oordouw et al., 2009

Theinhibition of sulfide production in oil well®y nitrateis thought to have a
number of different cause®ne of these is thought to peoduction of nitrite by nitrate
reducing bacteriéGreene et al., 2003which are also indigenous to oil we{lEeEnneman
et al., 1999Gao et al., 2013 Nitrite even at low concentratioms strongly inhibitory to
SRB(Greene et al., 20Q08laveman et al., 2004Haveman et al., 20Q%reene et al.,
2006, and therefore its production limits the growth and subsequent sulédagtion
of SRB. However, nitrategeducing bacteria are also thought to inhibit sulfide production
by at least two additional mechanisms. The firsoisipetition of organotrophic nitrate
reducng bacteriavith SRBfor electron donor§Grigoryan and Voordouw, 2008 These
donors may includ&actate(Hubert and Voordouw, 20Q0Hubert et al., 200%r a
mixture ofvolatile fatty acidssuch ascetate, propionate, and butyré&Brigoryan et al.,
2008. Volatile fatty acidsare more likely to be present as the electron donors in oil
fields, compared with lactat&rigoryan et al., 2008 Since the organotrophic nitrate
reducing bacteriase the same electron donassthe sulfate reducetbeyare thought to
inhibit growth, and therefore sulfide production, of 8RB (Grigoryan and Voordouw,

2008. Another kind of nitrateeducing bacteria, the nitrateducing sulfideoxidizing



bacteriacan limit accumulation of sulfidey oxidizing sulfide back to sulfa{&reene et
al., 2003 or sulfur(Gadekar et al., 2006 This directly reduces the sulfide concentration
in the oil well. However, both kinds of nitrateducirg bacteria, sulfid@xidizing and
organotrophigalso produce the toxic nitrite from nitrate.

What is less well understood is whether, under these circumstances, nitrate itself
directly inhibits the bacterialhe concentrations of nitrate used to ti@htvells orto
treatbioreactors meant to mimic oil wells haoften been low concentrations. In these
cases they ameoncentrations of nitrate which are not inhibitoryrtonocultures othe
model sulfatereducing bacteriur®. vulgarisHildenborough For example, 10 mM
nitratedoes not noticeably inhibid. vulgaris(Haveman et al., 2004r, apparently,
several other sulfateeducing bacterigGreene et al., 2003 1n one study,10 mM nitrate
wasthe maximum nitrateancentraton used in a bioreactor testingmpetition ofSRB
with nitratereducing bacteria for volatile fatty aci¢fSrigoryan et al., 2008 Therefore,
theinhibitory effectof nitrateobservedvas not likely die to direct nitrate inhibitiom
this case In an oil field study in Alberta, Canada, only 2.4 mM nitrate was added to the
injection water used to force the production of(Gitigoryan et al., 2009 In this case,
its effectwasalso notlikely a resultof direct inhibition by nitrate. However, in anore
complex field study, both continuous injection 4 mM nitrate and a pulsed injection
of nitrate were usefVoordouw et al.2009. The pulses lastezhe hour per week at one
point of injectionandthe pulseproduced a peak concentration of 760 mM nitrakhis
pulsed strategy was found to be more effective in sulfide (sourimgyotthan
continuous injection. The rean for this increased effectiveness was proposedtteebe

disruption ofdifferentfizone® of bacteria that had become establisag@ result of



nitrate addition The zones of bacteria were thought to allow growth of SRB, and
thereforethe disruption of these zones allowed souring control to re§dowdouw et
al., 2009. Since 100 mM nitrate is known to dglgrowth ofD. vulgaris it is reasonable
to suggest that the 760 mM nitrate may also have had direct inhibitory efféeRRin
the affeceédoll field. Nitrate at a concentration of 100 nt\salsobeenused in a study
of theinhibition of sulfide production in a bioreactor with oil from a Canadian olil field
(Callbeck et al., 2013 The authors found that, in the bioreactor, sulfide production was
completely inhibited during pulses of 100 mM nitrate. However, after edsé, mulfide
production resumed. This resumption of sulfide production indi¢htedre SRBwere
resistantor became resistartg thehigh nitrate as well as to éhnitrite produced by
nitratereducing bacteria the bioreactor communifCallbeck et al., 2013 Taken
together, these data suggest that further study into the mechaniSRB afhibition by
and resistance to nitrate and nitmteuld assist efforts toontrol souring in oil fields.

The inhibition of sulfateeducing bacteria by nitratanalsobe detrimental at
times. For example, in the treatment of greenhouse wastewater, the removal of both
nitrate and sulfate is desirable. Therefaméjbition of sulfate reduction by nitrate
reductionmight not be beneficiainder these circumstanc@ruyer et al., 2013 In
addition, nitrate addition tSRBcan increase, rather than decrease, miotogically
influenced corrosiofDall’ Agnol et al., 201¥4 However, it has been suggested that this
increased corrosion in nitrateeated fieldsvasa result oincomplete oxidation of sulfide
to corrosive sulfu(Agrawal et al., 2014 Sulfur formation might therefotee asoided
by the use o& higher nitrateto-sulfide ratio(Agrawal et al., 2014 This would be

similar to tie approach of increasing the oxygersulfide ratioduring wastewater



treatmento encourage complete microbial oxidation of sulfide to sulfate, rather than
incomplete oxidation to sulfyBuisman et al., 1990 In contrast, it is possible that the
nitrateto-sulfide ratio could be intentionally limitgégrawal et al., 201¥so that sulfur
formation, sedimentation, and removal wouldpssible(Buisman et al., 1990
Adjustment of tle concentration of oxygan onewastewatetreatment studwgllowed for
the nearcomplete removal of both sulfate and nitrate contamination from the wastewater,
with approximately 70% recovery of elemental su(f<u et al., 201% Such successful
simultaneousitrate reduction and sulfate reducti@guires a balanag theinhibitory
effects of nitrite andulfide on the bacteria in suslgstems A better understanding of
theinteractions of nitrate and sulfate with the bactpresentvould allow forbetter
predictionsof the response of such systems to perturbations.

Furthermorethe detrimental effect afitrate and nitrite on sulfate reduction may
limit bioremediation of heavy metglde et al., 2010a Sufate-reducing bacteria are
capable of sequestering heavy metals by reduction and by sulfide precipitation, and
therefore are used in studies of bioremediative strat@igoetey et al., 1993a_ovley et
al., 1993bLloyd et al., 1999Chardin et al., 20Q3iang and Fan, 200®&artins et al.,
2009. Sites cecontaminated with nitrate and heavy metatdude formemuclear
weapons production sites currently managed by the U.S. Department of ERiézgy
and Zachara, 199%enkatramanan et al., 201.3n such sitegnitrate concentrations can
exceedl00 mM(Green et al., 20)2and denitrifying bacterjavhich can produce nitrite
from nitrate,are known to be presef\ifenkatramanan et al., 2013 n such sites
therefore, production of nitrite fne nitrate mayimit growth of sulfatereducing bacteria.

However, the conversion of nitrate to nitrite can be inhibited if the environment lacks



molybdenum(Glass et al., 20)2since molybdenum is a cofactor for nitrate reductase
(Ringel et al., 2018 Low molybdenum levelare indeed found in highitrate
environments, and may explain the lack of disappearance of nitrate in those environments
(Michael Adams, unpublished data,
https://www.orau.gov/gsp2014/abstracts/adams_paul_Q8.@dfrently, it is not known
whether nitrée at high cogentrations (e.g. 100 mMtan inhitit SRB directly, without
production of small amounts of nitri(ele et al., 2010a If nitrate inhibits directlythe
existenceof mechanisms of nitrate inhibition and resistance not previously kigown
implicated(Redding et al., 20Q6He et al., 2010a Such mechanisms may be
particularly important in losmolybdenum, highnitrate environments in which
conversion of nitrate to nitrite is not occurring. It is therefore desirable to distinguish
between the eff#s of nitrate and nitrite on SRB. Studies of model SRB monocultures
allow for separation of the effects of nitrate alone from the effects of rittdeeman et
al., 2009 produced by nitrateeducing bacteriéGreene et al.,@3).

|.C. Desulfovibrio vulgarisHildenborough and Desulfovibrio alaskensi€20

asmodel SRB for genetic studies

Formonoculturestudies of nitrate and nitrite inhibition 8RB, goodgenetic
modelsaredesirable Strains oDesulfovibrio,agenusfound at theuraniun:
contaminatedbioremediation test zone at the US Departno¢iinergy Oak Ridge site
(Leigh et al., 201} have been chosen as model SRB. They are good model organisms
because of thenelativelyrapid growth rate, variety of electron donors and acceptors
used, and ability to grow aagarplates(Wall, 1993. The latter is result ofimproved

anaerobic culture techniqué&/all, 193) to accommodatthe oxygen sensitivityof



these bacterié@Postgate, 1984Johnston et al.,dD9 Yurkiw et al., 2012 Although te
first successful marker exchange mutagenesis in a soffdteing bacterium was
reported in 1991{Rousset et al., 19%91or Desulfovibrio fructosovoranglevelopment of
genetic systems for SRB has been challengiReasons for this include tin@bundant
restriction endonucleases, which can destroymeative DNA introduced into the cell for
genetic manipulatiofWall, 1993, and their resistance t®veral antibioticéPostgate,
1984 Wall, 1993, whichlimits the number of antibiotic resistance markers that ean b
used to make multiple gene deletions in one strBispite these limitationsgtetions
have also been madelresulfovibrio gigagBroco et al., 2005Rodrigues et al., 2005c
andD. vulgarisHildenborough. Thenost advanced deletion system iDesulfovibrio
strain is the markerless deletion strategy developeD.feulgaris HildenboroughKeller
et al., 2009 In addition, cloning irDesulfovibriois possible because tife construction
of various shuttle vecto®Rousset et al., 1998asedon the cryptic plasmid pBG1
isolated fromD. alaskensi$>20 parenf{Wall et al., 1993 Therefore constitutive
expression of a cloned gehas been employed for mutar@mplementatioriZane et al.,
2010 and gene overexpressi{lorte et al., 2014in D. vulgaris. D. vulgaris, therefore,
because of the possibility of-depth delabn and complementation studies, is an
excellent choice fomonoculturestudies of nitrate and nitrite inhibitiorin addition,
high-throughputgenetic profilingmethods have been developed for Hatlvulgarisand
D. alaskensiss20.

D. vulgarisHildenboroughandD. alaskensig520 (formerly Desulfovibrio
desulfuricansz20), both haveompletelysequenced genomédeidelberg et al., 2004

Hauser et al., 20)1 Because of this, higthroughput methods based upon genome
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sequencin@repossible. Transposon mutant librariewhich enal# high-throughput
phenotypic screeningpavebeen generated f@. alaskensigPrice et al., 2013 andD.
vulgaris (Grant ZaneTom JubaAdam Deutschbauer, personal communicatioh)
high-throughputgenefitness pofiling methodbased on deep sequencing has also been
developed foD. vulgaris(Fels et al., 2013 This method is similar to the HIT&igh
throughputinsertionTracking by deefsequencingymethod developed iHaemophilus
influenza (Gawronski et al., 2009the Tnseq methodieveloped irStreptococcus
pneumoniae(van Opijnen et al., 2®), andthe TraDIS (Transposon Directed Insertion
site Squencing)nethoddevelopedn Salmonella entericaerovar Typh{Langridge et
al., 2009. However, the method developed rvulgaris TnLE-seq (Transposo
Liquid Enrichment sequencingp especially weladapted tslow-growing, oxygen-
sensitive bacteria that halev electroporation efficienc{fFels et al., 2013 Becausef
these advanceb, vulgarisHildenboroughandD. alaskensigs20can be used for high

throughputgenetic analysis of nitrate and nitrite inhibition of sulfiegducing bacteria.

[I. Study of nitrate inhibition and resistance of D. vulgaris

Hildenborough

Il .A. Current literature on nitrate vs. nitrite inhibition and limitations
Studies of nitrate stress in pure culture®ofulgarishave consisted largelyf mRNA
transcriptanalysesproteomicanalysesand comparison of transcript abundatathat of
other stress respons@®edding et al., 20Q61e et al., 2010a Such analyses hatiee
potential todetect and monitachanges in the metabolism of bacteri@amtaminated
environmentgSteinberg et al., 2008 Monitoring of thosehanges may assist ineth

development of more effective bioremediation strategies. However, for understanding
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the underlying mechanisms involvedDn vulgarisstress responses, neitlimscripton
changesor proteomis data are sufficienfTorresGarcia et al., 2009 Current

proteomis data for nitrate stress . vulgarisprovide an incomplete picture of the
proteome. In addition, there seems to be a poor correlation between the expression of
transcripts and the expression of proteinB.iwulgarisin response to nitrate stress
(Redding et al., 20Q6He et al., 2010a For example, He et gdHe et al., 2010a

reported 28 genes for which the mRNA and protein levels were bothicaniy

changed in nitrate stress conditions. However, for 7 of these 28 genes, the mRNA was
significantly downregulated while the protembundancevas significantly upegulated

(He et al., 2010a This poor correlation may be a result of meaningful regulatory
mechanismsgLu et al., 200Y, but it is difficult to interpret Furthermoreit is now known
thatbacterialtranscriptabundancérequently does natorrelate well with gene fitness
(Price et al.2013. In fact, it was found that nearly a quarter of the genes of the-metal
reducing bacteriurBhewanella oneidendidR-1 have a significantly detrimental effect

on the fitness of this organism in some conditigtrsce et al., 2013 This may be
becauseghese genes are often highly expressed in conditiowhich they are
detrimentalPrice et al., 2013 The same authors also found that gene fithess and RNA
levels wee poorlycorrelatedn the ethaneproducing bacteriurdymomonas mobilis

ZM4 (Price et al., 2013 Furthermore, whered&sscherichia colhas careful control of
biosynthetic pathway genes, mobilisZM4 andD. alaskensis520do nothave such
control(Price et al., 2013 Similarly, for the model yeaSaccharomyces cerevisjae
functional profiling with a knockout library revealed that the level of expression of a gene

is a poor indicator of the fitness of its correspargdmutant in the same growth condition
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(Giaever et al., 2002 Takentogether, these results highlight the inadequacy of gene
expression data fateterminingthe contribution of individual genes to the ability of a
bacterium to survive and grow a particulacondition. Thereforeglternate methods,
suchas highthroughput gene fitness profilifiaeveret al., 2002Deutschbauer et al.,
2017 and followup studieswith individual mutantgDeutschbauer et al., 201 &re
preferred foinferring the relative importance of genes for fitnessmeasured by growth
and biomass accumulatian,a particular condition.

Il .B. Genetic approaches for furtherstudy of nitrate vs. nitrite inhibition
Mutant analysis ishe gold standaraf phenotypic analysis, as the constructiothef
Keio collection, a library of 3,985 nonessential genes imtbdel bacteriunt. coli,
demonstrate@Baba et al., 2006 The original description of this collecti¢Baba et al.,
2006 has been cited over 1,300 time3uch a collection allows for higimroughput
parallel screening of mutants in a variety of conditifMaynard et al., 200Qwhich can
lead to understanding molecular mechanisisacterial regonses to stress\n even
moreefficient highthroughputmethod, fithess profiling of pooled mutants, can provide
similar information. For examplétness profiling has been usedincolito study
ethanol toleranc@Goodarzi et al., 2030 In thatstudy, the authors found that the
mechanisms of adaptation to ethanol inferred from the results of fithess profieg
consistent with the adaptations they observed in laboratarlyed ethanetolerantE.
coli strains. Therefore, fitness pilofg was an effective tool in elucidating the molecular
mechanisms of ethanol tolerar(€oodarzi et al., 2090 Transposon mutant fitness

profiling can bealso beusedto probe the molecular mechanisms of the nitrate stress
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response obD. vulgaris However, analysis in nitratgtress conditions alone is not
sufficient to elucidate the mechanisms involved in nitrate inhibitidd. elulgaris

Previous studies have proposed that nitrate inhibitidd. @lulgarisis mediated
by the production of sall amounts of nitrite from nespecific reduction of nitrat@Vall
et al., 200}. The reports of microarray studies of nitrate and nitrite strd3swalgaris
indicate that the expression of at least 21 genes is significantly changed in the same
direction at one or more time points in both treatments. Of these, 9 are coordinately up
regulated and 12 are coordinately derggulated for at least one time pofhie et al.,
2006 He et al., 2010a It is not known whethethese statistically significant changes are
biologically significant and, iso,whether they represent general stress responses or
responses specific to nitrate streBarified desulfoviridin(DsrAB), the dissimilatory
sulfite reductase d. vulgaris reduces nitritén vitro (Wolfe et al., 1994 DsrAB has
high affinity (K, = 0.028 mM)and a low turnover numbék..;= 0.038 mol - - mol
heme") for nitrite reductionrcompared with sulfite reduction = 0.06 mM; kx= 0.31
mol - s mol hemé')(Wolfe et al., 199% Theseobservatios were interpretetb mean
that nitrite competively inhibits DsrAB(Greene et al., 2003 Furthemore comparison
of the growth of sulfateeducing strains with and withoanmitrite reductase (NrfA)
showed that the presence of an active NrfA is associated with the ability to reduce sulfate
in the presence of nitrif@reene et al., 2003 Inhibition of DsrAB by nitriteis therefore
thought to bat least partiallypvercome by the upegulated expression of NrfHA, the
periplasmic nitrite reductase Df vulgaris in the presence of nitrif¢glaveman et al.,
2004 He et al, 2009. The &pression of this enzyms also upregulated in the

presence of nitrat@He et al., 2010awhich suggests that nitrite might be produced in
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pure cultures obD. vulgarisstressed by nitrateTherefore, any fitness profiling &.

vulgaristo probe nitrate stress mustlude nitrite stres asa control. It is also necessary

to control for osmotic stress respons#ss not surprising that when 105 méédium

nitrate was added to the medium, the resulting expression profile had some overlap with
the expression profile d@. vulgariscultures with250 mM sodium chloride added to the
medium(He et al., 2010a It was propose@He et al., 2010athat nitrate stress responses
are a combination of nitrite stress responses and osmotic stress responses. ltwvever,
same authors also proposegdren tre rather minimal overlap dfhese expressn profiles

with the nitrate profile, that unique stress responses alsoevolved. In contrast to the
often confusing result oroffidimrges ciamn ed If efc
the contribution of eachacterialgene to the ability afhe cell to survive and grow in a
particular conditior{Deutschbauer et al., 201Deutschbauer et al., 2014t is ahigh-
throughputmutant screen. Because of this, fitness profiling is a rapid toadli¢calate
differences irtheresponses db. vulgaristo the presence of nitrateitrite, andosmotic
stresses. The results of fitness profiling can then be followashdigonfirmeadwith in-

depth analysis of isolatedutants.

Analysis of individuaimutantss necessary because of the potential interfering
effects of poolingnutants. It is possiblelue tothe exchange ahetabolic products a
population ofdifferentmutants thata singlemutant might have different growth
phenotypes in pooled \ars isolated growth conditioBierce et al., 2007
Furthermore, transposon mutant phenotygressometimes different frodeletion
mutant phenotypes. This is becaageansposomsertionmay not fully inactiate the

gene it interrupts, or it majisrupt the expression of downstream genes in a polar effect
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(Baba et al., 2006 It is thereforadeal to make an Hramedeletionof the gene for

mutant studies. @nplementation of the deleted gene on a stable pla&aitk et al.,

2010 or integrated into the genome its@Marks et al., 209)3s then undertaken to

restore the original phenotype to the bacterilesbration of the parental phenotype
confirms that the phenotype of the mutant was specific to the inactivation of the gene of
interest. Mutant and complementexirains can thebe grown individually andubjected

to appropriatebiochemical analyses. Theaealyses allow for hilepth knowledge that
supports and confirms the hypotheses that can be generated by fitness piofiling.

way, mutant analysiand fitness profilingf this kind canwork together to elucidate
molecular mechanisnm(®eutschbauer et al., 20f 5uch as those oitrate and nitrite

inhibition and resistance.
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I. Introducti on

Sulfatereducing bacteria are environmentally and industrially significant
microorganisms that use sulfate as a terminal electron acceptor in anaerobic respiration.
These anaerobes produce sulfide as the end product of sulfate resfifasigate,

1984). Sulfide is toxic to most organisniSaffrey and Voordouw, 20)0and its
production causes oil souring in the petroleum industigthelm et al., 1991Sunde et

al., 1993. Despite the undesirable features of this metabolic endipr,d8RB have been
exploited in studies of heavy metal bioremediafitiang and Fan, 20081artins et al.,
2009 because of the ability of sulfide to form insoluble complexes with heavy metals
(Jalali and Baldwin, 2000 SRB also precipitate heavy metals by directly changing the
metal redox state to a less soluble f¢travley et al., 1993a ovley et al., 1993pLloyd

et al.,1999 Chardin et al., 2003 The metabolism of SRB is studied, therefore, to
understand how to miniize the detrimental economic effects of these bacteria and to
maximize their positive metabolic traits.

Such traits have been studied extensive®Rasulfovibrio vulgaridHildenborough
(DvH), a model SRB with a sequenced gendhheidelberg et al., 2004 DvH has been
examined under a variety of stress conditions, including elevated (titatet al., 2006
Bender et al., 20Q0r nitrate concentration®edding et al., 20Q61e et al., 2010a heat
shock(Chhabra et al., 2006high salt{Mukhopadhyay et al., 20Q6le et al., 2010}
oxygen(Mukhopadhyay et al., 200,7or electron donor depletid€lark et al., 2006

The data obtained help in the prediction of responses of SRB in heavy metal
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contaminated sites, which also contain many chemicals that inhibit these bacteria. For
example, nitrate concentrations can be greater than 100 mM at US nuclear weapon
complexeverseen by the Department of Ene(@yeen et al., 20)2and these waste
sites are also contaminated with heavy mdikey and Zachara, 1992 High nitrate
inhibits the growth of DvHHe et al., 2010a Although some SR can also use nitrate
as a terminal electron accep{dtcCready et al., 19§3nitrate is successfully used by the
petroleum industry to control the growth of SRB and the oil sguhat their sulfide
production causeSunde and Torsvik, 20D5 The mechanism of nitrate inhibition of
SRB is sill unclear. In the environment, at least part of the inhibition by nitrate is
indirect: nitratereducing, sulfideoxidizing bacteria produce nitrite that is toxic to SRB at
much lower concentrations thanitrate(Haveman et al., 2005le et al., 2006
Furthermore, in oil wells, hetotrophic nitrateeducing bacteria can compete with
sulfatereducing bacteria for volatile fatty acid electron donors, further reducing the
production of sulfidéGrigoryan et al., 2008 However, nitrate is ab inhibitory to DvH
in the absence of nitrateducing bacterigReddinget al., 2006He et al., 2010a

It has been suggested that this pure culture nitrate inhibition is also aofestrite
stress, since DvH itself may produce small amounts of nitrite frorspecific reduction
of nitrate(Wall et al., 200Y). In addition, high concentrations of nitrate could potentially
induce anonspecific osmotic shock response in the bacfévall et al., 200Y.
However, microarray data reveal few common gene expression changes among nitrate,
nitrite, and sodium chloride stress conditigHg et al., 2010a He et al. suggested that
unique nitrate stress responses might account for these discrejbiecetsal., 2010a

Understanding the mechanism of nitrate inhibition of DvH and the genes involved in the

19



nitrate stress response should facilitate tieeligtion and monitoring of the effectiveness
of bioremediation strategies that employ SRBizen and Stahl, 206

Past studies of the mechanisms of nitrate stress responses in DvH have relied
primarily on transcript analyséble et al., 2010pand protein determinatigiiRedding et
al., 2006 techniques. However, mutant arsyis a more reliable method of
determining gene essentiality in a particular stress condfioce et al., 2013 Fitnes
profiling of many mutants en masse is a kilgtoughput approach complementary to
classical genetic techniques that has allowed rapid annotation of(@engschbauer et
al., 201). In this study, we used random transposon mutant fitness profiling in two
completely sequencdtieidelberg et al., 2004Hauser et al., 20)Imodel SRB,
Desulfovibrio alaskensi&2 0 ( A G2 0, 0 Desulfavierio degulfucicar&R0¢ d
and DvH, to probe the molecular mechanisms of their nitrate stress responses. Because
58% of G20 genes (1954/3371) are also present in DvH, which has 3503 genes

(http://www.microbesonline.oryy/we predicted that the strains would have similar t@tra

stress responses. Therefore, pools of DVH and G20 transposon muitfantsitations
saturating the nemssential genes undermrpassive growth conditions wesealbjected to

high concentrations of nitrate. Illumina sequencing or microarrays wereasezite

the transposons in mutants surviving the nitrate exposure and, by comparison with
mutants not exposed to stress, to identify genes essential for survival in high nitrate.
Generally, those mutants lost from the stress treatment represent gesesumotions

are needed for stress survival. From the fitness profiling reported here, surprisingly we
identified mutants with dramatically increased fitness in nitrate stress conditions that we

further analyzed in pure cultures. Howewbe same mutains did notonfer resistance
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to nitrite. These results confirmed the predicted existence of unique-néss&ance
mechanismgHe et al., 2010aand suggested that environmental models of nitrate
inhibition requireexpansion.

[I. Materials and Methods

Il.LA. Strains and media
The strains used ithis study are listed in Table 2.1All DvH and G20 strains were
grown in defined MOLS4 medium [MO Basal Sdlfane et al., 20)0vith 60 mM
sodium lactate and 30 mM sodium sulfat€he medium used to grow DvH cultures was
reduced with 1.2 mM sodium thioglycolate; whereas, the medium for G20 was reduced
with 0.38mM titanium citrate. DvH and G20 manipulations, including setup of growth
kinetic studies, were done at about 25°C in an anaerobic growth chamber (Coy
Laboratory Products, Inc., Grass Lake, MI) with an atmosphere of approximately 85% N
and 5% H. Optical densities (600 nm) were determined with a Genesys 20

spectrophotometer (Thermo Scientific, Waltham, MA).
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Table 2.1 Strains and plasmids used in this study

Strain or Genotype or relevant characteristic8 Source and/or
plasmid reference

E. coli

U-Select F decR endAl recAl relAl gyrA96 hscR17(k, M) SugE44thi-1  Bioline
(Silver phoA IpZYA-argF ) U1l 6 acZigMAL 5 &
Efficiency)

D. alaskensis

G20

Spontaneously nalidixic acigksistant derivative ddesulfovibrio (Wall et al., 1993
desulfuricang5100A lacking the endogenous cryptic-Ri8plasmid,
pBG1

D. vulgaris
ATCC 29579  Wild-type(WT) D. vulgarisHildenborough (pDV1); &U*(Parent ATCC
for GZ strains)
JW710 WT upgp(pDV1);5FU( used as fAWTO cont r(Kelleretal,
kinetics in this study; parent strain for deletions) 2009
JW3311 JW710 oD Mipouppl kim'; 5-FU° ( eexmarker exchange) This study
GZ9685 DVvU0245-773::Trb-RL27; insertion at bp 773/1110 for the gene; Wall Laboratory
Km'
GZ12997 DVU0246-111::Trb-RL27;insertion at bp 111/2235 for the gene; Wall Laboratory
Km'
GZ2640 DVU0247-211::Trb-RL27;insertion at bp 211/360 for the gene; Kiwall Laboratory
GZ12015 DVU0250-427::Trb-RL27;insertion at bp 427/588 for the gene; Kiwall Laboratory
GZ10694 DVU0251-80:: Trb-RL27;insertion at bp 80/963 for the gene; 'Km Wall Laboratory
GZ2179 Genome position 658487::BfRL27; insertion at intergenic region Wall Laboratory
327 bp upstream of VIMSS209534, DVU0590; Ki@ontrol strain
for transposon mutant growth kinetics)
Plasmids
pMO719 PCR8/GW/TOPO containing SRB replicon (pBG1):;Sp (Keller et al.,
source of Spand pUCori fragment formarker exchange 2009
suicide plasmid construction
pMO746 uppin artificial operon witmptand Ap-pUC ori; P,,-nptupp; (Parks et al.,
Km'; 5-FU®, for marker exchange suicide plasnishstruction 2013
pMO9075 pMO719 containing B for constitutive expression of (Keller et al.,
complementation constructs; pBG1 stable SRB replicon; Sp 2011 Keller et
al., 2013
pMO3311 S@ and pUCori from pMO719 plusi630 bpupstream and590bp  This study
downstream DNA regions from DVUQ916e) flanking the
artificial operon of B-nptuppfrom pMO746; formarker exchange
deletion mutagenesis; Sgnd Km
pMO3313 pMO9075 with DVU0916 1ex) constitutively expressed fromJ?  This study
pRL27 Tn5-RL27 (Kni-oriR6 K) delivery vector; for transposon (Larsen et al.,
mutagenesis of DvH strains 2002

%Km, kanamycin; Sp, spectinomycin; Ap, ampicillin; 5FU, 5-flu orouracil;
super scr i pitesistamceor gensitivitys 0 ,
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[1.B. Growth kinetics
Growth kinetic stugks with wild-type G20 were carried out as described below for the
G20 fitness profiling, with the following exceptions: No kanamycin was used with the
wild-typecells, and each wiltype G20 freezer stock was pelleted to reduce carryover of
glycerol used as the cryoprotectant before inoculation of starter cultures. For all DvH
growth kinetics, 5mL MOLS4 cultures (with 1.2 mM sodium thioglycolate) were started
by inoculation with the pelleted cells from a freezer stock. Geneticin (G418) sulfate (400
pg/mL) or spectinomycin dihydrochloride pentahydrate (100 ug/mL) were added to DvH
cultures where indicated. Each condition tested was prepared as 14.5 mL otéabcula
culture plus 1 mL deionized water (for fAno
(sodium nitrate, sodium nitrite) dissolved in deionized water. Aliquots of 5.1 mL from
this 15.5 mL culture were grown as triplicates iRr@lZ anaerobic tubes, eachppeed
with a butyl rubber stopper and grown at 34°C. All G20 and DvH inocula were grown to
late exponential or stationary phase. 100 mM sodium nitrate was used for experiments
with DvH, compared with 150 mM for G20 experiments, due to the greatstigigy of
DvH to nitrate. With a few exceptions, glowth kinetics egerimentsvere repeated at
least twice withriplicates in each experiment. Triplicate growth experiments for the
DVU0250 transposon mutant and intergenic control transposon mutaninespesrwere
done once. Trex mytdnt incthee presenceoof nitritehwere aso grown

once.
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II.C. G20 transposon mutant fitness studies
Fitness data were collected with two pools of G20 transposon insertion mutants (4,069
and 4,056 muaints,respectively) that aréescribed in ma@ detailelsewheréKuehl et al.,
2014). Briefly, 1174 strains are present in both pools, leaving 6951 strahare
present only once in the complete library. 498 genes are represented only once in the
library. 571 genes are represented twice in the library; that is, either a single strain is
present in each of the pools or two different strains with a transpasertion in the
same gene are present in the library. 1,341 genes are represented in the library three or
more times. A total of 2410 unique genes and 212 unique intergenic regions are
representedThus, about 71% of G20 genes are representee ilibttary, providing
excellent coverage of nonessential genes. Transposon insertions were mapped to the
genome by a twastep arbitrary PCR as described previo€liz et al., 2010 Each
mutant has a "TagModule" that contains two different variable segments, an "uptag" and
a "downtag(Oh et al., 201 Within each pool, each strain has a unique TagModule, so
that the abundance of the TagModule is a proxy for the abuadduticat strain.Only
the uptags are ampl i fi e4d69fstraiosgmd onlyéhe Aupt ag
downt ags are amplified #056strainsimpliffeditaggnt a g
from both pools can be hybridized to the same array becalsere tag (up or down)
from a TagModuldas been shown to Inecessary for accurate quantification of strain
abundance and there is no overlap of tags in the two f©blst al., 2010Deutschbauer
et al., 201} Each pool was grown overnight to latedathmicphase (Olgy about

0.87) inabout 10 mL MOLS4 medium amended with titanium citrate (0.38 mM) as
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reductant and kanamycin (800 pg/mL). 750 pL of each pool was added to 15 mL
MOLS4 + 1650 pL sterile MO Basal salBane et al., 200)®r salt (sodium nitrate,
sodium chloride, etc.) dissolved in MO Basal Salts. Each amended medium plus mutants
(17.4 mL) was aliquoted into three-B1L anaerobic tubes, about 5.8 mL per tube, each
capped with a butyl rubber stopper and grown at 34°C. Mitrecultures had reached
stationary phase (Qfgy>1), 0.5 mL from each control or stress condition was pelleted
and processed as described previously; that is, genomic DNA was extracted
(Deutschbauer et al., 201 -nd the uptags and downtags were PCR amplified,
hybridized to an Affynetrix 16K TAG4 array, and scann@éierce et al., 2007 The
number of doublings of the population was estimated by using the doubling;ypt®@D
approximate dobling of the cell population.

Fitness data for G20 were analyzed as described for similar experiments with
Shewanella oneidendidR-1 (Deutschbauer et al., 20 vith slight modificationgPrice
et al., 2013 Briefly, strain fitness dg( END/ START) , where those
and ASTARTO) ar e av especifcuptagaridddwhtaglpgene | oc a
intensities. Mutant strains with low START values were excluded, leaving
measurement®r 3726strains in Pool 1 an8865strains inPool 2. Strain fithess was
normalized across the genome so that the median was 0; this was done separately for the
two pools. Since a gene could be mutated at different sites, gene fitness was calculated as
the average fitness of strains with mutationa particular gene. Gene fithess was
normalized to remove the effect of chromosomal position on gene fithess atdHe s
mode of fithess values ero, as previously describ@@rice et al., 2013 One

difference from the previously described proto@tiice et al., 201)3wvas that only one
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Affymetrix chip was used per experiment;-@md downtags wereybridized to thesame
array. The z scores wermomputel as describegdreviously with control experiments for
G20(Priceetal.,2003The results of the AMOLS4 no
the LS4D controls described previougBrice etal., 203 i ncl udi ng si mi
auxotrophs that would be expected in a defined medium when compared with lactate
sulfate medium containing yeast extract. Two quality metrics were used for each
experimemn Strain correlatioiiTable 2.2 is the correlation of the strain fithess values for
the same strains between the two podDperon correlation (Table 2i8 the correlation

of gene fitness values between adjacent genes predicted
(http://www.microbesonline.oryto be in thesame operon. The low quality metrics for
the sodium nitrate and potaa® nitrate conditions (Table 2.2eflect the predominance

of a few strains in the culture; essentially only the data for these few strains is
biologically meaningful, while the majity of strains did not have the opportunity to
grow at all before the culture reached stationary phase. The congietieom these
experiments aravailable ahttp://www.microbesonline.org/

Table 2.2 Quality metrics for D. alaskensig520 fitness profiling experiments

Experiment Strain Correlatioh Operon Correlatich
No stress Control 0.650 0.416
150 mM Sodium Nitrate 0.311 0.377
150 mM Potassium Nitrate 0.317 0.393
150 mM Sodium Chloride 0.843 0.490
150 mM Potassium Chloride 0.907 0.493
0.25 mM Sodium Nitrite 0.659 0.409

®The correlation of the strain fitness values for the strains present in both pools: 1091
strains measured

®The correlation of gene fitness values between adjacent genes predicted
(http://www.microbesonline.oryyto be in the same operon
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[I.D. DvH TnLE -seq fitness studies
This nitrate resistance study was one of five multiplexed TsgdEpools that were part
of a protocol described elsewhéFels et al., 2013 One advantage of this method is
that individual mutants do not need to be isolated and confirmed, as in a catalogued
library. They also do not need to be frozen en masse and recovered from the freezer.
Rather, hundreds of thousands of unique transposiations are created by conjugation
at the beginning of each experimeiithe only experimental difference between this
study and those published was the addition of 100 mM nitrate to the MOLS4 defined
medium for growth of the mutant pool. As expectecakgithe strong stress of 100 mM
nitrate, this pool was delayed by about 92 h in reaching aj0©D0.4 compared with
only about 40 h in the defined MOLS4 medium without nitrate. However, the nitrate
pool was harvested and the fitness values were detinmpreviously describégels
etal., 201R The total number of cells in the final 500 mL culture (1 ¥ télls) was
determined by plating for individual aoly-forming units, as previously describ@eels
et al., 2013 The number of doublings of the culture was estimated by assuming that
only the genes with leditness scores >0 (38 genes) contributed significantly to the final
population. Therefore, the number of unique insertions in these genes (1904) was
considered to be number of cells in the starting pool. The complete data from these
experiments are availabé http://desulfovibriomaps.biochem.missouri.edu/fitness/

[I.E. Plasmid and strain construction
Genomic DNA from DvH was isolated with théizard® Genomic DNA Purification Kit
(Promega, USA). Plasmids were isolated from I&otholiand DvH with the GeneJET

Plasmid Miniprep Kit (Fermentas, Thermo Scientific, Glen Burnie, M{ll)primers
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were obtained from Integrated DNA Technologies (Coralville, IA). The pMO3311 and
pMO3313 plasmids were constructed by Sequeaice Ligationindepemient Cloning

(SLIC) (Li and Elledge, 2007 PCR products from tempéaplasmids were agarose -gel

purified to reduce transformation of the parent plasmid. All products were cleaned with a
Wizard® SV Gel and PCR Clearp System (Promega, USA) before the SLIC

procedure.The plasmids were constructed by amplification of Didgions(Table 2.3)

with Herculase 1l polymerasdgilent cat# 60067§ as previously described for a similar
procedurgParks et al., 2013 DNA products were transfor m
SelectE.colicells (Bioline) and plated on solidified LC medi#@ane et al., 2010

Electroporation procedures were similar to those previously des¢Hleddr et al.,

20l)wi t h el ectroporation parameters 1500 V,
overnightafter electroporation were plated on MOYLS4 with 1.2 mM thioglycolate as
reductant and about 0.2% (wt/vol) yeast extr&eguence confirmation of the mutagenic
cassette and the complementing gene was performed at the University of Missouri DNA

Core Facility bttp://www.biotech.missouri.edu/dnacore/

Il.F. Nitrate determination
A scaleddown version of a previously described colorimetric met{@ataldo et al.,
1975 was used to determine nitrate concentrations. Briefly, 200 uL of salicylic acid
solution (1g salicylic acid dissolved in 20 mL of approximately 98% [vol/vol] sulfuric
acid) was added to each 25 pL sdenthat had been diluted -28ld in deionized water.
This was mixed and incubated 20 min at room temperature and then 4.75 mL of 2M
NaOH was added to each tube. Absorbance at 410 nm was measured with a Genesys 20

spectrophotometer (Thermo Scientific, lam, MA). R for a standard curve was
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> 0.99, instrument detection limit 0.1 + 0.1 mM.

[1.G. Protein determinations

Whole cell protein concentrations were determined with the Bradford ¢&ssdford,

1976 with bovine serum albumin as the

standard. Absorbance at 595 nm was measured

with a Genesys 20 spectrophotometdrgiino Scientific, Waltham, MA).

Table 2.3 Primers used for PCR amplification, Southern probe generabn and

sequencing inD. vulgaris

Primername | Pr i mer s e3gu) ( Application
DVU0916'1 | GCCTTTTGCTGGCCTT| For amplification of DVU0916 upstream
TTGCTCACATGATGCT | region from gDNA withDVU0916-2
GAGAAGTTCGGTCCG | primer to make pMO3311. Underlined
AAG portion used as overhang for SLIC with
Sg,pUC ori fragment (SpecRpUR).
Amplification of Southern probe for
confirmation of DVUQ0916 deletion.
forward
DVU09162 | GCGACAAGATATTCG | For amplification of DVU0916 upstream
GCACCAAGTAAG from gDNA with DVUQ0916-1 primer to
CGTTCGTTAACTTCAC | make pMO3311.Underlined portion used
TTTTTGCAATGCAC as overhang for SLIC witKm', upp
fragment (UppCterm). Amplification of
Southern probe for confirmation of
DVUO0916 deletion. reverse
DVU09163 | GCGCCCCAGCTGGCA | For amplification of DVU0916
ATTCCGG downstream from gDNA witibVU0916-4
CTGGAGCGTGAACGC | to make pMO3311.
CTCC Underlined portion used as overhang for
SLIC with Km', uppfragment
(KanPromNterm).drward
DVU09164 | GTCGAGGCATTTCTGT| For amplification oDVU0916
CCTGGCTGG downstream regiofrom gDNA with
GATTTCATGGGCCCC | DVU0916-3 primer to make pMO3311.
GATGTATTGG Underlined portion used as overhang for
SLIC with Sp,pUC ori fragment
(SpecRpUCGF). reverse
SpecRpUGF | CCAGCCAGGACAGAA | For amplification of Spand pUCori from
ATGCCTCG pMO719 to make pMO3311. Used as
overhang for SLIC. forward
SpecRpUGR | ATGTGAGCAAAAGGC | For amplification of Spand pUCori from
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CAGCAAAAGGC pMO719 to make pMO3311. Used as
overhang for SLIC. reverse
KanPromNte | CCGGAATTGCCAGCT | For amplification of Knhhfrom pMO719 to
rm GGG to make pMO3311. Used as overhang fo
SLIC. forward
UppCTerm | CTTACTTGGTGCCGA | For amplification of Knhfrom pMO719 to
ATATCTTGTCGC to make pMO3311. Used as overhang fo
SLIC. reverse
SpecRpUE | GGGAAACGCCTGGTA | For colony PCR, screen of and sequenci
up TCTTTATAGTCCT upstream region of pMO3311 deletion
cassette. forward
pMO719Xba | TGGGTTCGTGCCTTCA| For colony PCRscreen of and sequencin
[-Dn TCCG downstream region of pMO3311 deletior
cassette; also for sequencing
complementation constructs. Sequencin
primer to confirm inserts into pMO9075
for complementation of DVU0916
(pPMO3313). reverse
Karrint-Fwd- | CTCATCCTGICTCTTG | For sequencing downstream region of
rev-comp ATCAGATCT pMO3311 deletion cassette. forward
DvH-Upp GCTGAAGCGCATCGT | For sequencing upstream region of
gene Cterm | GGACAA pMO3311 deletion cassette. reverse
out
pBG1-2199 | GCTGAAAGCGAGAAG | Sequencingrimer to confirm inserts into
F AGCGCAC pMO9075 for complementation of
DVU0916 (pMO3313).
DVU0916 CCTACGGCCAACGTC | Sequencing primer to confirm upstream
UP-int-F AACACCAAC region of deletion cassette of pMO3311.
forward
DVU0916 GTTGGTGTTGACGTTG| Seaencing primer to confirm upstream
UP-int-R GCCGTAGG region of deletion cassette of pMO3311.
reverse
DVU0916 GGATAGCGTGACATT | Sequencing primer to confirm downstrea
DWN-int-F | CCCGGACGTG region of deletion cassette of pMO3311.
forward
DVU0916- | CACGTCCGGGAATGT | Sequencing primer to confirm downstrea
DWN-int-R | CACGCTATCC region of deletion cassette of pMO3311.
reverse
SLIC- AGGTTGGGAAGCCCT | For amplification of DVU0916 to make
DVU0916 GCAATGCAGTCCCAG | pMO3313complementation construct.
compF GAGGTACCAT Underlined portion used as overhang for
ATGACCAACATCAAA | SLIC assembly with pMO9075 fragment.
AGCGAACACATCC forward
SLIC- GATCGTGATCCCCTG | For amplification of DVU0916 to make
DVU0916 CGCCATCAGATCCTT | pM0O3313 complementatioronstruct.
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compR GCTATTTGTTGCGCGA| Underlined portion used as overhang for
GAACGTGATGTT SLIC assembly with pMO9075 fragment.

reverse

pMO9075 CAAGGATCTGATGGC | For amplification of pMO9075 fragment

SLIC-F GCAGGG for SLIC to make pMO3313
complementation construct. forward

pMO9075 CTGGGACTGCATTGC | For amplification of pMO9075 fragment

SLIC-R3 AGGGCTTCCCAACCT | for SLIC to make pMO3313
complementation construct. reverse

[ll. Results

lll. A. Regponse of DvH tonitrate exposure

It has been reportgélias et al., 2009He et al., 2010ethat DvH cells can grow rapidly

and abundantly after a long lag phase in high nitrate concentrations. lhg@sry

however, whether this rapid growth was due to elimination of the toxic nitrate, some

modification of cell metabolism allowing adaptation to the continued presence of nitrate,

or outgrowth of preexisting nitratesistant mutants. Furthermore, @swnot known

whether the cells that grew in nitrate had a growth advantage over naive cells when

subcultured into a fresh medium amended with mtrato test this, JW710 (Table 2.1

the parent for making marker exchange and markerless deletion gkieliles et al.,

2009, was used. JW710 will therefore be referred to as thetyple control for all DvH

growth kineticsm this study. This wildype control was grown in lactaseilfate

medium amended with 100 mM niteafFig. 2. ).
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Figure 2.1 Growth and subculture of wild-type D. vulgarisHildenborough (JW710)

in lactate-sulfate medium with inhibitory nitrogen species. (A) Growth of DvH with

no additions (3) or (Bl GrowthroNDvH sulztultured fromi t r at e
original 100 mM nitrate cul tloOmMsaim wn i n p
nitrate (0) .-6.5%\wlvol)anvculanaete eided for e original culture

and subcultures. Readings reflect averages of three samples, and errors bars show

standard deviations.

It was determined that, at the end ofwgtimin the presence of 100 mM nitrate, no
gross consumptioaf nitrate was detected (Table R.4The persistence of the nitrate
suggested that the ability of DvH to grow in the presence of 100 mM nitrate was due to
adaptation to nitrate or outgrowth ofessppaneous mutants, rather than a detoxification of
nitrate itself. To further confirm this lack of nitrate metabolisnitrite was measured
(American Public Health Association, 193furing the lag/inhibition phase for JW710
cells exposed to 100 mM nitrate and the nitrite concentration was below 15 + 5 uM (data
not shown). This nitrite concentration is below the concentration (40 uM) reported to
inhibit plated single colonies @. vulgaris(Haveman et al., 2004 Thus, secondary

production of nitrite is not likely the cause of nitrate sensitivitybegin to test whether
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the nitrate adaptatiowas due to a reversible gene regulation or to successful growth of
spontaneous mutants in the culture, nitadapted strains were subcultured back into
medium with or without nitrate. We found that nitrateessed cultures grew without a
prolonged lg and maintained nitrate resistance when subcultured into fresh medium with
100 mM nitrate (Fig2.1B). This resistance continued over the course of three
subcultures (data not shown). Further, even niedestant cultures that were

subcultured into dium lacking nitrate retained nitrate resistance when subcultured back
into 100 mM nitrate (data not shown). As with the original exposure to nitrate, no gross
consumption of nitrate was observed over the course of thelsubsyTable 2.} We
suggesthat spontaneous mutations in the culture lead to increased nitrate resistance of
some cells which then predominate in the population.

Table 2.4 Nitrate concentrations from stationary phase culturés. eiilgaris
Hildenborough grown in MOLS4 medium amended as indicated

Subculturé Inoculum History Amendment [NO31°in mM
0-A° Lactate/SG none not measured
0-B° Lactate/SQ" 100 mM NQ 101 + 3

1-A¢ From 0GB none 8+1

1-B¢ From GB 100 mM NQ@' 102 +3

2-A From 1B none 612

2-B From 1B 100 mM NQ@' 99+1

3-A From 2A none not detected
3B From 2A 100 mM NQ@' 101+7

3-C From 2B none 8+2

3-D From 2B 100 mM NG’ 103 +5

4nocula were 6.5% (vol/vol)
PConcentrationsletermined from triplicate determinations with standard deviations
shown
“Growth curves in Fig2.1A
dGrowth curves in FigR.1B
[11.B. Fitness profiling with G20
To test what mutations might be causing this nitrate resistance, we employed transposon

mutant fitness profiling. A catalogued transposon mutant library, which enables high
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throughput phenotypic screening, had been generated in G20 prior to that produced in
DvH (Price et al., 2013 Each mutant straimithe library is identified by two unique
DNA barcode sequences or At d@Qhsetab20the Aupo
Deutschbauer et al., 201L1Strain abundance is measured by reading the abundance of
the barcodes through fluorescence in microarrays madietéat the barcod€PRierce et
al., 2006 Pierce et al., 20Q7

We predicted that comparison of fitness profiles of nitated nitratestressed G20
cells would reveal mutants with responses unique to nitrate. That is, fitness profiling in
the twoconditions would allow us to see which mutants differentially increased in
relative abundance during a pooled growth competition and which decreased. The fitness
of a particular strain is calculated asJof the ratio of the relative abundance of the
strain after growth competition to the relative abundance of the strain before growth
competition. Therefore, if the relative abundance of a particular strain in the pool
remained the same before and after stress, its fitness would be equal(@lzetal.,
2010:

AAOAII AAROT 8B QOAGIAIA AIE@OD®A OO

&EONADONOOATIA CrrsATEAGT AB OEBRAPOEIBDOA OO

If a strain decreased in relative abundance after the stress condition because it was
outcompeted or unable to cope with the stress, it would havevee(ed) fitness. If its
relative abundance increased, it would have positive (>0) fitness. For the pools, the
fitness calculated for a particular gene,
log, of the average fitness of strains with atation in that particular gene.

The G20 pools were grown in lactaelfate medium amended with 150 mM NaiNO
150 mM KNG;, 150 mM NaCl, 150 mM KCI, or 0.25 mM NaNONaCl and KCI
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conditions were osmotic controls; KN@s. KCl allowed a control for aniaspecificity.
Concentrations of 150 mM nitrate and 0.25 mM nitrite were chosen because these
concentrations severely but not completely inhibited \tyijge G20 (Fig2.2A and B).
Since a long lag phase had been observed before exponential growthtesiéssed
cultures of both DvH and G20 in lactegelfate conditions (Fig2.1A and2.2B), it was
reasonable to hypothesize that spontaneous mutants Hypddultures were selected in

the population after the lag.

A. B.

0O D6OO
©) D600

0.1 + T T T T ' 0.1 + T
0 25 50 75 100 125

Time (h} © P e
Figure 2.2 Growth of wild -type D. alaskensig<520 in lactatesulfate medium with

100 125

inhibitory nitrogen species. A)Gr owt h of G20 with no addi

ti

(

nitrate (1), or 180 Qrodvatshs i awfm G2 Q& rwaitteh (nyo . e

0.25 mM s odi Approximatelyr4i5% e/ol/\folp inocula were used. Readings

reflect averages of three samples, and errors bars show standard deviations.

Therefore, this hypothesis was confirmed when we found that, in the transposon
mutant pools, several mutant strains pradchated in cultures growing in the presence of
nitrate Tables 2.5 and 2)6 That is, transposon insertion conferred a growth advantage,
and therefore a high fitness, on these patrticular strains in the nitrate stress condition. The
top ten genes interpted in the strains that grew abundantly in sodium nitrate had fithess

values (mean log ratios) greater than 2 in that condition, but fitness values less than 0.25
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in sodium chloride, potassium chloride, sodium nitrite, arttierabsence of stress (Table
2.6). In contrast, interruption of those same genes was advantageous in both sodium
nitrateand potassium nitrate (Table R.85rowth of the mutants in both salts of nitrate
supports the specificity of the nitrate anion as the driver for selections#f tasistant
mutants. The interrupted gene conferring the highest fitness in sodium nitrate was
Dde_2702Table 2.5, a gene annotated as encoding Rex, a redasging regulatory
protein(Ravcheev et al., 20)2 Particularly surprising was the high fithess conferred by
mutation of a cluster of poorly annotated geiae 0597 through Dde_0605, hereafter
cal l ed t he . @oththerexagene and theungrdteeclusterdble 2.9 have
homologs in DvH. Because of these homologies, including shared synteny of the nitrate
cluster in G20 (Fig2.3), it seemed reasonable that mutations of the homologs in DvH

would confer similar nitrateesistanphenotypes.

D. alaskensis Gene Cluster (Dde_#
| 0597 | 0598 >| 0600 | 0601 | 0602 | 0603 0604 I 0605 >

| 0251 | 0250 I 0249 | 0248 I 0247 >| 0246 | 0245 >
Aligned Homologous D. vulgaris Gene Cluster (DVU#)

Figure 2.3 Desulfovibrionitrate resistance gene clusterOperon predictionsverefrom

http://microbesonline.ofgboxes represent predicted genes, arrows indicate direction of

transcription, and contiguous boxes ending in an arrow repnasshicted operons
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Table 2.5 Desulfovibriogenes interrupted in strains with high fitness in lactatesulfate conditions amended with sodium nitrate

G20 | fitness' | DvH fitness | Annotations

gene homolog

(Dde) (DVU)

2702 | 4.23 0916 3.81 AT-rich DNA binding protein (COG2344); Transcriptional repressor, resmsing, Rex
(IPR022876)

0597 | 2.25 no No data | Uncharacterized protein conserved in archaea (COG2043); Protein of unknown funct

homolog DUF169 (IPR003748)

0598 | 3.01 0251 11.44 | Transmembrane protein TauE like (IPR002781); predicted permease(730); sulfite
exporter TauE/SafEpfam0192%

0600 | 2.88 0250 -5.82 Conserved hypothetical protein

0601 | 3.51 0249 3.86 PtxB, putative (http://microbesonline.org/); AB@pe phosphate/phosphonate transport
system, periplasmic component (COG3221); outer memiasseciated homodimer
(Walian et al., 201p

0602 | 2.34 0248 1.43 Signal transduction histidine kinase (COG5002); PAS fold (IPR013767); ATliRase

(pseude ATP-binding domain (IPR003594); HAMP linker domain (IPR003660); PAC motif
gene) (IPR001610)

0603 | 3.08 0247 9.14 Signal transduction response regulator, receiver do(fRIRD01789); Che¥ike
superfamily (IPR011006); ntrX (http://microbesonline.org/)

0604 | 3.41 0246 2.18 Pyruvate phosphate dikinase, PEP/pyrwmteling (IPR002192); PERtilizing enzyme,
mobile domain (IPR008279); ATgrasp fold, subdomain 1 (IPR01381B);P-grasp fold,
subdomain 2 (IPR013816)

0605 | 2.08 0245 | -6.04 | proteintyrosine/Dualspecificity phosphatase (IPR000387)

dog arcode microarray sf 'gfi?na§§s (f)fét%ﬂbncafthzi’seaééoecruItﬁréé arSO\Sivn for about 3.3 doublings (about 63 hours) in

barcode microarray sidgna from ce S prior to stress

lactatesulfate medium amended with 150 mM sodium nitrate
n 7 M - -1-1—""[ i
hours) in lactatesulfate medium amended with 100 mM nitrate

Ylo g

; fitness determined frominitlog phase DvH cultures grown for about 25.5 doublings (92



Table 2.6 D. alaskensig<520 fitness profiling results in lactatesulfate medium with top ten fitness scores in sodium nitrate compared

with other amendments

150 mM 150 mM 150 mM 150 mM 0.25 mM
Sodium Potassium Sodium Potassium Sodium
No Stress Nitrate Nitrate Chloride Chloride Nitrite
Mean Mean Mean Mean Mean Mean
Gene Log, |Z Log, | Z Log, | Z Log, |Z Log, | Z Log, |Z
(Dde ) | Annotation Ratid® | Score | Ratio | Score | Ratio | Score | Ratio | Score | Ratio | Score | Ratio | Score
2702 | Rex, DNAbinding protein| -2.05| -3.07| 4.23| 3.33| 4.51| 3.42| -1.57| -3.63| -1.43| -3.88| -1.63| -3.05
phosphate/
phosphonate transport
0601 | system, putative -0.04| -0.11| 3.51| 3.86] 3.53| 3.66| -0.10| -1.39| -0.05| -1.15| 0.06| 0.42
0604 | PEP/pyruvate binding
2 domain protein -0.11| -1.08| 3.41| 3.80| 3.42| 3.80| 0.01| 0.20| 0.07| 0.81| -0.02| -0.04
RR receiver domain
0603 | containing 0.12| 0.41| 3.08] 2.84| 3.10| 3.12| 0.06| 0.95| 0.03| 0.37| 0.08| 0.46
0598 | DUF 0.12| 1.04| 3.01| 3.49| 3.03] 3.80| 0.07| 0.88] 0.01| 0.16] 0.03| 0.35
0600 | CHyp -0.11| -0.52| 2.88| 291| 2.87| 2.90| 0.05| 0.45| -0.01| -0.09| -0.17| -0.91
1268 | Na+t/proline symporter -0.01| -0.04| 242| 271 2.36| 2.67| 0.14] 1.05| 0.05| 0.65| 0.24| 1.24
Sensory box sensor
0602 | HK/RR, putative 0.21| 0.92| 234| 191| 294| 2.66| 0.07| 0.883] 0.08] 1.03] 0.03| 0.29
0597 | DUF 0.07| 0.41| 2.25| 3.76| 2.38| 3.76| -0.03| -0.28| 0.00f 0.12| 0.05| 0.68
Dual specificity
phosphatase, catalytic
0605 | domain 0.03| 0.31| 2.08| 2.79| 2.23| 2.98| 0.03] 0.55| 0.00f 0.06/ 0.01| 0.15

#Mean Log Ratio = Gene Fitness Score = average of individual mutant fitness scores for mutations of that gene.

.. . -m tres -
Individual mutant fithesscore = log 8 o§r|19ntaﬁos ussctaorl Steoscglculate fitness scores were

barcode

micro@hAo@hkOcik§OAT &F

barcode

micro@hAoghkOske§OAl OFf 1

determined by microarray hybridization of barcode tags and nmedads described in the methods.




[1l.C. Fitness profiling with DvH
In order to test the hypothesis that both G20 and DvH used the same mechanisms for
nitrate resistance, we had the opportunity to empld§ferent highthroughput fitness
profiling method, Transposon Liquid Enrichment sequencing (fegdp). This method
(Fels et al., 201)3s based on deep sequergcof random transposon mutations to query
DvH. TnLE-seq is a modification of the HITS (Highroughput Insertion Tracking by
deep Sequencingisawronski et al., 2009Tn-seq(van Opijna et al., 2008 and
TraDIS (Transposon Directed Insertisite Sequencing)langridge et al., 2009
methods. However, the Tnk&eg method developed for DvH is especially veelapted
to oxygensensitive bacteria thatve low electroporation efficiengiels et al., 2013
The mutated culture is grown in control vs. stress conditions, and deep sequencing then
determines the almdance and location of mutations at the end of growth. Because of the
differences in methods, the calculation of fithess is also different from that of the mutant
library experimen({Fels et al., 2013 The fitness value shown below is inJBdormat,

for easier comparison with the Gg6ols:

NET OACGEATIAONET OAHEGRADAO

&QEOTABDOCAT AT C AT CGET 2T 3 AT CEEAT A O

As previously describe(Fels et al., 2013 fitness was calculated from insertions
only in the 585% region of the coding sequence of genes, as such insertions are more
likely to impair the function of gene products. As with the G20 pool described above,
negative fitness indicates a fitness defediereas positive fitness indicates that the
mutation confers a fithess advantage in that particular condition. For nitrate stress, the

transposon mutants were grown in lactsuéate medium amended with 100 mM sodium
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nitrate. As expected, the result®g/ed that mutations in a predictexk gene annotated

as encoding a transcriptional regulator (DVU0916) as well as mutations in homologs of

the G20 Anitrate clustero (DVUO0O251, DVUO0214
fitness values among the ten highesties Tables2.5 and 2.Y. In fact, mutation of

DVUO0251 led to the highest fitness valdé,44, or 278@old. Essentially, there was a
Ajackpot effecto in which a small percenta
consistent result betweelnet DvH and G20 fitness experiments. Despite these

consistencies, Hlepth, individual mutant analysis was necessary to confirm and

elucidate the results of highroughput fitness profilingDeutschbauer et al., 2011
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Table 2.7 Selected results of fithess profiling oD. vulgarisHildenborough--top ten
fitness scores in sodium nitrate compared with MOLS4

Eitness o . fitness fitness
Gene annotation inD. vulgaris score® score
MOLS4 +
gene MOLS4 | 100 mM
NO;
DVU0251 | membrane protein, putative (TIGR) 2.05 11.44
DVU0247 | response regulator (TIGR), ntrX 1.23 9.14
ABC transporter, permease protein, putative
DVUA0023 | (TIGR), atoC 0.18 6.10
DVU0249 | conserved hypothetical protein (TIGR) 0.26 3.86
DVU0916 | AT-rich DNA-binding protein (TIGR) -2.86 3.81
DVU0123 | membranegrotein, putative (TIGR) 0.80 3.01
DVU2515 | HD domain protein (TIGR) -0.09 2.95
DVUO0540 | sensor histidine kinase (TIGR) 0.75 2.77
DVU1999 | sulfate transporter family protein (TIGR) -0.80 2.20
pyruvate phosphate dikinase, PEP/pyruvate
DVU0246 | bindingdomain protein (TIGR) 0.36 2.18

NET OACEQEATIAONET OACEOHEGRADAO
TATCEET A" 1T AT CREIAT AO

These values are artificiallyinfat ed b e c aus eo(Kirtheriettala 20epo d e bl e ¢

an artifact of having both of these pools on the same IllluMiréSeq langFels et al.,

2013. A similar analysis of WD. vulgarisin MOYLS4 (MOLS4 with 0.1% wt/vol

yeast extract), unaffected by barcode bleed, resulted in fitness of 1.10 for DVU0251 and

1.75 for DVU0O247(Fels et al., 2013 As these genes are not predicted to be involved in

amino acid biosynthesis, it is expected that their fithess values in MOLS4 should be

similar to this original MOYLS4 fithess experiment.

& EQIOADIO® OCAT AT C

[11.D. Confirmation of fithess profiling with individual mutants
DvH was chosen for confirmation studies because a catalogued transposon mutant library
of DvVH was also available, iftame deletion mutants can be made with greater facility
(Keller et al., 2008 and complementation of mutants is readily accomplished. For an
initial confirmation of the physiolpi ¢ a | relevance of the Anitr
resistance, we determined growth kinetics of fwaH isolatedmutants with transposon
insertions in genes in that cluster (R¢A-E). The control strain used had a transposon

atanintergenicposio 327 base pairs upstream of a ge
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hypothetical protein, DVU0590, and, therefore, was not predicted to be involved in
nitrate stress responses. We found that the mutants with transposon insertions in
DVU0246, DVU0247, DVU0250 and DVW51 grew with indistinguishable kinetics

with or without 100 mM nitrate. In contrast, 100 mM nitrate inhibited the control and the
DVU0245 transposon mutants (FiJ4A-F). Inhibition of the DVU0245 mutant in high
nitrate is consistent with the low fitee of the DVU0245 mutant in nitrate (fithe§s04,

Table 2.5 and consistent with the inhibition of a deletion mutant of DVU0245 (data not
shown). None of the mutants grew better than the control strain in 1 mM sodium nitrite
(Fig. 2.4A-F). We interprethese results to mean that the growth advantage of these
mutants is specific to nitrate and not simply an advantage in the presence of inhibitory

nitrogen species.
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The results of the G20 and DvH fitness studiescated similar responses of
homologous genes. In the G20 results, the predieteshutant had the highest fithess
(Dde_2702). The fitness score for the Dneit mutant was also in the top ten fitness
scores, alongwithfoldv H fAnitrate ¢DW8247% DVRJ0249DVUO 251
DVU0246) mutantsTables2.5 and 2.y. However, both the DVU0245 and the
DVU0250 mutants had low fitness in nitrate, whereas mutants of their G20 homologs had
high fitness in nitrateTable 2.5. The nitrate resistance of the poolextsus the isolated
DvH mutants was also not entirely consistefte rapid growth of the isolated
DVUO0250 mutant (Fig2.4D) in the presence of nitrate was unexpected because of the
low TnLE-seq fitness conferred in the same condition by mutati@vaf0250 (Table
2.5). In addition, preliminary growth kinetic data (not shown) suggest that the
transposon mutant of DVU0248, which is annotated as a pseudogene in DvH, has little or
no growth advantage over the control strain in the presence of 100 tnait4 niln
contrast, in the pooled experiment the DVU0248 mutations conferred positive fitness in
nitrate Table 2.5. While more data will be needed either to confirm or to change the
annotation of DVU0248 as a pseudogene, we suggesinhigdr nitrateresistance
mechanisms are operating in G20 and DVHe discrepancies between pooled and
individual mutant studies confirm the need for folloy studies of higthroughput
experiments.

Such followup was pursued with gene deletion and complementatitre DvH
gene encoding the predicted transcription regulator Rex. Interruption refxthene
conferred the highest fitness in G20 but not in DVENQle 2.5. We found that a deletion

of DvH rex (DVU0916) had a clear advantage over the JW710 parant & lactate
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sulfate medium with 100 mM added nitrate (RpA and B) . Li ke the 0
transposon mutants described above (E4A-F), therex mutant is not demonstrably

resistant to nitrite (Fig2.5A and B). Interestingly, when the mamt was complemented

with rex expressed from a constitutive promoter, the phenotype in the presence of 100

mM nitrate was different from either parent or mutant phenotypesZ/&Q@). In

contrast, the parent strain witkx overexpressed appeared todbéeast as sensitive to

nitrate as the parent strain (F&§5C). The unique phenotype of the complemented

mutant may result from some of the bacterial population losing the plasmid containing

the complementerex gene, in spite of antibiotic selectiolVhile spectinomycin selects

for plasmid retention, ni t reastrangswndnuhigd sel e
nitrate. Cells containing the plasmid may produce enough of the antitmotdying

enzyme to confer sufficient resistance to allmer cells to survive without containing

the plasmid. | f rexicellscontamingtthie plasmicd shauld grawh e n  t h
slowly while those which have lost the plasmid should grow more rapidly in the presence

of 100 mM nitrate. The result woulie a population growth rate-bretween that seen for

wild-t y p erexsst.r as¢ ns . I ndeed, the nmnxsteamot ype of
exhibits this growth property (Fi@.5C). Finally, nitrate concentrations in the cultures

with empty vector orex complementing plasmids (Fig.5C and D) were measured
colorimetrically at the end of growth. As with the wilghe cultures described above,

gross consumption of nitrate was not detected for any of these strains (data not shown).

This is evidence of geme nitrate resistance in these strains. Taken together, these

growth and gene fitness data support transcriptomic predictions that nitrate stress

responses involve mechanisms independent of nitrite stress res@idastsl., 2010a
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V. Discussion

Whereagrevious report¢Bender et al., 20Q'Elias et al., 200phave revealed
mutations that led to increased sensitivity to both nitrate and nitrite, here we report the
unexpected discovery of DVH mutants with increased resistarmagate but not nitrite.

The data presented confirm thattkged el et i on and the fAnitrate
mutants, the top candidates from fitness profiling, confer resistance to nitrate in DvH.

Such resistance also developed in themoagenied DvH parental strain after

subculture from 100 mM nitrate (Fig.1B), likely as a result of the outgrowth of

preexisting spontaneous nitratsistant mutants. The lack of nitrate metabolism of DvH

is consistent with a report that 10 mM nitrate didmaticeably inhibit DvH(Haveman et

al., 2004. Furthermore, DvH has been shown to reduce n{tdéeeman et al., 2004

but not nitrate.

The ability of mutations in a subset of ressential genes to confer nitrate resistance
may in part account for the recently reported fluctuating sulfide levels produced by
sulfatereducirg bacteria in a bioreactor inoculated with oil from a Canadian oil field
(Callbeck et al.2013. In this bioreactor, sulfide production was completely inhibited
during pulses of 100 mM nitrate. However, after each pulse, sulfide production resumed,
indicating that some sulfateducing bacteria persisted in the presence of the nitrate
(Callbeck et al., 2013 The results of the work presented here suggest that persisfenc
SRB in nitratetreated oil reservoirs may be the result of mutant resistance. Even if total
oil-well nitrate concentrations reach low millimolar levels, the initial concentration of
nitrate near the injection site will be much higher than this.ekample, the peak nitrate

concentration in one study of pulsed nitrate injection was reported as 760 mM
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(Voordouw et al., 2009 Resistance to nitrate in the presence of a mixed culture is

consistent with preliminary fitness profiling data from G20 grown in coculture with the

nitrate reducePseudomonas stutzéRICH2 in the presence of 100 mM nitratenddr

these mixeetulturecmd i t i ons, t he fAsandtherexmndantgainedsat er 0 m
fitness advantag@\. Deutschbauer, unpublished data) very similar to that observed in

pools of G20 mutants alone in the presence of 150 mM niffatdg 2.5.

These fitness studies hg clarity to questions that neither transcriptomic nor
proteomic data could answer. Whil e Aomics
of changes in the metabolism of bacteria in contaminated environ(feitsberg et al.,

2008, they are not sufficienTorresGarcia et al., 20Q9or elucidating underlying

inhibitory mechanisms. In fact, there are poor correlations between the expression of
transcripts and the expression of protéamBvH in response to nitrate strggedding et

al., 2006 He et al., 2010a It has been reportdtlie et al., 2010ahatthere were28

genes for which the mRNA and protein levels were both significantly changed in nitrate
stress condions. However, for 7 of these 28 genes, the mRNA was significantly
downregulated while the protein was significantly upregulétet al., 2010a

Although this poor correlation may be a result of meaningful regulatory mechghisms

et al., 2007, transcript abundance is difficult to interpret and does not always correlate
well with gene fitnesgPrice et al., 2013 For example, there is an upward trend of
expression of the #fAnit (Heetal, 2010ssdinigite(ble ge ne s
et al., 2009 stress conditiontp://microbesonline.oryy Because mutation of the

nitrate cluster genes confers a growth advantage in high nitrate, increased expression of

these genes should be detrimental to growth of DvH in high nitrate. This is consistent
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with the recent deductioffrice et al., 2003Xhat, counterintuitively, detrimental bacterial
genes are often not downregulated. This apparent suboptimal regulation of the nitrate
cluster genes in the presence of high concentrations of nitrate likely contriothes t
explanation of why their interruption confers such a strong growth advantage.

The roles of the genes of the nitrate cluster in nitrate sensitivity are notiatelg
obvious from theiannotation Table 2.5. The native functions of the nitrate star
genes are not likely involved with nitrate, since neither 8kitz and Cypionka, 1986
Pereira et al., 2I0) nor G20 (J. Wall, unpublished data) have been shown to use nitrate
for energy conservation. One hypothesis we proposedthatsthey allow nonspecific
nitrate transport by a leaky thiosulfate transporter. The G20 mutants in this cluster were
mildly sick when grown with 10 mM thiosulfate as a terminal electron accgjtor
Deutschbauer, unpublished data), which suggested a possible role for these genes in
thiosulfate uptake. However, preliminary growth kinetic data indicated that the
DVU0251 mutat can grow rapidly and abundantly in lactate/thiosulfate and
pyruvate/thiosulfate (G. Christensen, unpublished data), suggesting that thiosulfate
uptake is not compromised in this mutant. However, preliminary data also shaw that
arex DvH strain growsnore slowly than the parent strain with 30 mM thiosulfate as a
terminal electron acceptoChristensen et al., in preparatjoTherefore, we suggest that
mutation of theex gene might relieve nitrate inhibition by barring entry of nitrate into
the cell. Further study will be needed to explore the native functions of the nitrate
cluster genes.

Sever al addi ti onal genes outside of the

values during nitrate stress, indicating that their absence may improvih grieallow-up
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studies with individual mutants will be necessary to confirm these predictions. The
results from this study clearly indicate that DvH and G20 have common nitrate resistance

mechanisms that should be considered in environmental modeling.
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|. Introduction

Much study has been conducted to determine molecular mechanisms of inhibition
of sulfide production in the petroleum ind
the oil(Ligthelm et al., 1991 Swch souring leads to corrosion of pig&su et al., 2006
Voordouw etal., 2007 t o A p | u genioirs yometal Bulfides, Bnd to déealth
hazards for personnel working in the petroleum industoordouw et al., 2007 To
prevent these problems, nitrg@rigoryan et al., 20Q9/oordouw et al., 200Callbeck
et al., 201)and nitrite(Kaster et al., 200 oordouw et al., 200Q/ave been used in oil
wells and bioreactor models of oil wells to limit sulfide production by sultdecing
bacteria. However, sulfate reducers have the ability to survive inhibition by nitrate and
nitrite (Callbeck et al., 2003 Survivalin the presence of nitrate or nitritgay be
especially beneficial in nitrateand heavy metadontaminated environmental sit@Sreen
et al., 2012where sulfate reducers may help to immobilize the heavy metals by changing
their redox statéLovley et al., 1993alloyd et al., 1999Chardin et al., 2003r by
precipitating them as insoluble sulfidg@slali and Baldwin, 20Q0 Thus, studies have
attempted to make the effects of nitréRedding et al., 20Q6He et al. 20103 Korte et
al., 2014 and nitrite(Haveman et al., 20Q4e et al., 200pon sulfate reducers more
predictable. Previous studies have proposed that nitrate inhibition of the model sulfate
reducerDesulfovilsio vulgaris Hildenborough (DvH) is mediated by the production of
small amounts of nitrite from nonspecific reduction of nit(ate et al., 2010a In fact,
nitrate and nitrite are sometimes considered tmbehanistically interchangeabitetheir
effects on sulfateeducing lacteria(Gieg et al., 201)1 However, the evidence for the

conversion of nitrate to nitrite in monoculturedbfvulgarisis unclear. Annotation of
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the DvH genome indicates a lack of a functional nitrate redecta
(http://www.microbesonline.org/)Transcript analyses of DvH stressed with sodium
nitrate(He et al., 2010eor sodium nitritg(He et al., 2006indicated few similarities

between the stress respon@dset al., 2010p Furthermore, we have recently identified

a cluster of genes that, when mutated, conferred resistance to nitrate but not nitrite
(Carlson et al., 2034Korte et al., 201 Together these studies strongly suggest that
nitrate inhibition of monocultures of DvH may be entirely independent of nitrite
production. To explore this question, we analyzed growth characteristics of a nitrite
reductase (NrfAmutant of DvH. In addition, we tested the use of subinhibitory levels of
nitrite or nitrate as either a nitrogen source or terminal electron acceptor by DvH. Here
we provide evidence that nitrate inhibition of pure cultures of DvH can be independent of
the production of nitrite. We further show that nitrite can be used by DvH as either a
nitrogen source or as an electron acceptor. The clarification of these interactions of DvH
with oxidized nitrogen species will allow for more accurate predictioniseofdle

sulfatereducing bacteria in environmental settings.
[I. Materials and Methods

[I.LA. Strains and media

Strains and plasmids used in this study are listed in Table 3.1. We used the DvH
parental strain JW710 that is deleteddppfor making marker exchange and markerless
deletion straingKeller et al., 200R Therefore, JW710 will be referred tofasv i-tl ydp e 0
DvH in this chapter. Unless otherwise specified, DvH strains were grown in MO Basal
Salts(Zane et al., 200)(Pplus 60 mM sodium lactate, 30 mM sodium sulfate and, as

reductant, 1.2 mM sodium thioglycolate (MOLS4 mediutOLS4 medium
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supplemented with 0.1% (wt/vol) yeast extract is referred to as MOYC&#tures were
started in an anaerobic growth chamber (Coy Laboratory Products, Inc., Grass Lake, Ml)
at about 25°C with an atmosphere of approximately 95%nN 5% H.

[1.B. Growth kinetics

DvH cultures were started by inoculation of 5 mL MOLS4 (or 4 mL, for the
strans with plasmids) with pelleted cells from2ImL freezer stocksThese are referred
to as fAinitial Thesé¢ dtooks estained cells dithieri irslates t u d y .
exponential phase of growth or in stationary phase and frozen in growth medium plus
approximately 10% (vol/vol) glycerol. To all plasredntaining cultures, spectinomycin
dihydrochloride pentahydrate (100 pug/mL) was added. Cultures for growth kinetics were
set up as-#nL triplicates in 27mL anaerobic Balch tubes. Tubes were sealdal lovityl
rubber stoppers artthnsferred to a 34°C incubator for growfh Genesys 20
spectrophotometer (Thermo Scientific, Walthman, MA) was used to determine optical
densities (600 nm).It is important to note that nitrite sensitivity of DvH, as poely
indicated(Haveman et al., 2004is highly dependent upon cell concentration. This is the
reason for the use of relatively highnoentrations of DvH inocula these studies.
Additions to cultures were made from stocks (sodium nitrate, sodium nitrite, sodium
sulfite, ammonium chloride) prepared in deionized water. Where indicated, tubes were
degassed with argon to eliminate dinitrogen as a substraterfogemtfixation.

[I.C. Plasmid and strain onstruction

Plasmids pMO4500, pM0O4501, and pMO4505 were constructed and JW4500
markerexchange deletion mutant was generated as previously dedgfireel et al.,

2014. Primers are listed in Table 3.1. Construction of the markerless deletion, JW4502,
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was achieved as previously descrilfédrte et al., 201Ylexcept that after an
approximately 24 recovery of cells transformed with pMO4501, 40 pg-of 5
fluorouracil/mL was added to the plating mediumetest for 5FU" caused by loss of
theuppgene. For stable plasmid introduction, electroporation was used as previously
described for introduction of deletion construgtsrte et al., 2014and cells recovered
overnight after electroporation were plated on MOYLS4 containing spectinoifiyitin
pg/mL). The plasmids pMO9075 or pMO4501 isolated from JW710 were used in
electroporation of JW4502 (NrfA mutant), and the recovered cells were plated on
MOYLS4 with increased sodium thioglycolate, ca. 1.8 mM.

[I.D. Nitrate and nitri te determination
A scaleddown version of a previously described nitrite aggawgerican Public Health
Association, 199Pwas used. Briefly, standards were prepared in 5 mL deionized water.
Culture samples were diluted 106ld into a total volume of 5 mL deionized water.
Color Reagent (200 pL of 8.5% [vol/vol] phosphoric acid, 1% [wt/vol] sulfanilamide,
0.1% [wt/vol] N-(1-naphthyl}ethylenediamine dihydrochloride) was added to eastL5
dilutedsample. Samples were mixed thoroughly and incubated 10 min at room
temperature. Absorbance was read at 543 nm with a Genesys 20 spectrophotometer. The
R? value for standard curves was >0.96 (Fig. 3.1), and the instrument detection limit was
0.15 + 0.05uM. Nitrate determination was as described previo(lsbrte et al., 2014

II.E. Protein determination

Whole cell protein concentrations were determined with the Bradford assay
(Bradford, 197%with bovine serum albumin as the standard. Absorbance at 595 nm was

measured with a Genesys 20 spectrophotometer. Final optical densities for the growth
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kinetics studies shown in Figures 85 were confirmed with final whole cell protein
measurements, andedse values were wadbrrelated (Fig. 3.2).
Il.F. Enzymatic studies

Nitrite-dependent oxidation of the chemically reduced radical cation
methyl viologen (MV") was used as a marker for nitrite reductase (NrfA) activity. To
prepare celfree extract foactivity assaysh. vulgarisstrains JW710 and JW4502,
containingnrfA expression plasmid (pM0O4501) or empty vector (pMO9075), were
grown in MOYLS4 liquid medium [supplemented with 0.2% (wt/vol) yeast extract
instead of 0.1% (wt/vol)] except that prior to inoculation the medium was reduced with
N&S at a final concentratiaof 1 mM. Cells were routinely cultured in the presence of
spectinomycin (100 pg/mL) with a 10% (vol/vol) inoculum and harvested by
centrifugation from 4L early stationary phase cultures. Cell pellets were lysed at room
temperature in an anaerobic cham{§&oy Laboratory Products, Inc.; atmosphere of
approximately 96% Mand 4% H) via resuspension in 2 mL ofBER (Thermo
Scientific) containing 200 pL of 10X protease inhibitor (Pierce Protease Inhibitor tablets,
Product #8825) and 1 pL of Benzonase naste(Sigma) and 2 pL of lysozyme (Sigma,
50 mg/mL) for 15 min. Cell lysate was cleared by centrifugation for 15 min at 8,00 x
Specific activity of NrfA was assayed in célee extract by monitoring the decrease in
absorbance at 578 nm of reduced Mysed as electron source for the enzyme during
turnover. Nitrite reductase activity was assayed essentially as reported previously, with
minor modificationgWolfe et al, 1994. In brief, MV" stock was prepared in an
anaerobic chamber by zinc reduction of MYollowed by filtration to remove the metal

(Wolfe et al., 1994 Theassay was continuously monitored using a temperature
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controlled (set to 30°C) HP diode array spectrophotometer (Agilent Technologies) inside
an anaerobic chamber. All reagents were prepared with anoxic buffersv@rnap&ntop
cuvettes were used for assayA standard nitrite reductase assay contained 2 mL activity
assay buffer (50 mM Tris [pH 8.0], 0.1 M NaCl), to which 12.5 mM reduced M¥s

added to give a starting @i of ~2 OD units. Sodium diethyldithiocarbamate (10uM)

was then added to the assay mixture to inhibit theeamaymatic reduction of nitrite by

MV *. OD readings were then allowed to stabilize for 30 seconds. A small volume of the
cell-free extract to bessayed (2.0uL) was added to the cuvette and any changes in
ODs7g monitored for 30 seconds. No baseline oxidation of Myas observed. The

reaction was initiated by adding 12.5 mM of sodium nitrite. One unit of specific activity

is defined as the amount MV ™ oxidized (umol) over time normalized to the amount of
cell free protein extract used (umol itimg* of total protein; extinction coefficient, 9.8
mM™ cm™). Specific activities were determined for three independent experiments. No
oxidation of MV" was observed for control assays containing only sodium nitrite and no
cell-free extract.Hydrogenases did not interfere by oxidizing reduced Miting the
assay.Apparently the presence of hydrogen in the headspace of assay cuvettes ensured

that hydogen production would be inhibited.
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Table 3.1Strains and plasmids used in this study

Strain or plasmid

Genotype or relevant characteristics Source and/or

reference
Escherichia coli
USelect (Silver F dedR endAl recAl relAl gyrA96 hscR17(k,  Bioline
Efficiency) m¢") SUpE44thi-1 phoA Iz YA -argF)U169
0 8lacZ pM15 &
Desulfovibrio
vulgaris
ATCC 29579 Wild-typeD. vulgarisHildenborough (pDV1); 5 ATCC
FU®
JW710 WT ( p Dupfi 3-FUggParent strain for (Keller et al.,
markerless deletion mutants) 2009
JW4500 J W7 110fA° cgnpt upp; Km', 5-FU® This study
JW4502 J W7 110fA; FU This study
Plasmids
pCR®4- Cloning vector, A Km', pUCori. Invitrogen Life
TOPTP Technologies
pCR®8/GW/  Cloning vector, SppUCori Invitrogen Life
TOPTP Technologies
pMO719 pCR°8/GW/TOPQ containing SRB replicon (Keller et al.,
(pBG1); Sp; source of SppUCori fragment for 2009
marker exchange and markerless deletion suicid
plasmid construction
pMO746 uppin artificial operon witmptand linked to Ap  (Parks et al.,
pUC ori from pCR4-TOPC’, Pyyrnptupg Km', 2013
source of Kah uppfragment for marker exchange
and markerless deletion suicide plasmid
construction
pMO9075 pMO719 containing B for constitutive expressior(Keller et al.,
of complementation constructs; pBG1 stable SR2011; Keller et
replicon; Sp al., 2013
pMO4500 S@ and pUCaori from pMO719 plus upstream andThis study
downstream DNA regions from DVU0626r{A)
flanking the artificial operon of B-npt-uppfrom
pMO746; for marker exchangkeletion
mutagenesis; Spnd K
pMO4505 S@ and pUCori from pMO719 plus upstream andThis study
downstream DNA regions from DVU062Br{A);
for markerless deletion mutagenesis
pMO4501 pMO9075 with DVU06251{rfA) constitutively This study

expressedrom By

%Km, kanamycin; Sp, spectinomycin; Ap, ampicillin; 5FU, 5-fluorouracil;

superscript

Aro or s o, resi stance or

P hrfA is DVU0625 ofD. vulgaris Hildenborough
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Table 3.2 Primers used for PCR amplification, Southern probe generation and

sequencing

Primer Pri mer s e3gy Application

name

56HK- GCCTTTTGCTGGCCT| For amplification of DVU0625 upstream regio
nrfA-up- | TTTGCTCACATGCGT | from gDNA with 57HK-nrfA-up-52-R primer to
47-F GGCGACTAT make pMO4500. Underlined portion used as

CTGTGCAA overhang for SLIC with SpUC ori fragment
[SpecRpUCR(Korte et al., 2014.

Amplification of Southern probe for

confirmation of DVU0625 deletion. forward
57HK- GCGACAAGATATTC | For amplification of DVU0625 upstream from
nrfA-up- | GGCACCAAGTAAGT | gDNA with 56HK-nrfA-up-47-F primer to make
52-R TATTCATCGGCGAC | pM0O4500. Underlined portion used as overhg

CTCTCTCGTG for SLIC with Km', uppfragment
[UppCtern{Korte et al., 201¥. Amplification of
Southern probe for confirmation of DVU0625
deletion. reverse

58HK- GCGCCCCAGCTGGC| For amplification of DVU0625 downstream
nrfA-dn- | AATTCCGGTTCCCG | from gDNA with 59HK-nrfA-dn-46-R to make
46-F CTCTTTCG pMO4500.

CAAAGGTATG Underlined portion used as overhang for SLIC
with Km', uppfragment [KanPromNten(Korte
et al., 2014]. forward

59HK- GTCGAGGCATTTCT | For amplification of DVU0625 downstream
nrfA-dn- | GTCCTGGCTGE&TT | region from gDNA with 58HKnrfA-dn-46-F
46-R GCAGTACG primer to make pMO4500. Underlined portion

CTCATGGGCT used as overhang for SLIC with'§JC ori
fragment [SpecRpU&(Korte et al., 201).
reverse

60HK - CGCACAATCTGTTG | Sequencing primer to confirm upstream regio
45004- GCAAAGCTA of deletion cassette of pMO4500.

upstrm

23-F

61HK- CAACGTTCGACG Sequencing primer to confirm downstream
45004- GTCGCAA region of deletion cassette of pMO4500.
dnstrm

19R

62HK- CCCATGAACTGG Sequencing primer to confirm upstream regio
45004- ACATGGCAGA of deletion cassette of pMO4500.

upstrm

22-R

63HK- ATGCAGGTGTGCGA | Sequencing primer to confirm downstream
45004- GGTGTT region of deletion cassette of pMO4500.
dnstrm
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20-F

66HK- AGGTTGGGAAGCCC | For amplification of DVU0625 to make

nrfA- TGCAATGCAGTCCC | pMO4501 complementation construct.

SLIC-69-F | AGGAGGTACCATAT | Underlined portion used as overhang for SLIC
GAATAACCAGAAGA | assembly with pMO9075 fragment. forward
CGTTCAAGGGGTT

67HK- GATCGTGATCCCCT | For amplification of DVU0625 to make

nrfA- GCGCCATCAGATCC | pMO4501 complementation construct.

SLIC-51- | TTGCTACTGCTTGGC| Underlined portion used as overhang for SLIC

R GGAGACCA assembly with pMO9075 fragment. reverse

72HK- GATACATGTCGGCA | Sequencing primer to confirm pMO4501

pMO4501 | GGGTCGAAA complementation construct. reverse

-2871R

73HK- GTTTCGACCCTGCC | Sequence primer to confirm pMO4501

pM0O4501 | GACATGTAT complementation construct. forward

-2848F

90HK- CATACCTTTGCGAA | For amplification of DVU0625 upstream regio

nrfA- AGAGCGGGAATTAT | from gDNA with 56HK-nrfA-up-47-F primer to

MLD - TCATCGGCGACCTC | make pMO4505. Underlined portion used as

upR-49 TCTCGTG overhang for SLIC with DVU0625 downstrean

region. reverse

91HK- CACGAGAGAGGTCG | For amplification of DVU0625 downstream

nrfA- CCGATGAATAATTC | from gDNA with 59HK-nrfA-dn-46-R to make

MLD - CCGCTCTTTCGCAA | pMO4505.

dnF49 AGGTATG Underlined portion used as overhang for SLIC

with DVU0625 downstream region. forward

Other primers for making and confirming these amdilar plasmids have been
previously describe(Korte et al., 2014 These include SpecRpUE, KanPromNterm,
UppCTerm, SpecRpUE, SpecRpU&aip, pMO719XbalDn, Kanint-Fwd-rev-comp,
DvH-Upp gene Cterrout, pPBG12199F, pMO9075SLIC-F, and pMO90755LIC-R3
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Figure 3.1.Standard curve for nitrite assay. Absorbance readings show averages of
three replicates and error bars show standard deviations.
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Figure 3.2. Final Optical Density of D. vulgarisHildenborough cultures correlated

with final whole cell proteins. Final average optical densities oftaves shown in Fig.
3.5-3.7 are plotted against the average final whole cell protein measurements for these
same samples.
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[1l. Results

Sincein vitro studies have reported that nitrite can bind to the dissimilatory sulfite
reductase of DvH{Wolfe et al., 1994 we first sought to investigate whether nitrite
competitively inhibits the sulfite reductasevivo. If so, we predicted that sulfite would
relieve nitrite inhibition by outcompeting nitrite for the enzyme. If nitrate inhibition were
mediated by nitrite production, nitrate inhibition would also be relieved by sulfite.
Growth kinetics were determined for witgpe DvH inhibited by either 1 mM sadn
nitrite or 100 mM sodium nitrate in lactaselfatemedium Addition of 5 mM sulfite to
DvH completely relieved inhibition by 1 mM nitrite (Fig. 3.3A) and only partially
relieved inhibition by 100 mM nitrate (Fig. 3.3B). Furthermore, thiosulfate addition was
similar to sulfite addition in its effect on nitrite nitrate inhibition of DvH growth (data
not shown), since thiosulfate is reduced to sulfite before further red{zZaoe et al.,

2010. Stocks of 100 mM nitrate were assayed for nitrite content and found to contain
less than 1 uM, a concentration not inhibitory to these bacteria (data not shown). Any
inhibition caused by nitrite wdd therefore have required its production from the 100

mM nitrate by the bacteria. Although we inferred a possible connection between nitrate
and nitrite inhibition through these results, we noted that low concentrations of sulfite, an
electron acceptdhat does not require activation by ATPPostgate, 1984 stimulates

growth of DvH (Fig. 3.3). Thefore, we reasoned that sulfite might relieve nitrate and
nitrite inhibition by the general effects of sulfite stimulation and not by outcompeting
nitrite for the sulfite reductase. Thus, whether nitrate was reduced to nitrite, which then

acted as the tiinate inhibitor of DvH growth, remained inconclusive.
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Figure 3.3 Growth of wild-type D. vulgarisHildenborough (JW710) in lactate

sulfate medium with (A) nitrite or (B) nitrate plus sulfite. (A) Growth of DvH with no
additions (3), 5 mM sulfite (0), 1 mM nitr
(B) Growth of DvH with 100 mM nitrate () , or 5 mM sul fite plus !
Curves of no additions (rgfgrcompadsorb mM sul f it
Approximately 4.7% (vol/vol) inocula were used. Optical density readings show

averages of three samples, and error bars show standard deviations (often within

symbols).
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To explorethe inhibitory mechanisms of nitrate amitrite further a markerless,
in-frame deletion of the gene encoding NrfA, the catalytic subunit of the periplasmic
nitrite reductase, NrfHA, was constructed. The NrfHA enzyme is known to provide DvH
protection against inhibition by nitrif&reene et al., 2008aveman et al., 2004 We
predicted that if nitrite were produced when DvH was exposed to 100 mM nitrate, then a
NrfA mutant should be more sensitive to both nitrite andhtatthan the parental strain.
Growth of this NrfA mutant was compared to that of the wyloe in lactatesulfate
medium (Fig. 3.4A) amended with 1 mM nitrite (Fig. 3.4B) or 100 mM nitrate (Fig.
3.4C). The mutant was also complemented with a consétytexpressed copy of the

nrfA gene to confirm the absence of polar effects in the deletion mutant.
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Figure 3.4Growth of D. vulgarisHildenborough wild-type vs.aarfA mutant in

lactate-sulfate medium with inhibitory nitrogen species (A) noadditions,(B) 1 mM

sodium nitrite, o(C) 100 mM sodium nitrateGrowth of the parental strain with empty
vector [JW710( pMO9O075nrfAdvergxpresgoaplasmid al st r ai
[JW710(pMO4501)]( ), amrfA mutant with empty vector [JW4502(pMO9076)] ) and
gnrfA mutant withnrfA complement plasmid [JW4502(pMO4508)]f A 28% (vol/vol)

subculture from the initial 4 mL culture was made and a 9% (vol/vol) inoculum from this
subculture was used for growth kinetic studi€gtical density readings shaverages

of three samples, and error bars show standard deviations (often within symbols).
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Table 3.3.Specific activity of nitrite reductase (NHA) in strains ofD. vulgaris

Hildenborough

Strain Specific Activity®
JW710(pM0O9075); Wildype + emptyector 1.58 + 0.07
JW710(pMO4501); Wildype +nrfA complement 4.70 + 0.49
JW4502(pM0O9075); JW71@nrfA + empty vector 0.13 +0.00
JW4502(pM0O4501); JW71&nrfA + nrfA complement 4.74 +0.75

2 Specific activity is reported iumoles MV oxidized mir mg of total proteit.
Activities were determined from three independent measurements with standard
deviations shown.

While the NrfA mutant with the empty vector was strongly inhibited in the
presence of 1mM nitrite, the complemented musarain grew like the parental strain
under these conditions (Fig. 3.4B). The successful complementation of the NrfA mutant,
confirmed by enzyme assays (Table 3.3), is evidence thafdigdmoter used for
constitutive expression oiffA provides robat expresion of the complemented gene and
that deletion ofirfA did not disrupt the function of thefH gene. In contrast to nitrite
effects, the parental strain, deletion and complement grew similarly in the presence of
100 mM nitrate (Fig. 3.4Cxhowing no effect of NrfA on the nitrate inhibition. It was
expected that if nitrite were produced from the 100 mM nitrate, it might be present in the
NrfA mutant during the lag/inhibition phase because the mutant had a decreased ability to
reduce nitritecompared with the parental strain. The nitrite concentration was therefore
measured in wild type (empty vector) and NrfA mutant (empty vector) cultures grown 70
h in the presence of 100 mM nitrate and wa
detection or diluted cultures) in both sets of culturea preliminary report of these

nitrite measurements was previously made and was consistent with the absence of
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measurable nitrate consumption by DvH cultures grown in the presence of 100 mM
nitrate(Korte et al., 201} Therefore, one intergtation of these results could be that
nitrate inhibition is not mediated by the production of nitrite.

However, we considered the possibility that the nitrite accumulation from nitrate
could be sufficiently low that its effect might be the same on éinenp and mutant
strains. It was previously reported that single colonies of a NrfA mutant of a DvH
derivative had the same nitrite sensitivity as the parent strain, which was inhibited by
concentrations above 40 uM nitriigdaveman et al., 2004 We reasoned that if nitrate
inhibited cells produced only micromolar concentrations of nitrite, then the NrfA mutant
might not be expected to have increased sensitivityttate compared with the parent
strain. However, such concentrations of nitrite might be sufficient and therefore
detectable for other metabolic roles such as a nitrogen source or terminal electron
acceptor.

Any conversion of nitrate to assimilable ogen in the form of ammonium
requires intermediate production of nitrite. Given that the NrfHA enzyme is known to be
able to convert nitrite to ammoniufRereira eal., 2000, it follows that DvH should be

able to use subinhibitory concentrations of nitrite as a nitrogen source.
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Figure 3.5 Growth of wild-type D. vulgarisHildenborough with various nitrogen

sources in lactatesulfate lacking ammonium. (A)Low nitrate concentratior{B) high

nitrate concentration an(€) high nitrate with nitrite.(A) Nitrogen additions were 1.5

MMNH, L (3), 13(®,1BMMNaNSQOI ), or nd ABdW i ti ons
(vol/vol) subculture from the initial 5 mL cultukgas made into NiHfree medium and a
6.4%(vol/vol) inoculum from this subculture was used for growth kinetic studigs.

Nitrogen additions were 1.5 mM N8 | (3), 1 Q @), INSVhMMWaN®Q T ) or

no additions (). A 33% (vol/vol) subculture fromhe initial 5 mL culture was made into

NH,-free medium and @.4%(vol/vol) inoculum from this subculture was used for

growth kinetic studies(C) Nitrogen additions were 5 mM N@ | (3), 10 mM Ne¢
(), 1mMNaNQ( T ), INaNQG;plusll mMNaNOQ,( z2) , or no. Additio
13% (vol/vol) subculture from the initial 5 mL culture was made into-itele medium

and a28% (vol/vol) inoculum from this subculture was used for growth kinetic studies.

Optical density readings show averages of three oe samples and error bars show

standard deviations (often within symbols). All tubes were degassed with argon.
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Further, we predicted that if small amounts of nitrite were produced when DvH is
exposed to 100 mM nitrate, then nitrate could also be used by DvH as a sole nitrogen
source. Ammonium is an energetically favorable nitrogen source for DvH, but strains
contaning the native plasmid pDV1 can also fix dinitrogen gas if sufficient energy is
available(Heidelberg et al., 2004 Thus, nitrogen assimilation was tested in cultures
with an argon headspace, to avoid the possibility of confounding the results by nitrogen
fixation. Nitrogen assimilation was first tested in nitroggarved cells with additions of

1.5 mM sodimn nitrate, 1.5 mM sodium nitrite, 1.5 mM ammonium chloride, or no added

69



nitrogen. While both ammonium and nitrite served as excellent nitrogen sources, cultures
with nitrate added did not grow any more than the negative control (Fig. 3.5A). These
resultsconfirmed that 1.5 mM nitrite, but not 1.5 mM nitrate, could be used as a nitrogen
source under these conditions. In addition, DvH was also unable to use 100 mM nitrate
as a nitrogen source (Fig. 3.5B). This is consistent with the lack of a measusalwé lo
nitrate in a culture of DvH incubated for 500 h in the presence of 100 mM nitrate as sole
nitrogen source (data not shown). The characteristic delay in growth of the culture with
100 mM nitrate (Fig. 3.5B) was expected, as this concentration hasheen to
drastically increase the lag phase of DvH cultE®gs et al., 2009He et al., 2010a
Korte et al., 201 Given that any conversion of nitrate to ammonium requires
intermediate production of nitrite, these data strongly suggest that no nitrite was produced
by DvH in the presence of 1.5 mM or 100 mM nitrate under the conditions tested.
However, we considered the possibility that high nitrate levels might inhibit theff use
nitrite as a nitrogen source. Therefore, we also showed that 1 mM nitrite could be used
as a nitrogen source even in the presence of 100 mM nitrate (Fig. 3.5C). Taken together,
these data confirm that nitrate inhibition of DvH under these conditsomstimediated
by the production of nitrite.

The successful use of subinhibitory levels of nitrite as a nitrogen source caused us
to revisit the question of whether nitrite could be use® byulgarisas a terminal
electron acceptor. When subinhibit@gncentrations of nitrite were added incrementally
to DvH provided lactate and no other electron acceptor, nitrite reduction supported
growth with lactate (Fig. 3.6). In contrast, as expected, 100 mM nitrate was not used as

an electron acceptor (Fig. 3.6 his result prompted us to consider what enzyme was
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allowing this use of nitrite. Both the cytoplasmic sulfite reducfégafe et al., 199%

and the periplasmic nitrite reductg&ereira et al., 20Qthave been shown to mediate

nitrite reduction, but previous attempts to demonstrate the use t¢ agra terminal

electron acceptor were unsuccesgRdreira et al., 2000 To determine which enzyme,

if either, might provide energy conservation, we teitednutant deleted farfA to

determine whether subinhibitory concentrations of nitrite could serve as a nitrogen source

or an electron acceptor.

Figure 3.6 Growth of wild-type D. vulgarisHildenborough in lactate medium with

sulfite, nitrite, or nitrate as sole electron acceptar Initial additions were 3 mM NaSO
(3), 1003@MmNINANO(T ), or n ) Whetdariditaiedbys (
arrows, additions of approximately 3.7 mM Nap@ere made t& mL cultures that had

started with 3 mM nitrite. To cultures with no additions or 100 mM nitrate, the same
volume of deionized water was added at these times. No additions were made to cultures
with 3 mM sulfite. A 33% (vol/vol) subculture from thetiai 5 mL culture was made

into lactatesulfate medium and a ¥®(vol/vol) inoculum from this subculture was used

for growth kinetic studiesOptical density readings show averages of three samples, and

error bars show standard deviations (often withmlsyis).
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We found that while the NrfA mutant could use nitrite as a nitrogen source (Fig. B.7A),
was unable to grow with nitrite as sole electron acceptor (Fig. 3.7B). The ability of the
NrfA mutant to reduce very low concentrations of nitrite is consistent with the reported
observations of nitrite reduction by a NrfA mutant in a DvH strain lackme native
plasmid(Haveman et al., 2004 The nitrite reduction capability is likely enabled by the
sulfite reductase, DsrAB[Haveman et al., 2004 However, the inability of the NrfA

mutant to use nitrite as a terminal electron acceptor may indicate that the NrfHA enzyme
is responsible for energy conservation or that theeas®d sensitivity of the mutant to

added nitrite prevented an observable nitiégpendent growth.
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Figure 3.7 Growth of anrfA mutant with nitrite as sole nitrogen source or electron
acceptor. (A) Nitrogen sources iNHj-free lactatesulfatemedium were 5 mM NECI

(3), 0. 25(ImM NamN On d (B)Rotemtial elextros acdeptors in lactate
medium lacking sulfate were 3SmMNagO3) , 0. 25( ImM, NamNOnd addi t
Where indicated by arrows, additions of approximatelyn@h2 NaNO, were made to 5

mL cultures initially containing nitrite. To cultures with no additions, the same volume

of deionized water was added at these times. No additions were made to the cultures
with either NHCI or sulfite. An approximately 9% (vokd) subculture from the initial 5

mL culture was made into NHree lactatesulfate medium and 21% inoculum from

this culture was used for growth kinetic studies for (A) or (Bl).tubes were degassed

with argon. Optical density readings show averages of three or more replicates and error

bars show standard deviations (often within symbols).
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V. Discussion

The results reported here clarify fundamental interactions of DvH with nitrate and
nitrite. We confirmed that, consistent with prior inferen@¥all et al., 2007He et al.,
20103, nitrate inhibition of pure cultures of DvH is not mediated by the production of
nitrite under the conditions tested. This means that predictions of bacterial responses to
nitrate and nitrite stress indlenvironment should consider these ions as separate
inhibitors and not as a single entity. Indeed, our prior work suggested unique inhibitory
mechanism¢Korte et al., 201¢for nitrate and nitrite Separate inhibitory mechanisms
were also exhibited by the model sulfate redi@esulfovibrio alaskensi&20, which

lacks an annotated nitrite reductals#d://microbesonline.oryCarlson et al., 2014

Korte et al., 2013 This bacterium recovered from growth inhibition within 50 h in the
presence of 150 mM mmate in lactatesulfate mediun{Korte et al., 2014 Evidence has
been presented that was consistent with nitrate inhibiting the sulfate reduction pathway,
but not necessarily the sulfite reductéSarlson et al., 2094

The ability ofD. alaskensiso grow in the presence of high nitrate is, therefore,
analogous to the nitrate resistance of the NrfA mutant of DvH presented in this work.
The results presented here are surprising in light of previous reports that, in the presence
of nitrate, the niite reductasarfA gene of DvH is overexpresséde et al., 2010a
Increased transcription of tmefA gene in the presence of high nitrate contributed to the
prior assumption that nitrate inhibition was mediated by nitrite produgtieret al.,
20103. In the present study, nitrite was undetected by assays or by production of a
nitrogen source used to support growth of DvH monocultures in the presence of 100 mM

nitrate.
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In a new isolate obesulfovibrio desulfuricansapable of growth by nitrate
amnonification, Dalsgaard and Bak (1994) reported that nitrate reduction was
dramatically inhibited by the presence of quite low concentrations of sulfide. The
presence of sulfide carried over from inoculating cultures in our experiments could
potentially inhbit converson of nitrate to nitrite by DvH Additional studies would be
needed to determine if DvH can convert nitrate to nitrite under sdtegeconditions.
However, the results presented here are relevant since bacteria that are known to produce
nitrite from nitrate are often present in environments where sukéahecing bacteria are
found(Greene et al., 20Q0Blaveman et al., 2005 DvH may respond to nitrate as a
signal that nitrite may also be present and prepare DvH for detoxificHtiotrite
produced by nearby nitrateducing bacteriéGreeneet al., 2003

In addition, increased transcriptionrafA genes may enable use of nitrite as an
environmental nitrogen source. Production of ammonium from nitrite could be especially
helpful in an environment low in reduced nitrogen substrate$] may have specific
response mechanisms to assist in this process, as the addition of 2.5 mM nitrite to mid
log-phase DvH cells has been reported to cause deguiation of genes involved in
amino acid transport and catabolifife et al., 2006 In ntrast, a gene encoding
glutamine synthetase, which assimilates ammonium into amino(db&isck and
Edwards, 1996 was induced by the addition of 2.5 nirite (He et al., 2006 In light
of the present study, these prior results indicate that DvH sensed an excess of ammonium
availability and was able to slow down costly transport pathways in favor of nitrogen
assimilation by glutamine syntheta$¢e et al., 2006 The reduction of nitrite by NrfA

in D. vulgarisis particularly relevant to agricultural setting®elsh et al., 201dbecause
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dissimilatory nitrite reduction to ammonium promotes nitrogen retention, rather than loss
(as N or N;O), in soil.

Shown in this work is a previously unknown role for nitrite in DvH metabolism,
its use as germinal electron acceptor supporting growth. In soils or fresh water
environments low in sulfate, this capacity could allow niche expansion of DvH. Our
report that DvH can respire nitrite refutes a previous repenteira et al., 20Q@vhich
has been cite(Rodrigues et al., 2006Martins et al., 2010as evidence of a lack of
nitrite ammonification by this organism. However, in light of more current studies of
nitrite toxicity (Haveman et al., 2004e et al., 2008 the high levels of nitrite used in
the prior studyPereira et al., 20Q@vould be expected to completely inhibit DvH
compromising the test for nitrite respiration. The current study indicates that nitrite can
indeed be used Wy. vulgarisas an electron acceptor when supplied at subinhibitory
concentrations. This metabolic ability may be especially useful to investigators studying
the essential components of sulfate reduction, because nitrite could be used as an
alternative electron acctp for mutant strains unable to grow with sulfate as an electron
acceptor.

Use of nitrite as electron acceptor brings up the question of which enzyme is
allowing this growth. The results reported here, as well as a weaittvitfo studies of
the NfHAA mo d e | 0 e Dzvylgars(Rbdrigues et al., 2006Rodrigues et al.,
2006h Rodrigues et al., 2008/artins et al., 2010Todorovic et al., 2012 indicate that
it is likely the NrfHA enzyme complex, rather than the sulfite reductase, thaitsdllo
vulgaristo use nitrite as an electron acceptor. While the sulfite reductase can reduce

nitrite, its high affinity for nitrite and a low turnover number for nitrite reductitiolfe
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et al., 1994 may inhibit its ability to use nitrite efficiently as a terminal electron acceptor.
Furthermore, there is strong evidence that NrfHA accepts electrons from the
menaquinone po@Rodrigues et al., 2006Rodrigues et al., 2008 Respiration of
nitrite in DvH may therefore be very similar to the Nrfkidediated nitrite respiration of
the model nitrite reducétolinella succinogeng&imon, 2002 The coupling could be
through menaquinone cycling with electrons from lactate dehydrogenase, which is
apparently capable of deliverimdectrons to menaquinonéReed and Hartzell, 1999
Keller and Wall, 201)L

Theability of theNrfA mutant to grow with nitrite as sole nitrogen source
provides evidence that reduction of nitrite by the sulfite reductase produces sufficient
ammonium for growth. Importantly, the ammonification could allow sulfetieicing
bacteria, rgardless of whether they contain a NrfHA enzyme complex, to use
subinhibitory levels of nitrite in the environment as a nitrogen source. Thus low levels of
environmental nitrite may directly impact the petroleum indu8foordouw et al., 2007
or any other situation in which nitrite or nitrate is used to inhibit the growth and sulfide
production of sulfateeducing bacteria. The uses of nitrite beneficial to the sulfate
reducers may contribute to their ability to recofoordouw et al., 2009%from
inhibition. Furthermore, the clarification of the relationship between nitrate and nitrite
inhibition of these bacterishould allow for better predictions of the activity of sulfate
reducers in a variety of environments. For example, in former nuclear weapons
production sites in which there are persistent high levels of n{teaten et al., 2092

nitrate may inhibit sulfate reducers entirely independently of nitrite production. In
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conclusion, the results presented here should improve the predictability of models that

include environmental #éigities of the sulfateeducing bacteria
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CHAPTER 4

A PROPOSED FUNCTION FOR THE NITRATE GENE CLUSTER

IN Desulfovibrio vulgarisHILDENBOROUGH

The nitrate ion is a common, regulated contaminant in the envirorirterburn
et al., 2003Wick et al., 2012 Environmental itratelevels are usually much lower than
those foundat former nuclear weapons production sites like the Oak Ridge Field
Research CentéGreen et al., 20)2 The Maximum Contaminant Level GAMCLG)
for nitrate in the United States is 10 ppm (mg/L) nitfdfevhich is equivalent to 45 ppm
nitrate or 726 UM nitrate

(http://water.epa.gov/drink/contaminants/basicinformation/nitrate.cfm

http://www.ext.colostate.edu/pubs/crops/00517).péf study of nitrate oncentrations in

California groundwater revealed that about 6% of the wells sampled had nitrate
concentrations above the MCL{&ent and Landon, 20)3As of 2010, the maximum
level allowed in groundwater in Europe was 50 ppm, or about 800 uM nitrate

(http//ec.europa.eu/environment/pubs/pdf/factsheets/nitratg¢s.ptthough in some

areas of Europe the groundwater nitrate concentration was reported to be greater than 800
UM, widespread measurements suggest that in most of Europe the groundwater
concentrabn was less than 400 uM in 2010

(http://ec.europa.eu/environment/pubs/pdf/factsheets/nitrates pése data were

supportedy a study of nitrate contamination of groundwater in Austria in 2012, in

which the maximum nitrate leveleasuredvas just under the 50 ppm linfitvick et al.,
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2012. In 2003, the levels of nitrate in groundwater were similar in intensive agricultural
areas of Ausalia (Thorburn et al., 2003 Thus a small number, 3%, of sampled wells
had nitrate concentrations above the desired upper(liindrburn et al., 203). In the

ocean, the euphotic zone (sunlight zone) was reported to have a mean nitrate
concentration of IM, whereas the aphotic zone (no sunlight) had a mean nitrate
concentration of 31 pMGruber, 2008 Thus, it is reasonable to expect that sulfate
reducing bacteria in the environment hawé Imeen selected to tolerate concentrations of
nitrate in the millimolar range. It is no surprise, therefore, that 100 mM nitrate
constitutes a severe stress for the model sutéatacing bacteriurbesulfovibrio

vulgarisHildenborough (DvH).

DvVU0249
periplasmic ?::;‘:i:: DVU0246 p[:\r':l;g :;!’:c
binding i PEP-utilizing enzyme phosphatase

protein

Figure 4.1D.vulgarisHi | denbor ough @ MutationginteeseCl ust er
genes confer resistance to 100 mM nitrate. Operon predictions are from
http://www.microbesonline.orgboxes represent predicted genes, arrows indicate
direction of transcription, and nbguous boxes ending in an arrow represent predicted

operons.

A cluster of genes has been found which, upon mutation, confers resistance to
high nitrate (100 mM or more) iDvH (DVU0251-DVU0245, Fig. 41) andD. alaskensis
G20 (Dde_059Dde_0605)Korte et al., 2014 The assumption is made here that the
increased nitrate resistance of the fAnitra

of each individual gene, rather than a result of polar mutations disrupting the function of
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downstream gend&orte et al., 201 Taking into account sequcebased annotations

of these genes, a model of the putative function of this cluster is presented here. For
simplicity, the model presented here is DoH. 't is |ikely that
homologs in other closelselated sulfateeducing bactea, such aP. alaskensishave a
similar function. While only a fewesulfovibriostrains appear to have shared synteny
for all of the seven Anitr at eredading srainsr 0

have homologs of ahor more of these gen@sg. 4.2).

Figure 4.2 Gene tree for DVU0249COG-PhnD) and comparison of nitrate cluster

homologs(http://www.microbesonline.orgl1-4-14). Boxes represent predicted genes,

arrows indicate direction of transcription, and boxes with the same color (in different

rows) represent homologs.
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