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CHAPTER 1. LITERATURE REVIEW

Rhizobia

Rhizobia area- and B- proteobacteria that have the capability of fixing
atmospheric nitrogen @\in symbiosis with legumes. The symbiotic relasbip is based
on exchange of organic acids and amino acids betwkmt root cells and differentiated
N,-fixing form of bacteria, termed bacteroids. Syntigiamitrogen fixation is for the most
part restricted to a limited number of bacteriabugrs including the gene@hizobium
MesorhizobiumSinorhizobiumBradyrhizobiumand Azorhizobium On roots or stems of
host plants, rhizobia form specialized organs dalldules, within which these
endosymbionts reduce nitrogen gas to ammonia thaubsequently used by the host
plant.

Sinorhizobium melilotithe organism studied in this thesis, is a gragatee soil
bacterium, and is a member of the family Rhizolaacén the alpha subdivision of
ProteobacteriaS. meliloti forms symbiotic associations with plant genera sash
Medicagoincluding alfalfa Medicago sativg Melilotus (sweet cloveMelilotus albg
and Trigonella. On the roots of these plan& melilotiforms nodules within which the

differentiated bacteroids reduce nitrogen gas tmama.
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The Rhizobium Plant Associations

The earliestinteraction between legumes and rhizobia is basedetease of
flavonoids from seed coat or roots. Flavonoids dast secondary metabolites that are
synthesized via the central phenylpropanoid pathavad/the acetate — malonate pathway
(Forkmann and Heller 1999; Aolat al. 2000). Flavonoids induce the structurald
genesnodA B, C as well asnodlandJ, in rhizobia. The first three genes are respoasibl
for Nod factor synthesis, whileodl andnodJplay a role in the efficiency of secretion of
lipochitin oligosaccharides. Approximately 30 dr#at flavonoids have been isolated
from nine legume genera growing under axenic caywt (growth of organisms of a
single species in the absence of cells or livigparsms of any other) (Cooper 2004). In
alfalfa (Medicago sativa the most activenod inducers are luteolin and 4, 7-
dihydroxyflavone (DHF).

Structuralnod genes are regulated by the LysR-type transcriptioegulator
NodD. NodD binds to a conserved DNA sequencg,box, which is part of the promoter
region of NodD-induced genes (Fisher and Long 19B@jvonoides and NodD protein
are both required for induction of structunabd genes suggesting that a NodD -
flavonoid complex interacts with theod box. The products of the inducedodABC
catalyze the synthesis of Nod factors known aschigo — oligosaccharides, comprisifig
— 1,4 linked N — acetyl — D — glucosamine residw#h a fatty acid chain attached at the
nonreducing terminus (Coopet al, 2007). The proteins made lopdl and nodJ are

involved in the secretion of these Nod factors. SEnilod factors are recognized by the
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plant, inducing cells within the root cortex to bate mitotically active, developing into
the nodule primordium (Bartsev et al., 2004).

Integration of infection by rhizobium at the rogiidermis and the initiation of
cell division in the cortex is important for theve@ébopment of nitrogen-fixing nodules
(Gage, 2004). Infection threads are unique plardaniavasive invaginations that are
capable of crossing cell boundaries in such way tiaateria can easily enter cortical
cells. The nodule primordium is formed as a consage of mitotic division of cortical
cells below the sites of infection. The infectibmeiads grow toward the nodule primordia
and rhizobia are released into the inner cellshin iodule. The bacteria, encapsulated
within a plant membrane, undergo differentiatiotoibacteroids which are responsible

for reduction of nitrogen gas to ammonia (Oldropd ®ownie, 2008).

Nitrogen fixation in Rhizobium

Nitrogen fixation inRhizobiumis carried out by the products of thé and fix
genesnif genes have homologs in free — living nitrogen fixorganism (egKlebsiella
pneumoniag These genes have been identified through tworrapproaches: finding
homology with the identifiedif genes oK. pneumonia®r by sequence analysis of DNA
regions believed to carnyif genes because of linkage to knomihgenes. InS. meliloti
nifH, D, K, N, E, B were identified using these approachesSIinmeliloti bacteroids,
nitrogen fixation is carried out by the nitrogenaseyme complex consisting of two

protein complexeqiifD andnifK encode ther andp subunits of the first, am232 FeMo
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protein called dinitrogenasaifH encodes the second, an Fe protein called dinitexsgen
reductasenifNE encode the molecular scaffold for assembly of tlb@ imolybdenum
cofactor while the gene product forifB is a Fe-S containing precursor of iron
molybdenum cofactor. Regulation off genes inS. meliloti depends on NifA protein.
Genes that are required for symbiotic nitrogentiorabut whose function is not known
to be analogous to a free — living function ardecklix genes (Long, 1989). It has been
postulated that thexABCXoperon (essential for nitrogen fixation) produdes proteins

responsible for reducing dinitrogenase reductase.

The Rhizobium Genome

The complete genome sequences of several rhizollarelated bacteria have
been determinedMesorhizobium loti(Kaneko et al, 2000), Sinorhizobium meliloti
(Galibert et al, 2001), Bradyrhizobiumjaponicum (Kaneko et al, 2002), Rhizobium
leguminosarunbv viciae (Young et al, 2006),Rhizobium etliGonzalezet al, 2006),
Sinorhizobiumfredii NGR234 (Schmeisseet al., 2009) andSinorhizobium medicae
WSM419 (Reeveet al.,2010). Many rhizobia have a multireplicon genontech might
be a result of the complex lifestyle adopted byséhplant — associated bacteria. Genome
size is influenced by environmental factors andzBbia tend to have larger genomes
(Bentley and Parkhill, 2004). The largest genomehafobia that has been sequenced is
9.2 Mb of B. japonicumwhile the smallest is 6.5 Mb dR. etli. Extrachromosomal

replicons (plasmids) contribute to the total sitz¢he genome and they are present in all
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rhizobia excepB. japonicum Most of symbiotic relevant genesod nif andfix) are
located on those extrachromosomal replicdisnfelilotj R. etli R. leguminosarunand

S. frediiNGR234) or within symbiosis islands like ih loti (Kanekoet al, 2000) andB.
japonicum(Kanekoet al, 2002) genome. The presence of many insertionesegu(lS)
elements, transposase genes, and related elemdhis wymbiotic regions define
rhizobium genomes as a highly dynamic entitieseli8nents and transposase genes are
abundant in symbiotic islands bf. loti (Kanekoet al, 2000) andB. japonicum(Kaneko

et al, 2002) genome as well as the pSymA megaplasmisl omeliloti(Galibertet al.,
2001)

The S. melilotigenome consists of a 3654 Kb circular chromosome tavo
megaplasmids called pSymA (1354 Kb) and pSymB (1K83 (Galibertet al 2001;
Finanet al 2001; Barnetet al 2001). Thes. melilotigenome has 6204 predicted protein-
coding regions and approximately 3000 of these @aderoteins of Unknown Function
(PUFs), many of which are on pSymA and pSymB meagapids (Galiberet al, 2001).
pSymA carries most of the genes necessary for atdal (1od), nitrogen fixation iif
and fix) and nitrogen metabolism as well as genes involwedarbon metabolism,
transport, and stress and resistance responsefalBagt al. 1981; Davidet al. 1987,
Long et al 1982). pSymB carries large numbers of solutesprart systems (transport
systems represent 18.9% of the pSymB); as well ase gclusters involved in
exopolysaccharide synthesixg¢eexp (Finanet al. 1985; Finaret al. 1986; Glucksmann
et al. 1993; Hyneset al. 1986), phosphate transpoph@) (Bardinet al. 1998; Voegelet

al.1997), psh (Yuan et al, 2006), thiamine biosynthesighi) (Finan et al. 1986),
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lipopolysaccharide synthesitpg$), as well as genes involved in ectoine/hydroxy@eto
uptake €hu), ectoine utilization €u) (Jebbaret al, 2005), protochatechuatgcg)
(MacLeanet al, 2006), arabinoseafa) (Poystiet al, 2007), hydroxyproline hyp
(MacLeanet al, 2009) dulcitol qul) (White and Finan, unpublished data), lactdae)(
(Jelesko and Leigh, 1994), raffinogaff and melibioserie) utilization (Gage and Long,

1998).

Megaplasmids

Rosenberget al, 1981 introduced the term megaplasmid into therdture to
describe plasmids with a molecular weight gredtant300 x 1®(equivalent to about 450
Kb). The first megaplasmid was discovered by examginthe plasmid content of
Sinorhizobium melilotcells using agarose gel electrophoresis (Roserdiealy 1981). In
the past, the term megaplasmid was used only teribesplasmids that are large in size
(> 450 Kb) and not essential for their host. Althodigére is still no general consensus as
to the minimum size at which a plasmid becomes gapl@smid, some authors suggest
that it should be 100 Kb (Schwantz al, 2008). Currently, analysis of megaplasmids’
sequences has revealed the presence of genesadsergrowth of the organism under
most conditions. However, the distinction betwedmomosomes and megaplasmids
harboring essential genes is vague as a singlentenative event can result in a transfer

of an essential gene from the chromosome to theapt@gmid. In support of this
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statement, many secondary chromosomes carry a idlasmgin of replication
(MacLellanetal., 2006).

Below | will describe megaplasmids present in ddfe organisms and attempt to
identify phenotypes associated with these plasifsiels Table 1.1 for summary).

Many haloarchaea commonly harbor one or more magaptls.Halobacterium
sp NRC-1 has two megaplasmids pNRC100 (191 Kb)@idC200 (365 Kb) that are
frequently called minichromosomes because of esdg@nes located on them (Ndgal.,
1991; Ng and DasSarma 1991). pNRC100 harbors dbaeare involved in synthesis of
unusual gas-filled vesicles used for cell flotatiidasSarmaet al, 2004) as well as
transcription and replication factors; genes inedlvin plasmid and chromosomal
partitioning, genes that code for proteins simitasubunits | and Il oE. coli cytochrome
d oxidase (Miller and Gennis 1983) and genes thate dod thioredoxin and thioredoxin
reductase, which function in protein reduction (&rand Holmgren 2000). Megaplasmid
pPNRC200 has unique regions with genes responsibte snthesis of additional
transcriptional factors, a DNA polymerase and thdyocopy of an arginyl-tRNA
synthetase gene (DasSaretal, 2004) (Table 1.1).

In a review by Vedler (2007) thirty seven cataboliegaplasmids involved in the
degradation of aromatic compounds by soil bactergadescribed. The large sizel(Q0
Kb) of these catabolic plasmids can be explainedhieyfact that they often contain the
full set of plasmid transfer genes as well as tbkection of catabolic genes/operons
required for (complete) degradation of aromatic poond. Genes for biodegradation of

naturally occurring aromatic compounds (phenoljgak, xylene, naphthalene) seem to



Ph.D. Thesis — B. Milunovic; McMaster Universitiology

be located on catabolic plasmids as well as gemedelgrading xenobiotic compounds (2,
4-D, atrazine) (Topet al. 2000). The majority of these catabolic plasmidsehbeen
found in Pseudomonas The other most abundant genera aRhodococcus
SphingomonagdArthrobacter andBurkholderia Many of these bacteria also have a large
catabolic plasmid that contains the genes forrathost of the mineralization pathways of
polycyclic aromatic compounds and heteroaromatimpmmunds. It was found that
Pseudomonas putida7 harbors a naphthalene catabolic plasmid NAH7KI8R(Sotaet

al., 2006),Pseudomonas resinovora@A10 has a carbazole catabolic plasmid pCAR1
(199 Kb) (Nojirietal., 2001; Maeda&tal., 2003) and withilNovosphingobiunsp. KA1 a
carbazole catabolic plasmid pCAR3 (254 Kb) was tb(8hintaniet al, 2007) (Table
1.1).

Agrobacteriumspecies are the main cause of crown gall diseadehamy root
disease on dicot plants. Most genes essential &inogenicity are found on large
plasmids, approximately 200 Kb, called tumor-inaigci(Ti) or root-inducing (Ri)
plasmids.Five gene clusters are common on Ti and Ri plasnfidsT-DNA, which is
transferred to the host plants; (2) the virulenemeg {ir) region, which directs the
recognition of plant phenolic compounds and thecgssing and transfer of T-DNA; (3)
the replication gena€p) region, which is required for the plasmid replica; (4)tra and
(5) trb regions, which direct conjugal transfer of the plas(Goodneretal. 2001 , Wood
et al. 2001). Two or more regions that direct uptake aathbolism of opine are also

present in each plasmid (Table 1.1).
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Shigella species and enteroinvasi#scherichia colihave a large> 200 Kb)
virulence plasmid that carries genes necessaryinfgaision and colonization of the
epithelial cell layer of the human gut resulting dysentery. Analysis of the DNA
sequences of the virulence plasmids from differ&migella strains, pINV-2457T
(serotype 2a strain 2457T), pWR100 and pWR501 {geeds strain M90T), and pCP301
(serotype 2a strain 301), showed that they wegelgridentical, except for some minor
differences in insertion sequence (IS) elementsi @val., 2003). The genes required for
expression of type Il secretion systems and mdriji@effector proteins involved in the
early stage of invasion, were located on theselenae plasmids (Table 1.1). Ti&
flexnerivirulence plasmid has at least two toxin—antitgdiA) systems that are related to
well-characterized examples of TA systems. Thet fok these shows strong DNA
sequence similarity to thecdA and ccdB system from the F plasmid (Afdét al 2001;
Jaffe et al. 1985). The second toxin—antitoxin system consi$tthe mvpT and mvpA
genes (Radnedgst al. 1997). The same virulence plasmid has two wdihdd systems
involved in stable inheritance characterized byregation of plasmid free cells. One of
these,parAB is related to the partition system of phage/plasfl and consists of the
genesparA, parB andparS (Sergueeet al 2005). The second system is important for
stable inheritance of a plasmid and it is encodgdhe stbA and stbB genes whose
products have significant amino-acid sequence igetat the StbA and StbB proteins of
plasmid R100. Virulence plasmids have been alsmdom the genus/ersinia. Three
human pathogenic species(ersiniae pestisand the enteropathogeni¥ersiniae

pseudotuberculosigndYersiniae enterocolitiggharbor a 70 Kb virulence plasmid (pYV)
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(Huangetal., 2006) that is essential for infection of lymj¢sties as well as overcoming
other host defense mechanisms. Plasmid pYV encadgpe Ill secretion system and
Yersiniaouter membrane proteins (Table 1.1). Beside pY¥,ganome of. pestishas
two additional plasmids pMT1 (100 Kb) (Hal., 1998; Lindleretal., 1998) and pPCP1
(9 Kb). Plasmid pMT1 carries five important genésitthave been associated with
virulence, while pPCP1 has been associated withdmchemical activities: biosynthesis
of a bacteriocin called pesticin; a protein thabvues immunity to pesticin; a
plasminogen activator and a coagulase (Table 1.1).

Megaplasmids carrying genes for the response aistaace to heavy metals are
commonly found in bacteria belonging to the geGugriavidus isolated from metal rich
environments (Mergeay, 2000 and Mergeay, 2003jnetalliduransstrain CH34 has two
megaplasmids, pMOL28 (171 Kb) and pMOL30 (234 Kbansseret al, 2010). The
putative genomic island CMGI-28a of pMOL28 contaititee mer (mercury), cnr
(resistance to cobalt and nickel) adlar (chromium) operons (Liesegareg al. 1993).
Resistance to Cd(ll) (cadmium), Zn(ll) (zink), a@b(ll) (cobalt) mediated by the
czcCBAgenes is the dominant phenotypic characteristipMOL30 plasmid. Theczc
genes are contained in the CMGI-30a putative gea@tand which also contains thér
genes responsible for lead resistance (Borrenedrel 2001). The presence of metal
resistance genes on pMOL28 and pMOL30 allow thestho occupy specific niches
characterized by high levels of bioavailable taxietals (Table 1.1).

The hydrogen oxidizing bacteriurRalstonia eutrophaH16 and the carbon

monoxide oxidizing bacteriun®@ligotropha carboxidovoran®©M5 carry key genes for

10
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their respective forms of the lithoautotrophic natblism on megaplasmids (Paailal,
2010). InR. eutrophaH16 genes for the Hoxidizing system and for CQixation via the
Calvin—-Benson—Bassham cycle are located on thek#f5degaplasmid pHG1 (Schwartz
et al.,, 2003). In addition, pHG1 harbors clusters of egetfor denitrification and for
degradation of aromatic compounds. The 133 Kb mlagapd pHCG3 (Fuhrmanet al.,
2003) harbors genes for CO oxidationOn carboxidovoran®OM5. Beside the aerobic
CO dehydrogenase, pHCG3 also encodes Calvin cynleymees and a dimeric
hydrogenase (Schwargtal., 2008) (Table 1.1).

Genes that enable growth Afthrobacter nicotinovoran®n nicotine as carbon,
nitrogen and energy source were located on theKibegaplasmid pAO1 (lglat al,
2003). Plasmid pAO1 carries genes specific for ¢otine, D-nicotine andy-N-
methylaminobutyrate catabolism, for the biosyntsesé¢ the molybdenum cofactor
required by the molybdenum enzymes of the pathvi@ythe two subunits of a small
multidrug resistance pump and for gene productghferprotection from oxidative stress

generated by oxidation of nicotine blue (Table 1.1)

Large genomic deletions

To identify the functional significance of protein$ unknown function, several
approaches can be used. First, simple knock-ouammsican be generated, however the
probability of identifying the phenotype of thesetants is rather low, as these mutations

do not generally produce distinctive phenotypessekond possibility is to generate

11
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strains in which large regions (~40 Kb and more)deketed and to screen these strains
for altered phenotypes. In addition, large genordeletions have been used in
experimental genome reduction strategies. Atteraptsinimization of genomes in the
laboratory have been done wikh coli (Kolisnychenkoet al, 2002; Yuet al, 2002;
Fukiyaet al, 2004; Hashimotet al, 2005; Posfaet al, 2006; Mizoguchet al, 2007)B.
subtilis (Westerset al, 2003; Araet al, 2007; Morimotoet al, 2008),Corynebacterium
glutamicum(Suzukiet al, 2005), andM. genitalium(Glasset al, 2006) (Table 1.2).
Composite transposons.Goryshinet al, 2003 have described a Tn5 based deletion
technology that uses a composite, linear Tn5 deviraPreformed transposon complexes
were electroporated into the cells (Goryséiral, 2000) and integrated in the genome via
external ends (IE). Upon integration, the producTiopEK/LP gene was expressed and
bound to the internal transposon ends (MESs) tolyzgablunt-end cleavage and loss of
the donor DNA (Figure 1.1). Double-ended cleavatimieates the transposase gene
(TnpEK/LP) and a selectable marker (Kiwas used for the initial transposon insertion
selection. Tnp-EK/LP then facilitates intramolecwd&rand transfer into the chromosome.
The intramolecular transposition event can cre@®t lgenome inversions or deletions
that begin at the internal end and extend to thetmm the chromosome defined by the
second transposition event (Goryskinal, 2003). The average deletion size obtained
using this approach is 11 Kb but the longest datethade was 200 Kb (Goryshen al.,
2003). Composite transposons strategies for mdkingg genomic deletions eliminate all
selectable markers and transposases genes witletiods allowing the accumulation of

deletions within the same strain.

12



Ph.D. Thesis — B. Milunovic; McMaster Universitiology

). — Red type mediated recombination methodTo construct targeted deletions En
coli strain MG1655, a rapid and straightforward methads developed by
Kolisnychenkoet al, 2002. To delete the chromosomal region betw&en defined
segments, Kolisnychenket al, generated a linear DNA fragment by PCR (Figu®).1
This fragment, which carrys selectable marker \Gand which is flanked by two $cel
meganuclease sites, was electroporated into at teetiewhere it could be integrated into
the chromosome in a presence of the helper plaggBdDafy. Next, | — Scel
meganuclease from pSTKST was expressed in a taglleand the chromosome was
cleaved at 18bp | -Scel sites, present on the integrated fragment. The dorok
chromosomal ends were repaired by intramolecutaymdination in a presence of RecA.
Recombination sites are homologous regions closedken ends termini (Figure 1.2.).
The size of deletions made using this strategy Wwas 82 Kb and the genome of
MG1655 was reduced by 8.1% by removing most ofstliesh DNA (cryptic prophages,
phage remnants, insertion sequences (ISs)) and &&t3 of genes of unknown function
(Kolisnychenkoeet al, 2002).
CRS cassette methodThe red recombination system of phage lambda, in comlonati
with CRS cassette, is used for construction of erdeks deletion mutants. The CRS
cassette includes three genes: the chloramphergs@tant genecét - Cnf) and two
negative selection markers: 30S ribosomal suburotepy S12 i(psl) and Bacillus
subtilis levansucrasesacB. In the CRS cassette method two types of straires
constructed for a single deletion mutation (Hashonet al, 2005). One strain is

constructed by replacing a chromosomal region @itbRS cassette by using a positive
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marker of this cassette, (chloramphenicol’Cirigure 1.3). This inserted cassette is
removed using two — negative — selection marksesisBandrpsL) to construct the other
strain. These two types of strains are used to awrthe deletion unit. The deletion unit
is transferred by transduction with P1 phages pegp&om the former strain (with the
CRS cassette) using the positive selectable markégst, the cassette is removed by
transduction with P1 phage prepared from the latiexin (without CRS cassette) using
negative — selection markers (Figure 1.3) (Hashoebtl, 2005). This strategy was used
to make 41-300 Kb large genomic deletion<Eincoli and the authors defined possible
phenotypes related to deletions (Hashinedtal, 2005).

Cre/LoxP excision system.The most commonly used method for deleting genes in
bacterial genomes are the site — specific recontibmaystems: FIF/RT, CreloxP andi
—red. Yu et al (2002) employed the CiekP recombination system to minimize the
E.coli genome. They created two independéntcoli mutant libraries with transposons
TnKloxP and TnCloxP that carried the Km and Cm [@atic markers, respectively.
Further, a pair of mutant strains, one from TnKlgtBup and one from TnCloxP group
were chosen and double - resistant strains wuthloxP sites were constructed using
phage P1 transduction (Figure 1.4.). Subsequentesgion of Cre recombinase and
recombination between tHexP sites, resulted in excision of thexP flanked region.
Using this approach, mutant strains that are ngsgenomic fragments of 59 — 117 Kb
were obtained. The advantage of this method isgbeainle to use two largg. coli
transposon libraries withoxP sites distributed almost evenly on the chromosotoe,

construct a variety of deletions (¥ al, 2002).

14
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FIp/FRT recombination system

Flp is a site-specific recombinase, discovered ber £ um plasmid of
Saccharomyces cerevisié®adowski, 1995; Posfait al,1994; Friesert al.,1992; Cox
M., 1983) Flp belongs to the integrase family of recombisasbose members share a
similar mechanism of recombination, although tla@nino acid identity is relatively weak
(Argoset al., 1986). Flp recombination target (FRT) sites &singf three 13 bp repeat
elements surrounding an 8 bp asymmetrical coredéi@rmines the direction of the FRT
site. All three repeats appear to be necessaiptemmolecular recombination in bacteria,

while only two repeats are necessary for intramd&crecombination (Lyznik et al,

1993) The first step in the recombination reaction ineslwvecombinase binding to the

recognition target sites followed by cleavage & pthosphodiester bond at the border of
the core region by a nucleophilic attack of thavacsite tyrosine hydroxyl groughe
subsequent strand exchange reaction generatesseéetraHolliday intermediate and the
exchange of the second pair of DNA strands comgplgte recombination reaction. This
reaction requires no exogenous high-energy sourdesacarried out without degradation
and synthesis of DNA. Flp-mediated recombinatiotwieen two FRT sites in direct
orientation causes excision of the DNA between tl{rg.1.5.a) while recombination
between two inverted FRT sites results in inversibthe intervening DNA (Fig.1.5.b).
The FIpFRT represent a simple two-component (recombinasetartdrget site)
recombination system that is not dependent on addéxttors (Sadowski, 1995). It is

one of the most frequently used systems, sincetite least restrictive in terms of host-
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range, functioning in bacteria (Cherepanov and Wawgel, 1995), yeasts (Sadowski,
1995), embryos of the mosquitoAedes aegypt(Morris et al, 1991), Drosophila

melanogaste(Theodosiolet al.,1998), plants (Lyznilet al, 1996) and mammalian cells
(Dymecki,1996). This system is used to generaternbsomal translocations and large
deletions, produce tissue specific and conditidmaickouts and for the precise removal

of selectable markers (Buchat al. 1996).

Minimal genome

A minimal genome is the minimal set of genes tmatreecessary and sufficient to
sustain a functioning cell under the most favorabteditions, in the presence of
unlimited amounts of all essential nutrients andtha absence of any environmental
stress (Cheet al, 1999; Hutchisoret al, 1999). Initial model organisms for minimal
genome studies werdemophilus influenzalMycoplasma genitaliunand Mycoplasma
pneumonia.All three bacteria have relatively small genom&ke genusMlycoplasma
arose by massive genome reduction from a gram #iymoslostridial ancestry and for
that reason it was hypothesized that many of theegehat were retained during this
process are essential for any living cell. To datveral approaches have been used in
minimal genome studies: comparative genomias ¢$ilico); random transposon
mutagenesis, inhibition of gene expression by ane RNA and biochemical

approaches.
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Mushegian and Koonin (1996) used the genome segaent Hemophilus
influenza and Mycoplasma genitaliunto determine a set of genes with overlapping
functions. A detailed comparison of the proteirssedm the two bacteria revealed the
minimal set of 256 genes that consisted mostly dhalogues genes with NOD
(nonorthologous gene displacement) cases compriiagf these genes. NOD means
that the same function is performed by unrelatedvery distantly related and
nonorthologous proteins. Despite all the advant#ggsa comparative genomic approach
offers, the same method involves some uncertajrasome of the common genes could
still be not essential for all living cell, and mdication of NOD can result in many false
positive. For these reasons experimental approatthédentifying minimal gene sets
became extremely important.

According to Koonin, 2000, experimentally constmigta minimal cell can help
in verifying comparative genomic results, enhanoe understanding of evolution and
provide a valuable model system for probing the@ples of cell functioning. Large-
scale inactivation as an experimental approaches haen performed to define which
genes are essential for cell viability in severallwharacterized bacterial models, such
as E. coli, B. subtilis; Staphylococcus aureusnd Mycoplasma genitaliumStrategies
such as random transposon mutagenesis, the useatieerse RNA to inhibit gene
expression, or the systematic inactivation of emclividual gene present in a genome
have been employed (Gdt al, 2004; Feheet al, 2007; Reznikoff and Winterberg,
2008; Moya et al, 2009). Transposon mutagenesis is one of the rposgular

experimental approaches for defining a minimal eétgenes, but it has certain
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limitations. Transposon mutagenesis might overegtnthe minimal set of genes by
misclassification of nonessential genes that sloawth without arresting it but can also
miss essential genes that tolerate transposontiors®r(Gil et al, 2004). Transposon
mediated knockout mutagenesis Mh genitaliumand M. pneumoniaresulted in the
identification of 215 nonessential genes out of.4Blke number of nonessential genes
obtained by this approach suggests a minimal gehef265 genes which is close to size
produced by the comparative genomic approach. Tdrefisant number (38) of viable
disruptions within the set of conserved genes ptediby Mushegian and Koonin (1996),
is unexpected and could suggest that evolutionarnservation of a gene does not
necessarily translate into it being essential uradleconditions (Koonin, 2000). For this
reason, a minimal genome project makes sense éntpnditions under which the
respective “minimal organism” should be expectedurvive, are defined.

Antisense RNA has been used to inhibit gene egmesn S. aureusEssential
genes were identified after conditionally expregsiandom genome fragments and then
screening for fragments whose expression blockathrolhe genes targeted by antisense
RNA were identified by DNA sequencing and BLAST bys& against the annotated
sequence 0. aureudJi et al, 2001). This method identified 658 unique essdigenes
in S. aureuggenome. The use of antisense RNA to inhibit geqmession is limited to
the genes for which adequate expression of théitoiny RNA could obtained in the
organism under study. &t al, (2001) showed that the efficiency of this metrodeveral
orders of magnitude greater than that of any ottmnditional growth phenotypic

selection procedure.
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Beside computational and experimental approadhesster and Church (2006)
used a biochemical approach to define a minimabkgenes. They searched for all the
components of well defined pathways that are ingmtrfor essential functions and came
up with a proposed minimal genome that contains déiies; 38 RNA genes plus 113
protein — coding genes involved in essential preeggreplication, transcription and
translation). This approach is quite different frany computational or experimental
approach already described. It is completely comgposf genes with well — defined

functions.

Why Make Minimal Genome?

According to Kolisnychenkeet al, (2002) who reduced the genomeEaf coli
strain MG1655 by 8.1%, there are several reasansiZe reduction of bacterial genomes.
First, making a strain with increased genome stglily removing transposons and IS
elements, which are usually the major source ofatrrts, would be desirable for many
scientific experiments (Kolisnychenlat al, 2002). Second, a minimal gene set can help
us to further understand cell functioning as welkeaable us to define the subset of genes
that are expected to be essential for life. Stgniuith cells with a minimal gene set will
be preferable for inserting new genetic modulesnodifying existing ones to design
microorganisms for different purposes (Andrianantivaet al, 2006).

TheE. coliminimal strain created by Kolisnycheng&bal., (2002), consists of the

back bone (3.7Mb), which includes core functionsEofcoli that are necessary in its
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typical environmental niche. The rest of the gength® Mb) in genomic islands (toxins,
virulence factors, transposable elements, phagesgtic prophages, pseudogenes and
gene remnants) had been deleted (Kolisnychestk@l, 2002). Expectations of the
minimal E. coli strain are that this strain is less sustainabl®MA rearrangements
(inversions, duplications and deletions) than asept and according to the authors this
strain can be used to answer the question whatdmaal transmissions would it pick up
from the environment?

Genome reduction may decrease the redundancy ar&oncpli genes and
regulatory elements. DNA sequence repeats mediatersions, duplications and
deletions by homologous recombination events withoansposases. To stabilize the
genome and metabolic pathways these elements cdeléid and unwanted functions
removed (Kolisnychenket al, 2002).

Biotechnological reasons for a reduced genome declunnecessary gene
products that are expressed in a production hgsesent potential contaminants that
could drive up the cost of product purification.|&#n of genes is the most reliable and
effective way to ensure the complete absence ofuawanted component in a

biotechnological product (Kolisnychenkt al, 2002).

Toxin Antitoxin Systems in Bacteria

Twenty eight years ago an operon that controlsegggion,ccdBA (coupled_ell

division), was identified on the F — plasmid B6f coli (Ogura and Hiraga, 1983}. was
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found thatccdBacts as a toxin by killing cells that become plasfree. Since then many
operons with a similar organization which are cagal stabilizing plasmids have been
identified and named ‘toxin-antitoxin (TA) systemsmodules’. Many TA loci are two-
component systems that code for a stable toxinaandnstable antitoxin. According to
the antitoxin nature TA systems are divided into twpes: type | and type Il. In type |
the antitoxin is antisense RNA (Gerdasal, 1986; Greenfiel@t al, 2000) and in type Il
the antitoxin is a protease sensitive protein (@Qagand Hiraga, 1983; Buttt al., 2005;
Gerdeset al, 2005). Stable toxins are neutralized by unstahlesense RNAs or protein
antitoxin. In plasmid free cells degradation of tale molecules (antisense RNAs and
antitoxins) is rapid and in the case of antitoxmmetein degradation is mediated by the
Lon and Clp proteases. At the same time toxic praie mMRNA that will allow synthesis
of a toxic protein is present in a plasmid fred teding to post segregational killing
(PSK) or stasis of those cells (Ger@esl, 2005).

Well characterized bacterial toxin antitoxin loave been classified into eight
families (Gerdest al, 2005) (Table 1.3). Most of TA loci have beenrfdwn plasmids
as well as on chromosomes.

To understand the function of TA loci it is impartao know the target(s) of the
toxins. So far two targets of TA loci have beennitfeed: DNA gyrase and mRNA.
Members of the CcdB (Bernard and Couturier, 199%) ®arE (Jianget al, 2002)
families inhibit DNA gyrase,an essential topoisomerase Il. Type |l topoisonexase
required during cell division to aid in chromosonsalgregation and in establishing the

proper superhelical density. DNA gyrase is uniquehit it is able to catalyze negative
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supercoiling in DNA at the expense of ATP. CcdBspois DNA gyrase by trapping the
gyrase in its cleavable complex with DNA, eventyatusing double strand breaks in the
DNA. During the transition process, it was shown thadECbinds to the A subunit of
gyrase leading to obstruction of DNA and RNA polyase activity by creating dead-end
complex (Critchlowet al,, 1997).

Toxins from the RelE family mediate cleavage of n#RiN a ribosome dependent
manner (Pederseet al, 2003). It was shown that RelE induces RNAsevagtiof a
ribosome (Hayes and Sauer, 2003), thereby affedineglevel of protein synthesis.
Toxins from MazF and YoeB families are highly spieciribonucleases. MazF
specifically cleaves at ACA sequences (Zhatgal, 2003), while YoeB is purine —
specific ribonuclease that cleaves at adenine strg@hristensenet al, 2004).
Experimental data available for the VapC toxin (Atheraman and Aravind, 2003)
suggests the presence of RNAse activity withintthen molecule based on predicted
homology of VapC with PIN domains. PIN domain pnagseare ribonucleases involved in
nonsense — mediated RNA degradation in eukaryotes.

TA operons are autoregulated at the level of tnapison by the complex formed
between the toxin and the antitoxin (de Fewteal, 1989). Only antitoxins bind directly
to the TA locus promoters, but the toxin can assssto - repressors of transcription. The
N — terminal domains of CcdA and MazE antitoxins egsponsible for dimerization and
DNA binding, while their C — terminal domains araportant for interaction with the
dimeric toxin. Toxin dimers can bridge antitoximairs bound at two or more distinct

sites on the DNA in a way that the interaction lmees cooperative (Dao — Tht al,
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2002). The presence of the toxin enables bettatitgnof the TA complex to the TA
locus promoter and more efficient repression aidcaiption. Results obtained by Agt
al., (2001); Johnsoet al, (1996); Magnuson and Yarmolinsky, (1998), éodAlccdB
parD/parE and phddoc indicate that the ratio of toxin to antitoxin mighave an
influence on the transcriptional regulation of Tpeoon..

Gerdeset al, (2005) proposed two models that could explam aletivation of
relBE locus, a simple passive model and an active mddwd. passive model proposed
that induction ofrelBE loci occur passively without involvement of extalrsignal. In
this situationrelBE loci respond to intracellular changes which angsed by starvation.
During starvation, the reduced rate of translabbthe antitoxin encoding mRNA leads
to a reduced level of antitoxin which further leadsderepression of theelBE locus
promoter. The increased toxin activity might be tlesult of combined effects of an
increasedelBE operon transcription rate and reduced level oit@ab (Gerdeset al,
2005).

The active model proposed that starvation indugesession of the Lon protease
which further degrades the RelB antitoxin. Sigrthlst trigger the Lon protease are not
known, but it could be a compound of a low molecuaight, a protein or stalled
ribosome (Gerdest al, 2005).

An analysis of all available data regarding functiof chromosomal toxin
antitoxin systems (Magnuson, 2007) resulted isteoli hypothetical functions.

a) Chromosomal toxin antitoxin systems are genomick,juacquired from

plasmids and/or other sources.
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b)

d)

f)

Chromosomal toxin antitoxin systems are part ajéagenomic parasites such
as conjugative transposones (Dziewdt al, 2007) and temperate
bacteriophages (DeShazer, 2004). Suggesting funtbigprevent elimination
by recombination.

Some of the toxins act as specific ribonucleasbsy tcan shift gene
expression away from site - rich to site - poor sages and in such a way be
involved in autoregulation (Ruiz — Echevaretal,1995), specific (Munoz —
Gomezet al, 2005) or global regulation (Engelberg — Kuékaal, 2006).

Many toxin - antitoxin systems are activated by\&tion and other stresses
(Agguire — Ramirezt al, 2006; Butset al, 2005). In most cases toxins, are
responsible for bacteriostatic but not bactericigfflects under stressful
conditions. The quick arrest of growth in respotsatarvation, may permit
improved survival during starvation or a quickesumption of growth when
conditions improve (Gerdes, 2000).

Toxin — antitoxin systems can act as antiphageeByst Bacteriophages can
activate toxin - antitoxin systems, which would riHanit phage production
(Hazan and Engelberg — Kulka, 2004), unless they@lauld inhibit host
proteases (Engelberg — Kulkaal, 1998), neutralize the toxins or exit the cell
before the toxins were activated.

Toxin - antitoxin systems are also involved in gatien of “persisters”,
subpopulation of bacterial cells that show low gitownd high resistance to

some antibiotics (Kereet al,, 2004; Korchet al, 2003).
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g) Certain experimental data suggest that chromostoral — antitoxin systems
can be involved in programmed cell death (Aizennearal, 1996; Lewis

2000).

This work

The aim of this work was to adapt the FIp/FRT gysfer use inS. melilotito
delete defined regions of the genome. More speadlificwe wished to generate multiple
gene knock-out mutants using one of the approafcinenaking large genomic deletions.
We believed botl. melilotimegaplasmids pSymA and pSymB can be systematically
deleted. Although others generated a limited nundfdiarge defined deletions in the
pSymB (Charles and Finan, 1991) and pSymA (Haisal, 2003) megaplasmids &.
meliloti using the transposon insertions and FIp/FRT systesspectively as an
experimental approach, systematic deletion analyfstsoth megaplasmids (pSymA and
pSymB) of S. melilotihad not been done to date. We were able to idephignotypes
associated with deleted genes and identify thenéatgenes irs. melilotigenome.

The major findings were: afwo essential genes, a tRRAand engA were
located on the pSymB megaplasmid ®f melilotj b) new carbohydrate utilization
phenotypes, associated with specific deletions vagseovered, c) a 40 Kb region on
pSymB which harbors a gene involved in symbiotic- ixation was mapped, djlespite
a previous report (Oresnigt al, 2000.) describing the curing of the entire pSymA

megaplasmid, deletions of the entire pSymA wereatdained, e) three toxin/antitoxin-
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like systems on pSymA megaplasmid were identifiethese aresma0471/sma0473
sma2105and sma2230/sma2231f) Deletion of thesma0471/sma0473resulted in
reduced growth, a loss of cell viabilitysria2105and sma2230/sma223land such
deletion derivatives were rarely recovered. Thasenptypes were complemented when
thesma0471/sma0473ma2105andsma2230/sma223jenes were supplied trans

The results of this thesis are presented in thnepters.

Chapter 3: Deletion strategy using FRT targeting vector pbRA and pTH1937,
presented as a part of a manuscript to be publitiiedving review by the other author,

T. M. Finan, and inclusion of alterations recomneshd

Chapter 4: Deletion analysis of th&inorhizobium melilotpSymB megaplasmid. This
chapter was written as a manuscript to be publisbkalving review by the other author

T. Soh, G. diCenzo, T. M. Finan, and inclusion ledrations recommended.

Chapter 5: Deletion Analysis of th&inorhizobium melilotpSymA megaplasmid. This

chapter was written as a manuscript to be publisbkalving review by the other author

T. Soh, G. diCenzo, T. M. Finan, and inclusion ledrations recommended.
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Figure 1.1. Composite transposons as deletion strategy. Tretegy for deletion
formation can be used upon integration of the caitpdransposon into host's genome.
Two deletions result from this transposition evientivo, the first leading to the removal
of the internal part of the transposon (Khmp), and the second resulting in the deletion
of a portion of the chromosome. Upon transposoegnattion, the product of ThpEK/LP
gene binds to the internal transposon ends (MEslting in blunt-end cleavage and loss
of the donor DNA. Tnp-EK/LP then facilitates intralacular strand transfer into the
chromosome. Not all events during strand transi#rresult in deletions; some will lead
to chromosome inversions. IEs-external transposas;eMEs-internal transposon ends;
Km'-kanamycin resistance; Ciohloramphenicol resistance; TnpEK/LP- transposase;
region targeted in deletion. (This figure is adoptnd modified from Goryshiet al,

2003).
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Figure 1.2.\ — Red type mediated recombination method. A, B @rate random DNA
sequences that have 100% similarity. Polymerasan aleaction primers are labeled as
primerl and primer2. S indicates arStel cleavage site. (This figure is adopted and

modified from Kolisnychenket al, 2002)
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Figure 1.3. The construction of deletion units by the CRS edissnethod. A) The CRS
cassette method consists of two recombination stépst, .. red recombinase mediates
the deletion of the target regions replacement IBC&R generated CRS cassette. The
deletion mutant is chloramphenicol resistant. Sdbygnthe inserted CRS cassette is
removed and replaced by a PCR generated DNA fragmmstructed by connecting
adjacent regions. Markerless deletion mutant&B were selected by both sucrose- and
streptomycin-resistant phenotype. B) Two generatedins are used to combine the
deletion unit,AyAB and AxCD. The deletion uninyAB is transferred by transduction
with the P1 phages prepared from the strain withSCdassette using the positive
selectable markers. Next, the cassette is remoyéhbsduction with P1 phage prepared
from the strain without the CRS cassette using tega selection markers. A, B, C and
D are random DNA sequences that have 100% sinyilandt - cloramphenicol resistant
gene;rpsL - 30S ribosomal subunit protein S1sjcB - Bacillus subtilidevansucrase.
Cm' — chloramphenicol resistant; €m chloramphenicol sensitive; Sm streptomycin
resistant; Srh— streptomycin sensitive; Sue sucrose resistant; Sue sucrose sensitive.
The solid bar represents the CRS cassette. (Ttusefiis adopted and modified from

Hashimotcet al, 2005).
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Figure 1.4. The Cre/LoxP site-specific recombination systemuged in genomic
deletions. Two modified Tn-5 transposons are geadralnKloxP and TnCloxP.Those
transposons were used to generate two groups ainmlibraries, by random insertion
into E. coli chromosome. Two mutant strains, one from eaclatbrwith a loxP site in
the same orientation are selected and broughtrallehinto a single strain by phage P1
transduction. The selected region between the ®® bites is deleted upon expression of
Cre recombinase. OE - outer-end transposase rdimgriequence; Khkanamycin
resistance; Chrchloramphenicol resistance; loxP- Cre recognitamget site. A, B, C, D
and E are random DNA sequences. (This figure ipi@dioand modified from Yet al,

2002).
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Figure 1.5 The FIp/FRT site-specific recombination systersed in genomic deletions

(&) Two Flp recognition target sites (FRT) are gnéded in the genome in a direct
orientation. The selected region between two FREsSs deleted upon expression of Flp
recombinase. The FIp/FRT site-specific recombamatsystem can also be used in
genomic inversions (b). Two Flp recognition targees (FRT) are integrated in genome
in the opposite orientation. The selected regiomveen two FRT sites is inverted upon
expression of Flp recombinase. A, B, C, D, E, F &dre random DNA sequences

targeted for deletion.
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l Flp recombinase

b) GENOME INVERSION — FRT sites are in the oppositentation.

l Flp recombinase
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Table 1.1.Megaplasmids present in different organisms aneég@ssociated with these

plasmids.
Strain Plasmid Plasmid Genes present on the plasmid
size
Halobacteriumsp pNRC100 191 Kb Genes responsible for the synthesis of a
NRC-1 unusual gas-filled vesicles, transcription
and replication factors, cytochrome
oxidase, thioredoxin and thioredoxin
pNRC200 365 Kb reductase
Additional transcriptional factors, DNA
polymerase and the only arginyl-tRNA
synthetase
Pseudomonas putida pRA500 500 Kb Genes involved in 3,5-Xylenpkcresol
NCIB9869
Variovorax paradoxus pTV1 200 Kb Genes involved in degradation of 2,4-
TV1 dichlorophenoxyacetic acid
Pseudomonas putida NAH7 82 Kb Genes responsible for naphthalene
G7 catabolism
Pseudomonas pCAR1 199 Kb Genes responsible for carbazole
resinovoransCA10 catabolism
Novosphingobiursp.  pCAR3 254 Kb Genes responsible for carbazole
KA1 catabolism
Agrobacterium pTiC58 214 Kb T-DNA, the virulence generif) region,
the replication gena€p) region,tra and
trb regions, regions that direct uptake and
catabolism of opine
pRi2659 202 Kb T-DNA, the virulence generir) region,
the replication gena€p) region,tra and
trb regions, regions that direct uptake and
catabolism of opine
Shigella2457T pINV-2457T 218 Kb Genes required for expassif type 1l
secretion system and many of the effector
proteins involved in the early stage of
invasion
Yersiniae pestis pYV 70 Kb Plasmid pYV encoding a type llI
secretion system and proteins known as
theYersiniaouter membrane proteins
pMT1 101 Kb Plasmid carries five important genes that
have been associated with virulence
pPCP1 9.6 Kb Genes involved in biosynthesis of:
bacteriocin called pesticin, a protein that
provides immunity to pesticin, a
plasminogen activator, and a coagulase
Yersiniae pYV 70 Kb Plasmid pYV encoding a type I

pseudotuberculosis

secretion system and proteins known as
the Yersiniaouter membrane proteins

51



Ph.D. Thesis — B. Milunovic; McMaster Universitiology

Strain Plasmid Plasmid Genes present on the plasmid
size

Yersiniae pYV 70 Kb Plasmid pYV encoding a type |l

enterocolitica secretion system and proteins known as
the Yersiniaouter membrane proteins

Cupriavidus pMOL28 171 Kb Genes responsible for resistance to

metalliduransCH34 mercury cobalt and nickel

pMOL30 233 Kb Genes responsible for resistance to

cadmium, zinc, cobalt and lead resistance

Ralstonia eutropha pHG1 452 Kb Genes specific for+bxidizing system

H16 and for CQ fixation via the Calvin—
Benson—-Bassham cycle; clusters of genes
for denitrification and for degradation of
aromatic compounds

Oligotropha pHCG3 133 Kb Genes involve in CO oxidation, CO

carboxidovorangDM5 dehydrogenase as well as Calvin cycle
enzymes and a dimeric hydrogenase

Arthrobacter pAO1l 165 Kb Genes specific for I-nicotine, d-nicti

nicotinovorans

andy-N—-methylaminobutyrate catabolism
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Table 1.2.Summary of results obtained in genome reducti@ategies.

Strain Deletion size Method for making Reference
deletions

E. coli (A20-4) 218.7 Kb (5.6%) Composite transposons Gonyshal, 2003

E. coli (CDA3456) 313.1 Kb (6.7%) Cre/LoxP excision Yu et al, 2002

system

E. coliMDS12 376.1 Kb (8.1%) A — Red type mediated Kolisnychenkoet al,
recombination method 2002

E. coliMDS43 708.3 Kb (15.3%) A — Red type mediated Posfaiet al, 2006
recombination method

E. coliMGF-01 1.03 Mb (22%) Mizoguclt al., 2007

E. coliAl6 1.38 Mb (29.7%) CRS cassette method Hashimioad, 2005

B. subtilisA6 320 Kb (7.7%) Plasmid-based Westerset al, 2003
chromosomal
integration-excision
systems

B. subtilisMG1M 991 Kb (21%) Araet al, 2007

B. subtilisMGB874 873.5 Kb (20.7%) Thapp(encoding Morimoto et al, 2008

uracil-phosphoribosyl-
transferase) cassette and
5-fluorouracil (5-FU )
selection were applied to
remove the drug-
resistant markers used to
introduce primary
deletions

. glutamicum

190 Kb (5.7%)

Crel/loxP system in Suzukiet al, 2005
combination with

double-strand break

(DSB)-stimulated

intramolecular

recombination

. genitalium

(20.7%)

Global transposon Glasset al, 2006

mutagenesis

. meliloti

1,230 Kb (18.4%)

Homologous Charles and Finan, 1991
recombination between

the insertion elements of

flanking transposon

insertions

. meliloti

1,354 Kb (20.2%)

Repetitive rounds of  Oresniket al, 2000
Tn5B12-S mutagenesis
with selection for

deletion
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Table 1.3. The eight typical toxin antitoxin (TA) families bed on protein homology

(Gerdest al, 2005)

TA family Toxin Target of toxin Antitoxin  Protease Phyletic
distribution
ccd CcdB Replication CcdA Lon Gram negative
through DNA bacteria
gyrase
relBE RelE  Translation RelB Lon Gram negative and
through mRNA gram positive
cleavage bacteria, Archaea
parDE ParE  Replication ParD Unknown Gram negative and
through DNA gram positive
gyrase bacteria
higBA HigB  Unknown HigA Unknown Gram negative and
gram positive
bacteria
mazEF MazF Translation MazE ClpXP/Lon Gram negative and
through mRNA gram positive
cleavage bacteria
phd/doc Doc Translation Phd ClpAP Gram negative and
gram positive
bacteria, Archaea
vapBC VapC Unknown VapB Unknown Gram negative and
gram positive
bacteria, Archaea
el ¢ Unknown € Unknown Gram positive

bacteria
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CHAPTER 2. MATERIAL AND METHODS

Bacterial Strains and Plasmids

Bacterial strains and plasmids used in this studyisted in Table 2.1 and 2.2.

Medium, Antibiotics and Growth Conditions

LB (Luria broth) (per litre: 10 g Difco tryptone, ¢ Difco yeast extract and 5 g
NaCl) was used as a complex mediumEoroli and supplemented with 2.5 mM Mg$50
and 2.5 mM CaGlfor S. meliloti M9-medium (per litre: 5.8 g NEIPOy, 3 g KHPO;,
0.5 g NaCl, 1 g NgCI, 1 pg/ml biotin, 10 ng/ml CoG| 1 mM MgSQ and 0.25 mM
CaCb, 10 mM carbon source) with or without NEI was used as a minimal medium for
all strains. 1/2L.B1/2M9 medium was used for tramsduns consists of equal parts liquid
M9 (1x), without additional MgS©and CaCJ, and LB containing 3% agar (LB-2x agar).
Soft agar used for phageM12 titration consisted of 0.5% agar in LBmc. Aiirbon and
nitrogen sources were filter sterilized and addethe final concentration of 10 mM and
5 mM, respectively.

The final concentrations of antibiotics in LB adar S. melilotiand E. coli are
presented in Table 2.3. X-gal (5 - Bromo — 4 —oohl— 3 — indolyl - — D -
galactopyranoside) and IPTG (Isopropyl — 3 — Dieghlactopyranosid) were used at the
final concentrations of 4Qg/ml and 0.5 mM, respectively. Thiamine auxotrophere
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supplemented with 0.01 mM thiamine. LB medium wappemented with 2 ng/ml of
CoChL when neededS. melilotistrains were grown at 30°C while coli strains were

grown at 37°C.

Bacterial Matings

Conjugations were performed from liquid culture dgmbining equal volumes
(20 pl) of previously washed (0.85% NaCl) mid to latgrlphase cultures of donor,
recipient and mobilizing strains. This mix was s$edtdirectly on LB agar and incubated
overnight at 30°C. The mating spots were then suggkin 0.85% NaCl and plated on

appropriate selective media.

Preparation of ®M12 Transducing Lysates

Lysates were prepared from log phase LB#&eneliloti cultures. 0.05 ml of a
®M12 phage stock propagated on RmP110, with a d¢ifrea. 16°10'* PFU/mI, was
added to 5 ml o& meliloti culture. This was then incubated with aerationafoleast 8 h
or until lysis could be detected by clearing of théture. A few drops of chloroform were
added to kill any viable cells that remained. Lgsatvere then stored at 4°C in 13 x 100
mm screwcap test-tubes. Lysate titration was donenixing 0.1 ml of an appropriate
phage lysate dilution (in LBmc) to 0.1 ml of an avght culture of RmP110 (in LBmc).

After 15 min at 30°C (to allow adsorption of theagle particles to the bacterial cell
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surface) 2.5 ml of LBmc 0.5% agar, cooled to 50W&as added. The mixture was
immediately poured on the surface of an LBmc adatepand incubated overnight at
30°C. The titre, in PFU (plaque forming units), wastermined from the number of

plaques arising in the bacterial lawn after ovednhigcubation.

®dM12 General Transduction

Transduction was done by combining equal volumes ifl) of mid- to late-log
phaseS. melilotirecipient culture in LBmc with an appropriatelfutéd donor lysate.
The donor lysate was diluted in LBmc to give a lfiNgDI (multiplicity of infection) of
0.5. This usually worked out to dilutions in theder of 1/20 to 1/25. The mixture was
kept at 30°C for 20 min to allow adsorption of pbauarticles to the bacterial cell surface.
Then 1 ml of 0.85% NaCl was added and the cellewetleted (16,100 x g, 3 min) in a
tabletop centrifuge and the pellet washed with @8%aCl to remove unadsorbed phage
particles. The pellet was then suspended in 0.88fhesand plated on appropriate

selective medium.

Isolation of Complementing Cosmid Clones

A pLAFR1 cosmid clone bank carrying Rm1021 DNA @ehinanet al, 1982)

was used to isolate complementing clones. Approteimd ml from a frozen permanent
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clone bank was added to 10 ml LB with Tcudml) and grown to OBo 1 — 1.2 before
mixing with recipient and mobilizer strains. The tmg spot was set up using LB
medium supplemented with CaGR ng/ml). Next day mating spots were plated on a
medium selective for complementation (LB&c’). SeverS. meliloticolonies from LB
selective plate were patched onto LB agar contgifiia to confirm the presence of the
cosmid. Spot matings with six of these Cobalt+ ome were performed witk. coli
recipient strain DH& to facilitate cosmid DNA extraction. Cosmid DNA svisolated
from the six independeri. coli strains and DNA sequencing reactions were perfdrme

using primers complementary to the cosmid.

Preparation of Genomic DNA

S. melilotigenomic DNA was prepared from 4 ml of culture gnoiw saturation
in LBmc. All 4 ml of bacteria were collected in 2-nmicrocentrifuge tubes by
centrifugation, washed once with 0.85% NaCl, arehthesuspended in 750 pl 10 mM
Tris, 25 mM EDTA (pH 8). Sodium dodecyl sulfate (§Dwvas added to 1%, NaCl to 1
M, and proteinase K (Sigma) to 0.5 mg/ml. Samplesewnixed gently and incubated at
65°C for 2 h. DNA was extracted once with buffetusated phenol, twice with 1:1
phenol-chloroform, and once with chloroform, andrttammonium acetate was added to
0.5 M and nucleic acids precipitated with an eqpodime of isopropanol. The pellet was
dissolved in 400 pl of 10 mM Tris, 1 mM EDTA witld 21g/ml RNase A and incubated

for 30 min at 37°C. DNA was extracted once with fitflenol-chloroform and once with
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chloroform, ammonium acetate was added to 0.5 M,RNA was precipitated with an
equal volume of isopropanol. The optical densit2@@ nm (OD260) of the whole sample
was measured to determine the DNA concentratioe. Sdmples were then lyophilized

and dissolved to a final concentration of 2 pg/onldequencing.

Confirmation of Deletion Structure by PCR

To investigate whether the FRT flanked regions waeketed and lost from the
cell, we used PCR to detect whether a given DNAoregvas present or absent. PCR
reactions were generally run in 2b volumes. One bacterial colony or an appropriate
amount of template DNA was added to the tube coimgithe appropriate concentrations
of buffers and dNTPs to give a final concentratain0.2 mM each of dATP, dCTP,
dGTP, and dTTP. Each primer was added to a finateatration of 2 pmolgl. All the
primer pairs used in this work are listed in Tablé. The reactions were mixed either in
ddH,O or 10% glycerol/5% DMSO. DNA polymerase was aduohethe initial mix. For

most PCR reactions Platinum Taq (Invitrogen) waslus

Plant Growth Conditions

Alfalfa (Medicagosativg seeds were surface sterilized using 95% eth&naiiig)
and 2.5% sodium hypochloride (20 min). Seeds wiesed with sterile water for 1 hour.

Sterilized seeds were evenly spread on water atpesp(1x agar) and allowed to
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germinate for two days in the dark. In a meanwhaenard assemblies were prepared.
Leonard assembly consists of two plastic pots #énatconnected by cotton wick which
extends from top pot into bottom. The top pot walked with nitrogen free
sand/vermiculite (1:1 w.w) mix and 250 ml of 1x Sen’'s medium (per litre: 1 g CaHRO
(7.35 mM), 0.2g KHPO, (1.15 mM), 0.2 g MgS®x 7H,0 (0.811 mM), 0.2 g NaCl (3.42
mM), 0.1 g FeCGl(0.616 mM), 1 ml of 1000 x trace mineral solutiofiyace minerals
solution was made to a 1000x stock and consistédenflitre): 1 g HBO;3 (16.2 mM), 1

g ZnSQ 7H,0 (3.48 mM), 0.5 g CuS{BH,O (2 mM), 0.5 g MnCGl 4H,0 (2.53 mM), 1

g NaMoO, 2H,0 (4.13 mM), 10 g NAEDTA (26.9 mM), 2 g NaFeEDTA (5.45 mM),
0.4 g biotin (1.64 mM). The pH of the Jansen’s raediwas adjusted to 7 before it was
added. The bottom pot was filled with dgband Jansen’s medium. Leonard assemblies
were covered with plastic lid and autoclaved. Afteo days eight germinated seeds were
transferred to each pot and placed in a Convirowtir chamber (18h day - 21°C and 6h
night - 17°C) with the plastic lids remaining inape. Two days later seeds were
inoculated withS. meliloticulture (16 — 1@ cells). Plants were watered as required using
autoclaved, distilled water and nodules were haede$or expression assays 4 weeks

after inoculation and stored at —80°C.

B-Glucuronidase Activity in Root Nodules

B-Glucuronidase activity was quantified in root nleduas follows: First, 10

nodules were placed into a prechilled Eppendoré tob ice. Then, 750l of cold MMS
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buffer (40 mM MOPS, 20 mM KOH, 2 mM MgSO4, 0.3 Mcsose; pH 7.0) was added
and nodules were crushed with mini pestles. Pissti¢ was pelleted via centrifugation at
400 x g for 2 min (6,600 rpm) (Eppendorf Centrifug€l5D) and 50 of supernatant
was transferred to a fresh tube on ice. Sodium dddsulfate was added to a final
concentration of 0.01% and samples were incubateideofor 5 min. Lysate was used at
100l per assay, and each reaction included @9ff buffer (50 mM sodium phosphate,
50 mM DTT, 1 mM EDTA; pH 7.0). Samples were equdited in water bath at 37°C for
10 min and the assay was initiated by the addivdrilO pl of 4-nitrophenyl 3-D-
glucuronide (35 mg/ml) (Sigma-Aldrich). Reactionsre terminated by the addition of
200 ul of reaction mixture to 70@l of 0.46 M NaCO; and absorbance at 405 nm was
read using TCAN Safir@late Reader. Specific activity was calculatedads@rbance at
405 nm x 1,000) (time [minutes] x milligrams of fm) ™. The protein concentration of
each lysate was determined by the method estadlisiieBradford (1976) with bovin

serum albumin as the protein standard.

Nodulation Kinetics and Isolation of Bacteria fromRoot Nodules

Nodulation kinetics were examined by performingluation assays in test tubes.
Assays were done in 18 x 150 mm test tubes contpislants of Jansen’s medium
solidified with 1% agar. (Jansen’s medium perelitt g CaHP®(7.35 mM), 0.2 g
KoHPO, (1.15 mM), 0.2 g MgS®x 7H,0 (0.811 mM), 0.2 g NaCl (3.42 mM), 0.1 g

FeClk (0.616 mM), 1 ml of 1000 x trace mineral solutiomjace minerals solution was
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made to a 1000x stock and consisted of (per litte HBOs; (16.2 mM), 1 g ZnS®
7H,O (3.48 mM), 0.5 g CuSO5H,0 (2 mM), 0.5 g MnGl 4H,0O (2.53 mM), 1 g
NaMoO, 2H,0 (4.13 mM), 10 g NEDTA (26.9 mM), 2 g NaFeEDTA (5.45 mM), 0.4
g biotin (1.64 mM). The pH of the Jansen’s mediusvadjusted to 7.0 before it was
added. The tops of the tubes were closed with lraosnt polypropylene Kim — Kaps. A
single two day old seedling was transfered to esaht using sterile technique. Three
days later seedlings were inoculated vBthmeliloticultures (18 cells). The root systems
of these plants were examined every second daysemetd for nodules. Data from 25
plants were scored for each strain.

To isolate bacteria from root nodules, nodules resddrom the root were rinsed
with water and surface sterilized with 1% sodiunpdghloride (15 min), washed twice
with LB and squashed in 2040 of LBmc containing 0.3 M sucrose. To determihe t
number of bacteria per nodule, dilutions were meu® plated on LB. To isolate bacteria
from nodule the resulting suspension of 0.3 M sserand root nodule was streaked on

LB plates.

Shoot Dry Weight Determination

Plants were harvested at 28 days post inoculatidrcat at the root — shoot
junction. All plant tops from each pot were putdtter in a paper bag (6 — 8 plant tops
per bag) and dried at 70°C for at least 1 week.\igights were measured using a

Mettler PE 600 balance.
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DNA Manipulations

Plasmid DNA was extracted froen coli using QlAprep plasmid kits (QIAGEN,
Chatsworth, CA). Agarose gel electrophoresisl other recombinant DNA techniques
such as restriction analysis, DNA ligation and $farmation were done according
Sambroolket al, 1989. DNA fragments were recovered fragarose using QIAquick Gel
Extraction Kit (QIAGEN, Chatsworth, CA). DNA sequeng was performed by the
MOBIX lab facility at McMaster University, HamiltgnOntario. DNA and derived
protein sequences were analyzed with the BLAST s@hitl et al, 1990) software

package accessed at NCBI site.

Preparation of Transformation Competent£. coli Cells

A frozen stock ofE. coli DH5a was streaked onto an LB plate and grown
overnight at 37°C. The following day, a single e¢otavas inoculated into 3 ml of LB and
grown overnight at 37°C. Next morning 100 ml of isBs inoculated to an Qgnm 0.05
and the culture was shaken at 37°C at 275 rpmcéhe were harvested at an absorbance
at 600 nm of 0.4 and incubated on ice for 10 mihe Tcells were pelleted and
resuspended in 25 ml ice cold 100 mM GaChe cell suspension was incubated on ice
overnight, pelleted, and resuspended in 5 ml ofdoel 100 mM CaGl with 15%

glycerol. The cell suspension was gently mixed srodibated on ice for 5 min. 2Q0
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aliquots were distributed into 1.5 ml microcentgéutubes, the tubes were flash frozen in

liquid nitrogen and stored at -80°C.

Growth Curves and Viable Cell Counts

Each strain was grown overnight in LBmc medium #Hrenext day cultures were
diluted to an Ol of 0.03 to 0.04 and ~ 5 ml pipetted into test tubéalf of these
cultures were grown in the presence of IPTG (0.5 fildl concentration) and growth
was measured by monitoring the gbPof the culture every three hours. Cultures were
grown and aerated on a roller-drum (New Brunswiclkefific Co. Edison, N.J. USA,
Rollordrum™) in an incubator at 30°C. The number of the colésryning units (CFU)
was determined by plating samples on LB medium witivithout IPTG. The number of
colony forming units was plotted as a functionloé time and the results were converted

to the fraction of surviving cells by dividing byFO at t=0.
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Table 2.1.Bacterial strains used in this study.

Deletion strain

Derived from:

Phenotype

RMP794 AB102:QZA)
RMP795 AB103:QNG)
RMP793 AB104:QZA)
RMP792 AB105:QNG)
RMP808 AB106:QNG)
RMP791 AB107:QZA)
RMP790 AB108:QNG)
RMP799 AB109:QZA)
RMP734 (B110)

RMP821 AB111:QNG)
RMP823 AB112:QNG)
RMP824 (B113)

RMP825 (B114)

RMP727 (pTH152275254(753564); pTH1937 (7880338898))
RMP728 (pTH1522 (829283010¢); pTH1937 78803:-788984))
RMP726 (pTH152282922:—830108); pTH1937 (8696487050%))
RMP725 (pTH1522 (90691H852¢); pTH1937 86964:~870505))
RMP807 (pTH1522 (109110869228); pTH1937 86964.—870505))
RMP724 (pTH1522109110-1092289); pTH1937 (1129758:3116%))
RMP723 (pTH1522 (116907Bt7046(); pTH1937 (12975-1131168))
RMP733 (pTH1522 116907:~1170466); pTH1937 (120477D20705)))
(pPTH1522 (12550325650:); pTH1937 (204771207052)
RMP820 (pTH1522 (122387122582,); pTH1937 (20477-1207052))
RMP822 (pTH1522 (122462122649); pTH1937 (20477-1207052))
(pPTH1522 (12336323511(); pTH1937 (20477-1207052))

(pPTH1522 (124175824352!); pTH1937 (204771207052))
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SmTCc
SINM'GMTC
SmTCc
SINM'GMTC
SINM'GMTC
SmTc
SINM'GmMTC
SmTCc
SHNM'Gm’
SINM'GmMTC
SINM'GmMTC
SHNM'Gm’

SHNM'Gm’
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Deletion strain

Derived from:

Phenotype

RMP826 (B115)

RMP801 AB116:QZA)
RMP809 (B117)

RMP811 AB118:QZA)
RMP813 AB119:QZA)
RMP815 AB120:QZA)
RMP817 AB121:QZA)
RMP798 AB122:QNG)
RMP806 AB123:QNG)
RMP803 AB124:QZA)
RMP804 (B125)

RMP853 AB128:QZA)
RMP855 AB129:QZA)

RMP857 AB130:QZA)

(pPTH1522 (124361824555, pTH1937 (20477-1207052))
RMP800 (pTH1522 125503-1256503); pTH1937 (130775230891)))

(pPTH1522180790-1308912); pTH1937 (152815052971))
RMP810 (pTH1522 1322221323078); pTH1937 (152815052971))
RMP812 (pTH1522 133288-1333550); pTH1937 (152815052971))
RMP814 (pTH1522 137441:~1375594); pTH1937 (152815052971))
RMP816 (pTH1522 140813-1408806); pTH1937 (152815052971))
RMP732 (pTH1522 (157242P57373); pTH1937 (52815-1529711))
RMP805 (pTH1522 (165255865419); pTH1937 (52815-1529711))
RMP802 (pTH1522 165255-1654191); pTH1937 (167788P67972))

(pPTH1522 (5908014¢); pTH1937 (67788:~1679723))
RMP852 (pTH1522 85988:~861539); pTH1937 (8696487050%))
RMP854 (pTH1522 85269+854051); pTH1937 (8696487050%))

RMP856 (pTH1522 83923¢-841005); pTH1937 (86964870505))

66

SMNM'Gn
SnTc'
SMNm'Gnmf
SnTc'
SnTc'
SnTc'
SnTc'
SINM'GmMTC
SINM'GmMTC
SnTc'
SMNM'Gnf
SnTc'
SnTc'

SmTCc
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Deletion strain

Derived from:

Phenotype

RMP859 AB131:QZA)
RMP861 AB132:QZA)
RMP863 AB133:QZA)
RMP865 AB134:0ZA)
RMP867 AB135:QZA)
RMP869 AB136:QZA)
RMP871 AB137:QZA)
RMP874 AB139:QZA)
RMP899 (B140)
RMP876 AB141:QZA)
RMP878 AB142:QZA)
RMP1108 §B143:QNG)
RMP1110 §B144:QNG)

RmP1109 AB145:QONG)

RMP858 (pTH1522 82925-830910); pTH1937 (8696487050"))
RMP860 (pTH1522 81465.~816483); pTH1937 (8696487050%))
RMP862 (pTH1522 79420—~795633); pTH1937 (8696487050%))
RMP864 (pTH1522 77943-780709); pTH1937 (8696487050"))
RMP866 (pTH1522 76997:—771070); pTH1937 (8696487050"))
RMP868 (pTH1522 76294.—~764540); pTH1937 (8696487050%))
RMP870 (pTH1522 75710:—758231); pTH1937 (8696487050%))
RMP873 (pTH1522 74149'~743314); pTH1937 (8696487050%))
(PTH15226414:-65620); pTH1937 (4664986716()

RMP875 (pTH1522 10063-101396); pTH1937 (4664986716())
RMP877 (pTH1522 12131 — 122108); pTH1937 (4664986716())
RMP1623 (pTH1522 (6788187965¢); pTH1937 63501-635940))
RMP1625 (pTH1522 (72203F23627); pTH1937 63501-635940))

RMP1624 (pTH1522 (7443204509¢); pTH1937 63501-635940))
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SnTc'
SnTc'
SnTc'
SnTc'
SnTc'
SnTc'
SnTc'
SnTc'
SMNm'Gmf
SnTc'
SnTc'
SINM'Gm'Tc'
SINM'GmM'Tc'

SINM'GMTC
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Deletion strain Derived from: Phenotype
RmMP880 AB146:QONG) RmP879 (pTH1522 (7525485526(); pTH1937 63501-635940)) SINM'GMTC
RmMP882 AB147:QONG) RmP881 (pTH1522 (75710158237); pTH1937 63501-635940)) SINM'GMTC
RmMP884 AB148:QONG) RmP883 (pTH1522 (7629426454(); pTH1937 63501-635940)) SINM'GMTC
RMP16814B151:QONG) RmP902 (pTH1522 (64146562(); pTH1937 6124(-62137)) SHNM'GM T
RMP904(B152) pTH1522 (7355B430%); pTH1937 6124(-62137)) SHNmM'GnT
RmMP905(B153) pTH1522 (883289794); pTH1937 6124(-62137) SHNmM'Gnl
RMP906(B154) pTH1522 (10063B3139¢); pTH1937 6124(-62137) SHNmM'GnT
RmMP903(B155) pTH1522 (1213112710€); pTH1937 6124(-62137) SHNM'Gnl
RmMP896(B158) pTH1522 (1322228323074); pTH1937 (30775~1308912) SANM'GnT
RmMP895(B159) pTH1522 (13223782380)); pTH1937 (30775~1308912) SANM'GnT
RmMP897(B160) pTH1522 (1332881B3355(); pTH1937 (30775~1308912) SANM'GnY
RmMP1055 4B161:Q0ZA) RmP1054 (pTH1522167788:-1679723); pTH1937 (49523161()) S
RmMP1053(B162) pTH1522 (59088014¢); pTH1937 #952--51610) SHNmM'GnT
RmMP926 (A101) (pTH1522 (954B098¢); pTH1937 (28308:-1284751)) SANmM'Gm
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Deletion strain

Derived from:

Phenotype

RMP928 AA102:QZA)
RMP930 AA103:QONG)
RMP932 (A104:QZA)
RMP934 AA105:QONG)
RMP936 AA106:QZA)
RMP981 AA107:QONG)
RMP983 AA108:QONG)
RMP979 AA109:QONG)
RMP975 (A111:QZA)
RMP977 (A112:QZA)
RMP973 (A113:QZA)
RMP987 (A114:QZA)
RMP989 AA115:QZA)

RMP991 A116:QZA)

RMP927 (pTH1522954¢-10988); pTH1937 (477148847
RMP929 (pTH1522 (90320R2124); pTH1937 47717-48842))
RMP931 (pTH152290324+92124); pTH1937 (1237882512%))
RMP933 (pTH1522 (184518620(); pTH1937 (2378¢-125128))
RMP935 (pTH152218451-186200); pTH1937 (2509175180))
RMP980 (pTH1522 (2940185457); pTH1937 25091-251809))
RMP982 (pTH1522 (30615®858(); pTH1937 25091-251809))
RMP978 (pTH1522 (31187A3654); pTH1937 R5091-251809)
RMP874 (pTH1522 20401(-295457); pTH1937 (3477894845))
RMP976 (pTH1522 30615(-308586); pTH1937 (3477894845))
RMP972 (pTH1522 31187-313654); pTH1937 (3477894845Y))
RMP986 (pTH1522 20401-295457); pTH1937 (4589145966¢))
RMP988 (pTH1522 30615(-308586); pTH1937 (4589145966¢))

RMP990 (pTH1522 (1187'-313654); pTH1937 (4589145966))
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SmTCc
SINM'GMTC
SmTCc
SINM'GMTC
SmTc
SHNM'GMTC
SHNM'GMTC
SHNM'GMTC
SmTCc
SmTCc
SmTCc
SmTCc
SmTCc

SmTCc
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Deletion strain

Derived from:

Phenotype

RMP939 AA117:QZA)
RMP941 AA118:QONG)
RMP943 (A119:QZA)
RMP945 AA120:QONG)
RMP947 (A121:QZA)
RMP949 AA122:ONG)
RMP951 (A123:QZA)
RMP953 AA124:QONG)
RMP955 (A125:QZA)
RMP971 AA126:QNG)
RMP969 AA127:QONG)
RMP957 (A128:QZA)
RMP959 AA129:QONG)

RMP961 AA130:QZA)

RMP938 (pTH1522 40026 —402136); pTH1937 (4589145966Y))
RMP940 (pTH1522 (50533®733¢); pTH1937 45891(-459668))
RMP942 (pTH1522 50533%-507338); pTH1937 (5756 7877247))

RMP944 (pTH1522 (62367824867); pTH1937 67567:-577241))
RMP946 (pTH1522 62367:—624863); pTH1937 (6771557815()
RMP948 (pTH1522 (72667@2792); pTH1937 67715-678150))
RMP950 (pTH1522 72667:-727921); pTH1937 (7742987547¢))

RMP952 (pTH1522 (82848B014%); pTH1937 {7429:-775476))
RMP954 (pTH1522 82841°-830143); pTH1937 (87996881169))

RMP970 (pTH1522 (9268312828:); pTH1937 87996(-881169))
RMP968 (pTH1522 (9300@B091(); pTH1937 87996(-881169))

RMP956 (pTH1522 92451(-927009); pTH1937 (106364P06464.)

RMP958 (pTH1522 (1122176:2350:); pTH1937 (06364:-1064644))

RMP960 (pTH1522 1(12217+1123504); pTH1937 (117311B:7373())
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SmTCc
SHNM'GMTC
SmTCc
SHNM'GMTC
SmTc
SHNM'GMTC
SmTc
SHNM'GmM'TC
SmTCc
SHNM'GmM'TC
SHNM'GMTC
SmTCc
SINM'GMTC

SmTCc
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Deletion strain

Derived from:

Phenotype

RMP967 AA131:QONG)
RMP965 (A132:QZA)
RMP963 AA133:QONG)
RMP1051 §A134)
RMP1052 §A135)
RMP1032 §B170:QNG)
RMP1034 §B171:QONG)
RMP1036 §B172:QONG)
RMP1038 §B173:QNG)
RMP1040 §B174:QNG)
RMP1042 §B175:QNG)
RMP1046 §B176:QNG)
RMP1048 §B177:QNG)

RmP1050 AB178:QQNG)

RMP966 (pTH1522 (12319923291(); pTH1937 (17311-1173730))
RMP964 (pTH1522 123199:-1232916); pTH1937 (12830828475)))
RMP962 (pTH1522 (13482384993); pTH1937 (28308:-1284751))
(pPTH1522 (903282124); pTH1937 (28308:-1284751))

(pPTH1522 134823-1349931); pTH1937 (47714884%))

RMP1031 (pTH1522 (153391P53564); pTH1937 (52815\-1529711))
RMP1033 (pTH1522 (1536036:3679(); pTH1937 (528151529711))
RMP1035 (pTH1522 (154240154431); pTH1937 (528150-1529711))
RMP1037 (pTH1522 (154654854790); pTH1937 (528151529711))
RMP1039 (pTH1522 (155163[65270); pTH1937 (528151529711))
RMP1041 (pTH1522 (155178855374); pTH1937 (528151529711))
RMP1045 (pTH1522 (15592555374); pTH1937 (528151529711))
RMP1047 (pTH1522 (156288856438); pTH1937 (528151529711))

RMP1049 (pTH1522 (156879856945); pTH1937 (52815-1529711))
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SINM'GMTC
SmTCc
SINM'GMTC
SINM'GnY
SMNmM'Gm’
SINM'GMTC
SINM'GmMTC
SINM'GmMTC
SINM'GmMTC
SINM'GmMTC
SINM'GmMTC
SINM'GmMTC
SINM'GmMTC

SINM'GmMTC
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Deletion strain Derived from: Phenotype
RmP1099 AA150:QG) RmP1094®RmP969 (87996@3091() - RmP936 {8451-251809)) SHGMTc'
RmMP1092 (A151) PRMP959 (106364212350)— RmP936 {8451-251809)) SHGmM T
RmP1101 RmP109%RmP969 (87996@3091() — RmP947 §2367:-678150)) SHGMTc'
RmP1408 AA152:QG) RmP1407 ®PRmP959 (106364212350:) — RmP939 40026 -459668)) SHGMTc'
RmMP1523 (A213) (pTH1522 (306138:858(); pTH1937 (8451¢-186200)) SHNM'GnT
RmMP1524 (A214) (pTH1522 (2996BD155:); pTH1937 (8451¢-186200)) SHNmM'GnT
RmMP1525 (A215) (pTH1522 (293129486:); pTH1937 (8451¢-186200)) SHNmM'GnT
RmMP1526 (A216) (pTH1522 (2894181047); pTH1937 (8451¢-186200)) SHNmM'Gnl
RmMP1527 (A217) (pTH1522 (280172B186Y; pTH1937 (8451-186200)) SHNmM'Gnl
RmMP1528 (A218) (pTH1522 (27165873497); pTH1937 (8451-186200)) SHNmM'Gnl
RmMP1529 (A219) (pTH1522 (265726745¢); pTH1937 (8451-186200)) SHNmM'Gnl
RMP1643§A220:0NG) RmP1530 (pTH1522 (2548286565%); pTH1937 (8451¢-186200)) SHNM'GMTC
RMP1644 4A221:QONG) RmP1531 (pTH1522 (2457124684¢); pTH1937 (8451¢-186200)) SHNM'GMTC
RMP1653 4A222:ONG) RmP1540 (pTH1522 (2339284774); pTH1937 (8451-186200)) SHNM'GM T
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Deletion strain Derived from: Phenotype
RMP1662 £4A228:QONG) RmP1549 (pTH1522 (19183B360%); pTH1937 (8451-186200)) SAINM'GMTC
RMP1663 4A223:QONG) RmP1551 (pTH1522 (2305281977); pTH1937 (8451-186200)) SHNM'GMTC
RMP1665 £A224:QONG) RmP1553 (pTH1522 (2207282225.); pTH1937 (8451¢-186200)) SHNM'GMTC
RMP1667 £A225:QONG) RmP1555 (pTH1522 (2153236947); pTH1937 (8451¢-186200)) SHNM'GMTC
RMP1668 4A226:QONG) RmP1556 (pTH1522 (20070820169:); pTH1937 (8451-186200)) SHNM'GMTC
RMP1669 4A227:ONG) RmP1557 (pTH1522 (19361195077); pTH1937 (8451¢-186200)) SHNM'GMTC
RmMP1948 (A202) (pTH152219361~195077); pTH1937 (3061582858¢)) SMNmM'GnT
RmMP1949 (A205) (pTH152228009-231800); pTH1937 (3061580858)) SMNmM'GnT
RmMP1968 (A253) (pTH1522 (2998@0087(); pTH1937 R5482¢-255655)) SHNmM'GnT
RMP1969 (A257) (pTH1522 (27698B469¢); pTH1937 R5482¢-255655)) SHNmM'GnT
RmMP1970 (A254) (pTH1522 (297428889"): pTH1937 R5482¢-255655)) SHNmM'GnT
RmMP1986 (A204) (pTH152222072¢-222254); pTH1937 (3061583858¢)) SMNmM'GnT
RmMP1987 (A203) (pTH152221533:-216947); pTH1937 (3061580858)) SmNmM'GnT
RmMP1988 (A201) (pTH152219183-193609); pTH1937 (3061580858)) SmNmM'GnT
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Deletion strain

Derived from:

Phenotype

RMP1989 (A252)
RMP1994 (A240)
RMP1995 (A244)
RMP1996 (A243)
RMP2001 (A241)
RMP2003 (A242)
RMP2004 (A245)
RMP2005 (A246)
RMP2007 (A232)
RMP2008 (A231)
RMP2013 (A229)
RmP2015 (A230)
RMP2016 (A233)

RMP2017 (A234)

(pTH1522
(pTH1522
(pTH1522
(pTH1522
(pTH1522
(pTH1522
(pTH1522
(pTH1522
(pTH1522
(pTH1522
(pTH1522
(pTH1522
(pTH1522

(pPTH1522

(306186858(); pTH1937 R5482¢-255655))
(306186858(); pTH1937 23009°-231800))
(2807@8240(); pTH1937 23009°-231800))
(28941831047); pTH1937 23009°-231800))
(2998@0087(); pTH1937 23009°-231800))
(297429889%); pTH1937 R3009°-231800))
(2769g79397); pTH1937 23009°-231800))
(2627@8469(); pTH1937 23009°-231800))
(2807@8240(); pTH1937 (9361-195077))
(2894181 (42); pTH1937 (9361-195077))
(2998@0087(); pTH1937 (9361-195077))
(297429889%); pTH1937 (9361-195077))
(2769g79397); pTH1937 (9361-195077))

(262768469(); pTH1937 (9361:-195077))
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SHINmM'Gmf
SHINmM'Gm'
SHINmM'Gm'
SHINmM'Gm'
SHINmM'Gm'
SHINmM'Gm'
SHNmM'Gm'
SHINmM'Gm'
SHINmM'Gm'
SHINmM'Gmf
SHINmM'Gmf
SHINmM'Gm'
SHINmM'Gm'

SANmM'Gm'
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Deletion strain

Derived from:

Phenotype

RMP2061 §A250:QZA)
RMP2062 §A239:QONG)
RMP2063 §A251:Q7ZA)
RMP2064 §A248:QZA)
RMP2065 §A249:QZA)
RMP2066 (A256)

RMP2067 §A236:QONG)
RMP2068 §A237:QONG)
RMP2069 §A238: QONG)
RMP2070 §A235:QONG)
RMP2071 §A259:QZA)
RMP2072 §A263:QZA)
RMP2073 §A261:QZA)

RmP2074 AA262:QZA)

RMP1997 (pTH152210361-195077); pTH1937 (2300923180())
RMP2018 (pTH1522 (2007083169’); pTH1937 (9361:-195077))
RMP1998 (pTH152210183-193609); pTH1937 (2300973180())
RMP1999 (pTH15222Q072(~222254); pTH1937 (23009231800))
RMP2000 (pTH15222(1533:-216947); pTH1937 (2300973180())
(pPTH1522 (2807@8240¢); pTH1937 R5482¢-255655))
RMP2009 (pTH1522 (23002B180(); pTH1937 (9361-195077))
RMP2011 (pTH1522 (22072822254); pTH1937 (9361:-195077))
RMP2012 (pTH1522 (215323:6947); pTH1937 (9361-195077))
RMP2014 (pTH1522 (2548286565Y); pTH1937 (9361:-195077))
RMP1991 (pTH15222Q072(-222254); pTH1937 (25482865655))
RMP1990 (pTH152210183-193609); pTH1937 (2548285565))
RMP1993 (pTH152220070¢201691); pTH1937 (25482865655))

RMP1966 (pTH152210361:~195077); pTH1937 (25482865655))
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SmTCc
SHNM'GMTC
SmTc
SmTc
SmTCc
SANM'Gm’
SHNM'GMTC
SHNM'GmMTC
SHNM'GMTC
SHNM'GMTC
SmTCc
SmTCc
SmTc

SmTCc
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Deletion strain

Derived from:

Phenotype

RmP2075 AA247:QONG)
RmP2077 AA211::QZA)
RmP2078 AA212::QZA)
RmP2079 AA209::QZA)
RmP2080 AA210::QZA)
RmP2081 AA255::ONG)
RmP2082 AA206::Q0ZA)
RmP2083 AA258::QZA)
RmP2084 AA207::QZA)

RmP1694

RmP2211

RmP2002 (pTH1522 (2548286565Y); pTH1937 R3009°-231800))
RMP1952 (pTH152220741-298895); pTH1937 (3061580858))
RMP1950 (pTH152220980(-300876); pTH1937 (3061580858))
RMP1946 (pTH152228076-282406); pTH1937 (3061580€58€))
RMP1947 (pTH152228941¢-291042); pTH1937 (3061589858())
RMP1965 (pTH1522 (2894188104:); pTH1937 P5482¢-255655))
RMP1951 (pTH152226482¢-255655); pTH1937 (3061583858())
RMP1967 (pTH15222@009-231800); pTH1937 (2548285565))
RMP1953 (pTH152226276¢-264696); pTH1937 (3061580858))

RMP896 (pTH1522 (13222282307%); pTH1937 (30775~1308912))
(pTH2302)

RMP2208 (pTH1522 (12550325650:); pTH1937 (nt120477¢

1207052)) (pTH2027)
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SHNM'GmMTc'
SnTc'
SnTc'
SnTc'
SnTc'

SHNM'GmMTc'
SnTc'
SnTc'
SnTc'

SMNM'GmMTc'SP

SMNM'GmMTc'SP
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Deletion strain Derived from: Phenotype

RmP2212 RmMP2209 (pTH1522 (124361B4555); pTH1937 (204:70-1207052)) SmINm'GmTc'Sg
(pTH2027)

RmP2213 RmMP2210 (pTH1522 (12417584352); pTH1937 (204771207052)) SmINm'GmTc'Sg
(pTH2027)

RmP2233 (pTH1522 (123199823291(); pTH1937 (17311-1173730)) (pTH1931) SINmM'GmM'Sy

RmMP2237 (pTH1522103199:-1232916); pTH1937 (128308228475)) (pTH1931)  SNmM'Gm'Sg

RmMP2249 RmMP2200 (pTH152®2451¢-927009); pTH1937 (106364M06464.)) SMNmM'GM TSy
(pTH2563)

RmP2251 RmMP2143 (pTH1522 (954098¢); pTH1937 (28308:-1284751)) SMNmM'GmM TSy
(pTH2563)

RmMP2252 RmMP2141 (pTH1522 (2998B0087¢); pTH1937 R5482¢-255655)) SMNmM'GmM TSy
(pTH2563)

RmP2253 RmMP2195 (pTH1522 (2998B0087(); pTH1937 R5482¢-255655)) SMNmM'GM TSy
(pTH1931)
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Deletion strain Derived from: Phenotype

RmMP2332 (pTH1522 (n23199+1232916); pTH1937 (nt: 12830828475)) SMNmM'GmM'SP
(pTH2625)

RmP2335 (pTH1522103199:-1232916); pTH1937 (128308228475)) (pTH2624)  SINmM'Gm'Sg

RmMP2336 (pTH1522 (12319923291(); pTH1937 (17311-1173730)) (pTH2622) SINM'Gm'Sy

RmMP2352 (pTH1522 (123199823291(); pTH1937 (17311-1173730)) (pTH2647) SINmM'GmM'Sg

RmP2354 RmMP2331(pTH152223199-1232916); pTH1937 (12830828475))) SMNmM'GmM TSy
(pTH2623)

RmMP2658 RmMP2353 (pTH1522 (12319083291(); pTH1937 (17311-1173730)) SnINm'GmTc'Sg
(pTH2646)

RmMP2360 RmMP2269 (pTH1522 (132222823074); pTH1937 (30775~1308912)) SmINm'GmTc'Sg
(pTH2563)

RmMP2369 (pTH1522107311-1173730); pTH1937(123199232911)) SMNmM'GnT

RmMP2377 (pTH1522107311-1173730); pTH1937(123199823291()) (pTH2623)  SINmM'Gm'Sg

RmP2378 (pTH1522107311-1173730); pTH1937(123199823291()) (pTH2625)  SINmM'Gm'Sg
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Deletion strain Derived from: Phenotype

RmMP2379 (pTH1522107311-1173730); pTH1937(123199823291()) (pTH2624)  SINM'Gm'SP

RmMP2382 ¢ (pTH1522 (735597430%); pTH1937 6124(-62137)}>RmP110) SMNM'GM T
(pTH2651)

RmMP2379 (pTH1522107311-1173730); pTH1937(123199823291()) (pTH2624)  SINmM'Gm'Sg

RmMP2382 ¢ (pTH1522 (735597430%); pTH1937 6124(-62137)}>RmP110) SMNM'GM T
(pTH2651)

RmP2383 ¢ (pTH1522 (735597430%); pTH1937 6124(-62137)}>RmP110) SMNM'GM T
(pTH2654)

RmP2383 ¢ (pTH1522 (735597430%); pTH1937 6124(-62137)}>RmP110) SMNM'GM T
(pTH2654)

RmMP2494 (pTH1522 (9548098¢); pTH1937 (28308-1284751)) (pTH2646) SINmM'Gmsg

RmMP2495 (pTH152290451¢-927009); pTH1937 (106364M06464.)) (pTH2646) SHNmM'GmM'sg

RmMP2496 (pTH1522 (132222632307{); pTH1937 (30775~-1308912)) (pTH2646)  SINmM'Gm'Sg

RmMP2659 (pTH1522 (9549098¢); pTH1937 (28308-1284751)) (pTH2623) SINm'Gm'sg
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Deletion strain Derived from: Phenotype
RmMP2660 (pTH152290451¢-927009); pTH1937 (106364M96464.)) (pTH2623) SHINM'GmM'SP
RMP2661 (pTH1522 (132222632307{); pTH1937 (30775. — 1308912)) (pTH2623) SMmM'Gm'Sy
RmP2681AA160:: QG ®AA105(12378818620()—AA102(954¢-48842 SnmiGm

Abreviations:' designates resistance; Ap, ampicillin; Cm, chloraemicol; Gm, gentamicin; Km, kanamycin; Nm, neomyci
Sm, streptomycin; Sp, spectinomycin; Tc, tetracyliac, lactose utilization genesyiT, origin of transferA, deletion;

:QGN, deletion is marked by gentamicin (G) and neam) resistance; QZA, zero antibiotic (ZA) or no antibiotic marker
is present within deletion. Bold numbers correspiantthe start and stop nucleotide position for edaletion. Where pTH1944
flp plasmid transconjugant strains were recoverediadeletion subsequently verified, the region designated with &
(e.g.AB118)
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Table 2.2.Bacterial strains and plasmids used in this study.

S. melilotistrain

Relevant characteristic(s)

Reference

Rm1021

RmG212

RmP110

RmH940

RmP1064

RmP1065

RmP1067

RmP1222

RmP1223

RmP1224

RmP1225

RmP1226

RmP1227

SUA47 str-21 Srtwild type)
lac’ derivative of Rm1021

Rm1021 with wild-typestC

RmG212l4c) derivative with FRT sites flanking Tn5-235 (Ntac2)
AA106 withoutflp plasmid Srh
AA117 withoutflp plasmid Srh
AA102 withoutflp plasmid Srh

RmP110 (pTH2172) 8am'; disruption ofpssFgene

RmP110 (pTH2173) 8m'; transcriptional fusion tpssFgene
RmP110 (pTH2174) 8m; disruption ofuxuBgene

RmP110 (pTH2175) 8Bm'; transcriptional fusion taxuBgene
RmP110 (pTH2176) 8m'; disruption ofsmb2075@ene

RmP110 (pTH2177) 8m'; transcriptional fusion tsmb2075@ene

81

Meadeet al. (1982)
Lab collection
Yuanet al.(2006)

P.Chainunpublished

This study

This study

This study
This study
This study
This study
This study
This study

This study
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S. melilotistrain Relevant characteristic(s) Reference
RmP1228 RmP110 (pTH2178) 8m; disruption ofsmb2075Xyene This study
RmP1229 RmP110 (pTH2179) 8Bm'; transcriptional fusion tsmb2075yene This study
RmP1230 RmP110 (pTH2180) 8m'; disruption ofsmb20752jene This study
RmP1231 RmP110 (pTH2181) 8Bm; transcriptional fusion tsmb20752)ene This study
RmP1232 RmP110 (pTH2182) 8am; disruption ofsmb20753yene This study
RmP1233 RmP110 (pTH2183) 8Bm; transcriptional fusion tsamb20753)ene This study
RmP1234 RmP110 (pTH2184) 8am'; disruption ofsmb20754yene This study
RmP1235 RmP110 (pTH2185) 8Bm'; transcriptional fusion tsmb20754ene This study
RmP1810 ®RmMP1408— RmP110 SiGn This study
RmMP2371 RmMP110 (pTH2623) Sy This study
RmMP2372 RmMP110 (pTH2625) Sy This study
RmMP2380 RmMP110 (pTH2624) Sy This study
RmMP2381 RmMP110 (pTH1931) Sy This study
RmMP2374 RmMP110 (pTH2647) Sy This study
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S. melilotistrain Relevant characteristic(s) Reference
RmP2373 RmP110 (pTH2646) Sy This study
RmMP2370 RmP110 (pTH2622) Sy This study
RmP2451 RmMP110 (pTH2563) Sy This study
RmMP2361 ® (pTH1522 (nt:735597430%); pTH1937(nt6124(—62137)}»RmP110 This study
Nm'Gm'
RmP2348 RmP110 (pTH2585) deletions for fix delaymi This study
RmP2350 RmP110 (pTH2586) deletions for fix delaymi This study
Escherichia coli Relevant characteristic(s) Reference
MT616 MT607 (pRK600), mobilizer; Cin Finanet al. (1986)
DH5a ¢80dacZ AM15 GIBCO BRL
Plasmids Relevant characteristic(s) Reference
pMS101 vector containing FRT site within multiplering site Snaitfet al. (1995)
pTH472 flp delivery vector derivative of pMP220; Gm P. Chain, unpablished
pTH1360 pUC119 derivative withriT from RP4 andjusAfrom pFusl; AGNmM’ R. Zaheer, unpublished

83



Ph.D. Thesis — B. Milunovic; McMaster Universitfiology

Plasmids Relevant characteristic(s) Reference
pTH1522 reporter vector containing FRT site;'Gm Cowieet al. (2006)
pTH1703 pTH1522 derivative with uniquhad, Swd, Kpn, Notl, SpH, Nsil, Apa Cowieet al.(2006)
Pad, andBglll sites in the multiple cloning site
pTH1919 pBBR MCS-3 derivative with RKi2tR-tetA;Tc J. Cheng, unpublished
pTH1931 expression vector pTrcSC derivative of [Stirep; Srsg C. Baron, unpublished
pTH1937 pTH2001 witlsma/Xhd fragment from pTH1360 contptll from Tn5; This study
Km'/Nm'
pTH1938 pTH1937 wittspd/EcaRI fragment of pSymB (nt:1129758 — 1131168);  This study
Km'/Nm'
pTH1939 pTH1937 wittspd/EcaR| fragment of pSymB (nt:869642 — 870505); This study
Km'/Nm'
pTH1940 pTH1937 wittspd/EcaR| fragment of pSymB (nt:788035 — 788984); This study

Km'/Nm'
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Plasmids Relevant characteristic(s) Reference

pTH1942 pTH1937 witlspd/EcoRI fragment of pSymB (nt:1528150 — 1529711);  This study
Km'/Nm'

pTH1943 pTH1937 witlspd/EcoRI fragment of pSymB (nt:1204770 — 1207052);  This study
Km'/Nm'

pTH1944 pTH1919 with 2kBst fragment containingcaD, flpfrom pTH472; T This study

pTH1992 pTH1937 witlSped/EcoR| fragment of pSymB (nt:61240 — 62137); KNM' This study

pTH1994 pTH1937 witlspd/EcoRI fragment of pSymB (nt:466499 — 467160); This study
Km'/Nm'

pTH1995 pTH1937 witlspd/EcoRI fragment of pSymB (nt:635019 — 635940); This study
Km'/Nm'

pTH1996 pTH1703 with 2.1kNisil/Bglll fragment includingengA Gml This study

pTH1997 pTH1703 with740bXhd/Bglll fragment internal t@ngA Gm This study

pTH1998 pPACYC177 derivative witBcdRI/SpH fragment containing MCS; KitNm"  This study
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Plasmids Relevant characteristic(s) Reference

pTH1999 pTH1998 witlspHh/Bglll fragment from pMS101 containing FRT site; This study
Km'/Nm'

pTH2000 ATn903 inverted repeats in pTH1999; KNm' This study

pTH2001 pTH2000 withNcd/Nhd fragment from pTH1360 containing teT site This study
from pRK2; Kn/Nm'

pTH2027 pTH1931 with 1431bgngAcoding region as Bad fragment; Sisg This study

pTH2038 pTH1937 witlspa/EcoRl| fragment of pSymA (nt:47717 - 48842); KiMm"  This study

pTH2039 pTH1937 wittspd/EcaRI fragment of pSymA (nt:250917 - 251809); This study
Km'/Nm'

pTH2040 pTH1937 witlspd/EcoRI fragment of pSymA (nt:123788 — 125128); This study
Km'/Nm'

pTH2041 pTH1937 witlspd/EcaR| fragment of pSymA (nt:347789 - 348455); This study
Km'/Nm'
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Plasmids Relevant characteristic(s) Reference

pTH2042 pTH1937 witlspd/EcaR| fragment of pSymA (nt:677157 - 678150); This study
Km'/Nm'

pTH2043 pTH1937 witlspd/EcaR| fragment of pSymA (nt:458916 - 459668); This study
Km'/Nm'

pTH2044 pTH1937 witlspd/EcaR| fragment of pSymA (nt:575671 - 577241); This study
Km'/Nm'

pTH2045 pTH1937 witlspd/EcaR| fragment of pSymA (nt:774293 - 775476); This study
Km'/Nm'

pTH2046 pTH1937 witlspd/EcaR| fragment of pSymA (nt:879960 - 881169); This study
Km'/Nm'

pTH2047 pTH1937 witlspd/EcoRI fragment of pSymA (nt:1063642 - 1064644);  This study
Km'/Nm'

pTH2048 pTH1937 witlspd/EcoRI fragment of pSymA (nt:1173115 - 1173730);  This study

Km"/Nm'
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Plasmids Relevant characteristic(s) Reference

pTH2049 pTH1937 witlspd/EcoRI fragment of pSymA (nt:1283082 - 1284751);  This study
Km'/Nm'

pTH2172 pTH1703 witiNsil/Blgll fragment ofsmb20748nt:1536749 — 1537465);  This study
Gm

pTH2173 pTH1703 witiNsil/Xhd fragment ofsmb20748nt:1535568 — 1536675);  This study
Gl

pTH2174 pTH1703 witiNsil/Blgll fragment ofsmb20749nt:1538446 — 1538995);  This study
G

pTH2175 pTH1703 witiNsil/Blgll fragment ofsmb20749nt:1539037 — 1539978);  This study
G

pTH2176 pTH1703 witiNsil/Blgll fragment ofsmb2075(qnt:1539676 — 1540181);  This study
G

pTH2177 pTH1703 witiNsil/Xhd fragment ofsmb2075(nt:1539676 — 1541255);  This study

Gm
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Plasmids Relevant characteristic(s) Reference

pTH2178 pTH1703 witiNsil/Xhd fragment ofsmb20751nt:1540506 — 1541058);  This study
Gl

pTH2179 pTH1703 witiNsil/Xhd fragment ofsmb20751nt:1539555 — 1541058);  This study
Gl

pTH2180 pTH1703 witiNsil/Blgll fragment ofsmb20752nt:1541626 — 1542348);  This study
G

pTH2181 pTH1703 witlBIgll/Nsil fragment ofsmb20752nt:1540831 — 1541532);  This study
Gm

pTH2182 pTH1703 witlBIgll/Nsil fragment ofsmb20753nt:1542450 — 1543168);  This study
Gm

pTH2183 pTH1703 witlBIgll/Nsil fragment ofsmb20753nt:1541770 — 1542524);  This study
Gl

pTH2184 pTH1703 witlBIgll/Nsil fragment ofsmb20754nt:1544334 — 1545004);  This study

Gm
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Plasmids Relevant characteristic(s) Reference

pTH2185 pTH1703 witlBIgll/Xhd fragment ofsmb20754nt:1543155 — 1544138); This study
G

pTH2288 pTH1937 witlspd/EcaR| fragment of pSymA (nt:184519 - 186200); This study
Km'/Nm'

pTH2289 pTH1937 witlspd/EcaR| fragment of pSymA (nt:311877 - 313654); This study
Km'/Nm'

pTH2290 pTH1937 witlspd/EcaR| fragment of pSymA (nt:951834 - 953338); This study
Km'/Nm'

pTH2302 pTH1931 with 460bpad fragment of pSymB (nt: 1314806 — 1315265); This study
Snisg

pTH2470 pTH1937 witlSped/EcoR| fragment othuE (nt: 328238-328905); KiNm"  This study

pTH2519 pTH1937 witlspd/EcaR| fragment of pSymA (nt:306156 - 308586); This study
Km'/Nm'
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Plasmids Relevant characteristic(s) Reference

pTH2520 pTH1937 witlspd/EcaR| fragment of pSymA (nt:299800 - 300876); This study
Km'/Nm'

pTH2521 pTH1937 witlspd/EcaR| fragment of pSymA (nt:297414 - 298895); This study
Km'/Nm'

pTH2522 pTH1937 witlspd/EcaR| fragment of pSymA (nt:289418 - 291042); This study
Km'/Nm'

pTH2523 pTH1937 witlspd/EcaR| fragment of pSymA (nt:280764 - 282406); This study
Km'/Nm'

pTH2524 pTH1937 witlspd/EcaR| fragment of pSymA (nt:262769 - 264696); This study
Km'/Nm'

pTH2525 pTH1937 witlspd/EcaR| fragment of pSymA (nt:254828 - 255655); This study
Km'/Nm'

pTH2526 pTH1937 witlspd/EcaR| fragment of pSymA (nt:245715 - 246848); This study

Km"/Nm'
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Plasmids Relevant characteristic(s) Reference

pTH2527 pTH1937 witlspd/EcaR| fragment of pSymA (nt:230097 - 231800); This study
Km'/Nm'

pTH2528 pTH1937 witlspd/EcaR| fragment of pSymA (nt:200708 - 201691); This study
Km'/Nm'

pTH2529 pTH1937 witlspd/EcaR| fragment of pSymA (nt:193611 - 195077); This study
Km'/Nm'

pTH2563 pTH1931 withPad fragment ofsma0471/sma047ding region (nt:257565 This study
- 258837); Srisg

pTH2622 pTH1931 withPad fragment ofsma215icoding region (nt:1214806 - This study
1215645); Sisg

pTH2623 pTH1931 withPad fragment ofsma223Icoding region (nt:1248755 - This study
1249733); Snisp

pTH2624 pTH1931 withPad fragment ofsma2253/sma225&ding region This study
(nt:1262710 - 1264012); S8

pTH2625 pTH1931 withPad fragment ofsma2273/sma227&ding region This study

(nt:1269637 - 1268234); S8
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Plasmids Relevant characteristic(s) Reference

pTH2646 pTH1931 withPad fragment ofsma2105oding region (nt:1187240 - This study
1189099); Snsp

pTH2647 pTH1931 withPad fragment ofsma2133oding region (nt:1205426 - This study
1206839); Srsg

pTH2648 pTH1937 witlspd/EcoRI fragment of pSymA (nt:1231998 - 1232916);  This study
Km'/Nm'

pTH2651 PLAFR1 cosmid clone witBcaR| fragment of pSymB (nt:56613-81543)'TcThis study

pTH2654 PLAFR1 cosmid clone witBcaR| fragment of pSymB (nt:56613-74702)' TcThis study

pTH2691 pTH1937 witlspd/EcoRI fragment of pSymA (nt:1122176 - 1123504);  This study
Km'/Nm'

Abreviations:' designates resistance; Ap, ampicillin; Cm, chloraemicol; Gm, gentamicin; Km, kanamycin; Nm, neomyci
Sm, streptomycin; Sp, spectinomycin; Tc, tetracyliac, lactose utilization genesyiT, origin of transferA, deletion.
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Table 2.3.Antibiotic concentrations and stocks

Antibiotic Concentration  Concentration Stock
for E. coli for S. meliloti (mg/ml)
(ng/ml) (ng/ml)
Ampicillin (Amp) 100 n.a. 100
Kanamycin sulphate (Km) 25 n.a. 20
Tetracycline hydrochloride (Tc) 5 5 5
Streptomycin sulphate (Sm) n.a. 200 200
Chloramphenicol (Cm) 5 n.a. 20
Gentamycin sulphate (Gm) 10 60 20
Spectinomycin dihydrochloride 100 100 100
(Sp)
Neomycin sulphate (Nm) n.a. 200 100
Rifampin (Rif) 50 20 10

Abreviations: n.a. — not applicable
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Table 2.4.Primers used in this study

Primer name Primer sequence Gene containing prjmBrimer name Primer sequence Gene containing prir‘f
1192-UF CTTCGATCTCCTCGTCCACG nodP2 3669-UR CAGTTCCGCGTTGAGATCGC cyaK |
1192-UR AAGCCCGTCGAGAAGCAAGG nodQ2 3669-DF GCCTTATGACGACCAGAGCG TRmM19
1192-DF CATACCTACCTGCTCGACGG nodQ2 3669-DR AATCGAGAGGTTCACGCACCG smb21701
1192-DR TCGGAACTGTTGTGCGAGCG smb21225 678-UF TCCTGATTCTGGACGAGCCG smb21588
2044-UF CACTACCTGGATCTCGTGCG smb21109 678-UR GAATCAAGGCGCTTCCCTCC smb21588
2044-UR GTCCTTCATCGTGAGCACCG smb21111 678-DF CCTCATCCAGGGTCTCATCC smb21590
2044-DF TGTGGCTGAAGGTCAACGGC hpaG 678-DR TCTGGCGATTGACCCGAAGC smb21592
2044-DR TGTGATCGAAGCCTGCGTCG smb21113 3394-UF ATGGCTCTGCTCAACGTCGC smb21550
3949-UF TCGATTCGAGCAGCCTGTCG smb21256 3394-UR TCGTCGGGTCGAACACATCG smb21551
3949-UR CTATGTAGTCGGTCGCTCCC smb21257 3394-DF TAGCCGTGGTGGTCGAAAGC smb21554
3949-DF GACCACCGCTATCTCATCGC smb21259 3394-DR TGCGACAGAACCTCGATCCG smb21554 kefB2
3949-DR GCACCGAGAATGTGATCCGC smb21260 2611-UF ACGACAACCTCTCCAACGGC exoB
778-UF TCGAAGCCGATGGCAATCGC smb21292 2611-UR TCCCAGCCTAGAACCTGACG exoB
778-UR CGTTCCTCCTCGGTAATGCC smb21292 2611-DF TGCTGCCAGAGATAGGTGCG exoQ
778-DF AGCTCAGGATGCAGGTTGCC gua0l 2611-DR AGCCTTGTCAGACCTGGAGC exoQ
778-DR CTCAAGATCGACCTCGTCCG smb21295 4440-UF TCAGACGGTTTCCGACGACC smb20973
2940-UF AGAACGCACTTCGACGGAGG smb21161 422-UF AGTTGCTACCCAGCTCCAGG smb21678 idhA
2940-UR TGATGCCGACGACCGATTGG smb21162 4440-UR TCCCTAAGCATCGCCTACGG smb20973
2940-DF GTGCAGGTGCTTGTTGTCCG hutU 4440-DF GACGTGTCCTTGAGGATCGC smb20975
2940-DR ACCTCAACGAGGACGAGACC hutU 4440-DR CGCACCAGCATCATCTTCGC smb20975
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Primer name Primer sequence Gene containing prjmBrimer name Primer sequence Gene containing prir‘f
422-UR GCGTAGGCTTCCGTATAGCG idhA 4068-UR CAACGTCTGGATCTGCCTCG smb21445 |
422-DF TTCGGCAGAGCCTTTCGACG smb20900 4068-DF ATCCGAGCGTCTGATACCCC glgx2
422-DR CGTTGCCAAGCTGTCTTCGG smb21679 smb20901 4068-DR AGACGACATCGAGCAGGACC glgB2
2626-UF GTCGAGTGGATCAAGGAGCG ildD3 426-UF CTCTCGCTTCCACTTCTGCG smb20988 smb20989
2626-UR GCCGATGTTCTGACCAAGGC smb20851 426-UR AGAGGACGTGATGGTCGTCG nfeD
2626-DF GACGAAATCCAGAGCCTCGC smb20852 426-DF TGGGAGAGCAACTTCGCTGC smb20991
2626-DR GGCTCGTGGAACAGTTTCGG smb20853 426-DR ATGCCGAGGAACTGCTCAGG smb20992
2965-UF TCATCAGCTCCGTTCGCTCG agpA 2659-UF AGGGAAGGAGCAGGATCAGC smb20989
2965-UR GACGACATCATCGTGCTGCG agpA 2659-UR GACGACCTCTTGAAGCAGGC nfeD
2965-DF GTTGTGCTCGCTCAGATCCG agalLl 2659-DF AAGACGGCAATCTGCCAGCC smb2099&
2965-DR TCGGTCCTGATCTCGTAGCC agpT 2659-DR TGGTCGCTTCAGCCTTGTGC smb20992
916-UF ATAGAGCTCGTGGTGGTCGC smb20631 2522-UF AGGATCTCGTCCTTGCTGCG smb21284
916-UR TGCGACCGTGTCGATCTTCG smb20632 2522-UR GCCTCCACACCATCGTAACC smb21284
916-DF TTGACCTCTTCGAGCCTCGG smb20634 2522-DF GGGTCACGAAGTTCATGCGC xdhAl
916-DR GAAACTGATGGCAGCGACGG smb20634 2522-DR TTCCTGGCAACGAGCATCCG xdhAl
3486-UF TCGAGCAGCAGTTTGGCACC smb21682 5620-UF CAGATGTCCTGCTTGGTCGC nrtA
3486-UR CGCTGAAGTGGAACGAAGGC smb20914 5620-UR CATGAGGTTCACGGTGTCGC smb21115
3486-DF CGAGCATCTATCACCGTGGC aslAl 5620-DF CTGGGACTCGTGAACATCGG smb21117
3486-DR AAGCTCTCCGTCGTCGTTCC aslAl 5620-DR CACGCCTATCGTCGTGAACG smb21120
4068-UF CTCGTCACAGGTATCCAGCC  smb21444 smb21445 203-UF AGAAGGACACGGAACTGCGC smb21097
203-UR CCGATTCGGAAAGCAGGTCG smb21098 smb21099 4916-DR AGACAGTCTGGAGGACGACG smb21013
203-DR ATCAGCCTGTTCGACACCGG smb21102 608-UF CGTAAAGGACAGGACCTGCG smb20364
5653-UF CGCTTCGACGAGTTCAAGGC mccA 608-UR ATCCAACGGCAGCGATCTGG smb20364
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Primer name Primer sequence Gene containing prjmBrimer name Primer sequence Gene containing prir‘f
5653-UR TCGACTTCCATGAGCCAGGC smb21123 608-DF CGTCTCCCGTACCTTTACGC smb20366 |
5653-DF GCAGTGACAAAGGGACAGGC mccB 608-DR TAAGAGAGCACGGACACGGC smb20366 smb20367
5653-DR CGTTCACGGCAAGCGTATCG hmgL 4180-UF CGCGTCAACTCCTGCTAACG smb20048
3770-UF CGAAGCTCACCATCGAAGCG smb20452 4180-UR TCACTCCGTTCTGGAGAGCG fusA2
3770-UR TCGACTGCCTGATCTGGAGC smb20453 4180-DF GAGCATTGACCGACAGCAGG fusA2
3770-DF GCCGTAGTCAACGAGAAGCG smb20454 4180-DR CTGGCGAAGTTCGACAAGCC cpo
3770-DR CAAGGCTTCGACAGTCTCGC smb20456 19-UF TCGACAGCCAGGTGCAAACC smb20062
3468-UF GGCGATCAGGAGACAAAGCG smb20091 19-UR GGCTGACACGTCATACTGGC smb20064
3468-UR GCAGCGATGAACAGTCTCGC smb20093 19-DF GGATACGATGTGCGTCCAGG smb20065 - smb20066
3468-DF GCTTTCGGTCGCTGAGTTCG smb20093 19-DR GGTTTGATTCCAGGCTCGCC smb20067 - smb20068
3468-DR GTGCATGACATCCAGGTGGC smb20094 3312-UF GGGTCTCGATGGAAGATCCG smb20050
3953-UF CCGCTCGATTCTTCCGAAGC smb20109 3312-UR ACCATCGCCATCTGGCAACC smb20055
3953-UR CCTTATGCGTGGATCGAGCC smb20109 3312-DF AGCGTACCGACAGGCATTCC smb20055 - smb20056
3953-DF GGAGGAGGTCTTCACTGTCC smb20111 3312-DR AGTCGCTCATCTGCCTTCCC smb20055 - smb20056
3953-DR TGGTGCGGATAGCGTTTGGC smb20111 3347-UF AGGTCGAGCGAGACATTGCC smb20722
4916-UF CACGAGCTGCTCATTCACGG smb20842 3347-UR GTCAGCATGTCCTCGTAGCG smb20723
4916-UR AATGCCGTGGAGCTGATGCG algl 3347-DF TTCGAGTCCCAGGTGAAGGC smb20724
4916-DF GTGCTTCATTCCTGCCTCGC algl 3347-DR CGACAATTGCAGGAGCTTGGC smb20725
3573-UF TCCAGTCATAGCTGGTGCGC repAl 2356-IR GGCTCATGGTCTTCTGACGC sma0017
3573-UR TTCGCCAACGCAAGTGTCGG repAl - smb20047 3432-0OF ACCACGTTCCATACCGACCC sma0089
3573-DF AGTGTCATCCTGGCAGAGGG smb20048 - fusA2 3432-0OR TCGAACGGACGATAGCTGCG sma0091
3573-DR GTATCCGTTCGAGCATGGGG fusA2 3432-IF GAGGGGCGATATGAAGACCG sma0095
6157-UF CTCAGGTCAGTAACGACGCG smb20078 3432-IR ATTGGCAAGGACCAGCGTGC sma0095
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Primer name Primer sequence Gene containing prjmBrimer name Primer sequence Gene containing prir‘f
6157-UR CCAGGATGTTGCTCCAACGC smb20078 - smb2007p 4224-OF CGATCAAGGTTGCGAAGGGC pilQ2 |
6157-DF TGCTGCGGAAGATACGCTGC smb20079 4224-0OR GCGTGAAATCCAGACCGACG pilQ2
6157-DR GTGTAACGGAGACCGATGCG smb20079 4224-IF CTGTTCGACGCCTCTATGCG sma0168
641-UF TCCTGATCTGGCGGTTGACG glpK 4224-IR CCACACCATCCACACAAGGC sma0169
641-UR CGCCAATCCTTGTGCATGGC glpK 1084-IF GAGATCACTTCGCCGTGAGG sma0224-sma0226

641-DF TGACTGGGAGGAAGGAAGCG xdhA2—-xdhB2 1084-IR ACCTGTTCCAACTGCCGTGC sma0226
641-DR ATGGCAAGCAGGATCGCAGG xdhA2 449-OF TGCCATCATCCGAGCGAACG sma0333-sma0335
643-UF AAGCACGGGAACCCAGTTGC smb21007 449-OR GGATCACCACGATGAGCACC sma0337
643-UR AGGCGAGTTCCACTTGACCG smb21005 449-IF TCACTCAAGCAGGTGGACGC sma0341
643-DF GGAGGAGGAGAGATTGACGG bdhA 449-IR ACGATGGAGGCACTACTCGC sma0346
643-DR TCCACCCAGCCTGACTTCGG glpK 3850-0OF TCGGCAGTGAGCGATATGCG cyal2
2356-OF TCGGGCAACGCAACTATGCC sma0013 3850-0OR CCTGTTGACTGTGCTAGGCG cyal2
2356-0OR GAGATGTTCGAGGGTCTGGG selB 3850-IF TCGACGGCTTCCTCCTTTGC cyal2—sma0466
2356-IF TTTCCGCAGGTCTCTTCCGC selB 3850-IR CCGAATGGTCCAGAGTCAGC sma0466
4232-0OF GCGCATCGTCCATTCATGGC nrtC 1764-OR GCAGGAAGAGACTGGAAGGC cyaE2
4232-0OR CGATCAGGGTCTGTTCTGGC nrtB 1764-IF AGTAGCCCGAGTACGAAGGC smal053
4232-IF TCAGTTGGTCGAGCGGAACG nrtA —sma0590 1764-IR TGGCCGAGCAGAAGAAGTCC smal057
4232-IR AGGTCTCGAAGTGGTGGAGC sma4002 1439-OF GCCCAACTCCTAGCATTCGG small42
2291-OF CAACGGACTGCTACTGTCGC  sma0649-sma5027 1439-OR ATCCAGCAGTTCTCGGAGCC small42
2291-0OR CTGCACAGTCGTTGAGTGCG sma5027 1439-IF ACCCGTTCTCACATGCTGGC small46
2291-IF GTCGAAGGTGAAGCTCTGCC sma0656 1439-IR CTATCGAGAGCGACGAAGGC small46
2291-IR CGAGTGTCAACCACGAACGC sma0657 328-OF CGCTTCAGCTCGTCAATCGC napC
3734-0OF GCAACTCCTGGGACAATCGC nifE 328-OR GGTCAACACCAACCGATGCC napB
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Primer name Primer sequence Gene containing prjmBrimer name Primer sequence Gene containing prir‘f
3734-0R CCCCACTCATACGGCTATCG nifE 328-IF TGCCGTCCTTCAGCATTCGG napA |
3734-IF CGTGACAGCTCACAAGTCGC nifx 328-IR ATGCAGGCTGAGGTGAACCG napA
3734-IR GACATGAGTCTGGCAGTCCC fdxB 6424-OF CACAAGCCCTGGATCATCCG smal328
1142-OF TGGCTTCGGTGGTGATGAGC groEL2 6424-OR GAACGCCGAGAATCCAAGCC smal328-smal329
1142-OR AACACCTCGGACGAAGTCGC groEL2 6424-1F ATGTACCGTGCATCCTCCGG smal332
1142-IF ATCGTCTGCCTTGAGGACGG sma0748 6424-IR ACCTCTCCGGTTCCTGATCC smal334
1142-IR TTCCAGCAGCAACGAGACCG sma0750 2460-OF ATCGCAGTGAACGGCGTAGC ttuD3
4733-0OF CGGCAAGATCATCGAGACGG sma0903 2460-OR CTCAAGGAGATGGACCAGGC smal409
4733-0OR GTCAACGAGCATTGGCTGCC sma0907 2460-IF TGTCCCTCCAACTCGAACCG smal409
4733-IF TCGTCGATGTCACTGGACCG sma0909 2460-IR GATCCGCTTCATGTCGTGCG smal410
4733-IR CAGGTCCTCGTTGAAGTCGC sma0911 1337-OF GCCAATGACGTAGCTGTCGC smal500
1764-OF GGCAGTCAGACACCATACCG cyaE2 1337-OR CCAAGACCAGATGGCATCCC smal500
1337-IF CAGTTCTGCTCATCGCACCC smal503 5575-0OR TCAGGCGATCTGTTCGAGGG smal971
1337-IR GTGGTCGTCCAGCAGATTGC smal505 5575-IF TTGTCGCCAAGAACGCTCGC smal976
1074-OF CCAGGACATAGCGTACACCG cyaF5 5575-IR ATCTCCAACACGGACGACGC smal978
1074-OR ACGCCACAACGGAGATTCGC smal585-syrB2 3976-0OF CGCAGCTTGAACCAGTAGCG sma2075
1074-IF CTTCACAGGCGATCCAAGCC eglC 3976-0OR TCGAATGGCAGCCGAGTTGC sma2075-sma2077
1074-IR GCTTGATGAGGAGCTGGTCC eglC—smal589 3976-IF GTCTGGTACACCCACTTGCG sma2077
3625-0OF CTGAAGCCTGAGGTCGAAGC smal662 3976-IR TCAAGGGCGAGGACATCACG sma2079
3625-0OR CCATCACGCTTGCGATCACC smal662 4094-0OF TTGAGCGAGCGAAGTGACGC sma2197
3625-IF CCGACAGGTTCATTGGCTCG smal664 4094-0OR TGGACTGTCTCGCCAATGGC sma2199
3625-IR TCGAGGATGCACAAGCGACG smal664 4094-IF ATACACCCGGCTGACAACGG sma2201
2789-OF ATGTCGAACCTCGTGGAGCG smal652 4094-IR CTCATCGCCAATGCTCTCGC sma2203
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Primer name Primer sequence Gene containing primePrimer name Primer sequence Gene containing prii
2789-0OR TGTCGTGGTGAGCGAACTCG smal653 1860-OF GCGCAACGATCTCTTCACCC sma2301 |
2789-IF TCCTCGTCGGAATGCACTCC smal660 1860-OR CTTGCTGGACGTACTGACGC sma2301
2789-IR GAACGCGATCCTCATCGTCG smal662 1860-IF ATCTCCGCCGAGAGCAATGC sma2305
2840-OF CGCCCACTATGGTGATTGCG  smalB869-smal871 1860-IR CTGAGCCATGTCAGGATCGG sma2305
2840-0OR CGGATGTCCTGAATGGTGGG smal872 351-UF GATCCACCGAATGCTGACGG sma0516
2840-IF CCGTGCAGTCGAATTGACCG smal874 351-UR CGTTCGGCAATGAGCATCGG sma0520
2840-IR GCCTACTCATCCCACCTACC smal874-smal875 351-DF GGTGATGACAGCGAGACTGG sma0523
5575-0OF TCACCTCGACCTCAAGGACG smal969 351-DR CATGAGAACGACCAGCGTCG sma0525
987-UF CGGGATCAACTCCAGTTCGC sma0355-sma0357 6403-UR GTCAGCGGACTCGATAAGCG sma0374
987-UR GCATGTCAGCCATGACTGGC sma0357 6403-DF TCTGCCCTCCATGATGTCCC sma0376
987-DF CATGCGACAAAGTCCGAGGC sma0364 6403-DR GCGATTGCCGTTGCATTCGG sma0380
987-DR AGGTTCCTCACGCTCACTGG sma0364 6473-UF CCAGGATCTGAGACGTCAGG sma0431
1061-UF GGCATTGTCCTGAACCTCGC sma0424 6473-UR TCAGCGATGCGATCAGACGC sma0433
1061-UR TGCTCGATGAGGAAGGACGG sma0424 6473-DF CTTGAGGCTTCAGGCAAGGC sma0436- sma5022
1061-DF GCCTTCTCCCAGAATGTCCG sma0429 6473-DR AGGAGGTCAACGGAGAAGCG sma0436- sma5022
1061-DR GCGGCGAGATCATCGTTTCC sma0431 3213-UF TACGCGGGTTCTTCGATGCC sma0407
3584-UF GGAAGAACTCGGCATTGGCC sma0563 3213-UR CTCAGGTTGGAGATCGTGGG sma0407sma0412
3584-UR AATGCCTGACCGCTATCGGC sma0564 3213-DF TCTGGGACAGCAAGCATGGC sma0414
3584-DF GCGATGTCGTCTGGATTCCG sma5026 3213-DR ATCCGTGGAACTGCGAACCC sma0414
3584-DR GAGGCGCAACTTCAAGACGG sma0567 cyaF4 2956-UF ACGCTGGTGATGAACCTGCG sma0403
5516-UF AACTCTCCTCCTCGGCAACG sma0557 2956-UR AAGGACCACCTCTGCAAGCC sma0404
5516-UR TGGCGAAGGCTTCACTCACC sma0559 2956-DF AGGTTGCTGCCGTCTATCGC sma0407
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Primer name Primer sequence Gene containing pfymePrimer name Primer sequence Gene containing prii
5516-DF GGAAGAACTCGGCATTGGCC sma0563 2956-DR CGACAACAGCGTCCTAAGCG sma0407-sma0412
5516-DR GTGTTCCCGTCGAATCTGGC sma0564 1689-UF TGGTCATTTCCGCAGCTCCG sma0675
5920-UF AGCACGCAAGCGACCTTTGC sma0478 1689-UR GCTTCGACGATCTCCTCTCC sma0675
5920-UR TGACGGACTCCACCTGAAGC sma5024 1689-DF CATCGTGGCAAAGGCAAGCG sma0678
5920-DF TCCGCTTCGTAGACACTGCG thrC2 1689-DR GAGTCCTTCAACCGCTTCCC sma0680
5920-DR CTTCCTGATGCAGGTGGTCG thrC2 54-UF GGGGTAAACTGCTCCTTCGC sma0682
6403-UF GATACCTGTCTCGTCGTGCG sma0372 4595UF CTTCCTTGACGATGCCGAGC exoF3

341UF TCCAACTCGCGTAGACCAGC sma0574 4595UR TCTCACGGTCGGCTGCAAGC exoF3
341UR AGCAAACCGCTGTTCCAGGC sma0575 4595DF CTTCGAGGCTGCCTATGAGC smb21248
341DF AAGAACCTGCGCACTGTGGC cyaN 4595DR CGAGCAACTGCCGCTGAAGC smb21248
341DR AGTGCCATCGAGACACAGGC cyaN 3938UF TCATAGGCGTAGACGGTGCC smb21229
54-UR TCAACACCGAGTCCTGCTGG sma0682 3938UR GAGCGACGATGAGCTTTGGG smb21229
54-DF CACCGTGGCAGATTCAAGCC sma0684 3938DF CCGCTTTCCGAATGTCTCCG smb21231
54-DR ACGTTGACGCAGCCTGTTGC sma0684- sma0687 3938DR ACCTGCGGACCTTGTGGACG smb21231
ML7057 ACGAATTCCTGTCAGACCAAG n.a. ML7058 TGGCATGCTGAATACTCATACT n.a.
TTTACTC CTTCC
ML9318 CATGCCATGGTTTTCGCACGA n.a. ML9319 CTAGCTAGCTGATAGGTGGGCT n.a.
TATACAGG GCCCTTC
ML9647 CCGCTCGAGCGGTATCTGGAC n.a. ML9648 TCCCCCGGGGGACTCAGAAGA n.a.
AAGGGAAAACG ACTCGTCAAG
ML4876 ATAAGGGACTCCTCATTAAGA n.a. ML4875 TTAGGACAACTCCAGTGAAAA n.a.
TAAC GTTC
ML11667 TGCATGCATGCATGGATACCT n.a. ML11660 GAAGATCTTCATCGTCACCCGA n.a.
GTGACAGGC CAGCC
ML11659 CCGCTCGAGCGGCGACGATCT n.a. ML11660 GAAGATCTTCATCG n.a.
GCAGGTCTTGC TCACCCGACAGCC
ML11753 CCTTAATTAAGAGTTTCACCG n.a. ML11754 CCTTAATTAAGCGCCTTTTGCG n.a.
TCGCCATTATCG CGCCTTCG
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Primer name Primer sequence Gene containing pfymePrimer name Primer sequence Gene containing pril
ML20184 CCTTAATTAAGGCATCTTCCT n.a. ML20185 CCTTAATTAAAAAAGACTGGCG n.a.
GATCAGCCACG CACCCGACAGG
ML-07-3615 TGCATGCATCAGGTTCGAGAA n.a. ML-07-3616 GAAGATCTAGGCATAGGGCCA n.a.
GGAGACGG GTTACGC
sigmal28 CCTCGATCAGCTCTTGCACTC n.a. sigmal29 GCAGGTGCTGGCATCGACATTC n.a.
G AGC

n.a.-not applicable
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CHAPTER 3. DELETION STRATEGY USING FRT TARGETING VE CTOR
pTH1522 and pTH1937.

ABSTRACT

The Sinorhizobium melilotigenome consists of 6204 predicted protein-coding
regions and around 2000 of these encode proteinsnkfiown function (PUFs). To
identify the functional significance d&. melilotiPUFs, one of several approaches we
have adapted is to delete large defined regionsigushe FIp/FRT site-specific
recombination system. To adapt the FRT/Flp systnusge inS. melilotiwe exploited a
pTH1522-derived integration gene library of tBemelilotigenome (pTH1522 carries a
single FRT site). A second FRT site is integratediefined locations in the genome
through integration of pTH1937-derivative plasmittt also carries a single FRT site.
Here we outline how this FIp/FRT system was usedelete defined regions and hence
generate multiple gene knock-out mutants. We refpa@rtconstruction of over thirty 3-
350 kilobase deletions with defined endpoints ttater the entireéS. melilotipSymB
(1700-kilobase) megaplasmid. Deleting large, regjioiithe genome helped us to identify
phenotypes such as inability to grow on minimal medth fucose, maltotriose, maltitol,
trehalose, palatinose, lactulose and galactosaasrsole carbon source. The inability to
delete specific regions suggested the presencsseh#al genes. Using this strategy two

essential genes tRNAandengAlocated on the pSymB megaplasmid were identified.
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INTRODUCTION

The genome of. melilotj the symbiotic nitrogen-fixing soil bacterium, costsi
of three replicons: pSymA (1.35 Mb), pSyn(B.68 Mb) and chromosome (3.65 Mb)
(Galibertet al, 2001). Ninety percent of th®. melilotipSymB nucleotide sequence is
predicted as protein coding, consisting of 1,570F®RFinanet al, 2001). Insertion
elements and regions duplicated elsewhere in theorge are also part of this
megaplasmid. Analysis of the annotated pSymB sespieavealed a large number of
solute transport systems. Genes that encode fosdoat systems represent 18.9% of the
pSymB open reading frames against 10.4% for thensbsome (Mauchlinet al, 2006).
Genes involved in the biosynthesis and export ofase polysaccharides (essential for
nodule invasion and adaptation to rhizosphere enments) and genes involved in
nitrate/nitrite reduction are also present on tBgmB. In addition to these, many genes
that have potential catabolic activities such a®lal dehydrogenases were annotated
(Finan et al, 2001). This replicon allows the bacteria to take and oxidize many
different compounds from the environment, playimgi@portant role in the survival of
the bacteria under diverse nutritional living cdrafis present in the soil and rhizosphere.

Large deletions have been mainly used to definamaihgene sets that contain
only those genes that are essential and suffitdesiistain a functioning cell. Processes of
minimization of a genome in the laboratory haverbdene withE. coli (Kolisnychenko
et al, 2002; Yuet al, 2002; Fukiyaet al, 2004; Hashimot@t al, 2005; Posfaet al,

2006; Mizoguchkt al, 2007)B. subtilis(Westerset al, 2003; Araet al, 2007; Morimoto
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et al, 2008),Corynebacterium glutamicugsuzukiet al, 2005),M. genitalium(Glasset
al., 2006), ands. meliloti(Charles and Finan, 1991, Oreseikal, 2000). In Table 1.2
experimental approaches used for reduction of icegenomes were listed.

A Tn5-derived linkage map of the 1,683 Kb pSymB amgsmid ofS. meliloti
was employed in the generation of large define@taeis of much of this megaplasmid
(Charles and Finan, 1991). Deletion strains werenegdged by homologoues
recombination between the insertion elements ohkflay transposon insertions.
Examination of the deletion mutants for phenotypegealed novel loci required for
dulcitol, melibiose, raffinose, beta-hydroxybutwatacetoacetate, protocatechuate and
quinate utilization. Previously unidentified locequired for effective root nodule
development and exopolysaccharide synthesis weogf@lind (Charles and Finan, 1991).
Oresnik et al, 2000, showed that repetitive rounds of Tn5BlB8tagenesis with
selection for deletion can be used successfullycwoe the nodnif megaplasmid,
pRme2011a, of strain Rm2011.

Chain, 1998 in his MSc thesis project, used théHR@ system irS. melilotifor
in vivo deletion of DNA sequences flanked by direct FR€ssiproviding a method for
analysis of gene function by deletion of large oagiin the genome instead of transposon
insertion into a single gene. In this procedurey sumicide plasmids, each possessing an
FRT site and IS50 DNA sequence, were mated iBto meliloti Homologous
recombination allowed insertion of each plasmicaain5 site within the megaplasmid
sequence. In some of the resulting clones, the §ERE from both plasmids were direct

repeats of each other. #p recombinase-expressing plasmid was then introdiged
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conjugation, and Flp recombinase was shown to nedegombination between the FRT
sites, excising the intervening DNA sequence. Faurtthe Flp/FRT system was used to
generate several deletions on the symbiotic plagp8¢ymA) ofS. meliloti(Houseet al,
2003). In this procedure, two suicide plasmids, @t pD2 both carrying FRT sites,
were used to generate double integrant strain SmiIPpP1+pD2) with FRT sites in
direct orientation. Deletions were obtained upontimga of the Flp recombinase-
expressing plasmid pBH474 into double integrandistrGenes that were targeted in
those deletions were predicted to code for a déadtion pathway. Théargest deletion
that was made in this study was not bigger tham9 K

Systematic deletion analysis of both megaplasnp&mA and pSymB, of.
meliloti has not been done to date and this was the mairofythee work described in this

thesis.

MATERIAL AND METHODS

Construction of FRT Targeting Vector, pTH1937

Plasmid pTH1937 (Figure 3.1) was constructed is #iudy as a derivative of

plasmid pACYC177 (Chang, A. and Cohen, S., 194 CYC177 is arkE. coli plasmid

cloning vector containing the p15A origin of replion. This allows pACYC177 to

coexist in cells with plasmids of the ColE1 combiity group (e.g., pBR322, pUC19). It
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carries ampicilin lfla) and kanamycin resistancaph (3')-la) genes which are part of
Tn3 and Tn903, respectively.

First, the MCS (multiple cloning site) generatedotlgh annealing of two
complementary oligonucleotides 49 and 57 bp long Wgated into anEcoRI/SpH
digested PCR product from pACYC177 (ML7057 BEBATTC CTGTCAGACCAAG
TTTACTC and ML7058 T&CATGCTGAATACTCATACTCTTCC) (618 to 3709 nt)
to give plasmid pTH1998. A 109 bp FRT fragment asedl from plasmid pMS101
(Snaith M., 1995) was cloned as &pH/Bglll fragment into pTH1998 producing plasmid
pTH1999. The Tn903 inverted repeat from pTH1999 wasised using restriction
endonucleased\hd/Dralll and the recessed 3’ termini of pTH1999 werdedl in
(Klenow fragment) and ligated to produce plasmidH@l00. A 2.2 Kb product which
includes nt 2735 to 1951 of pTH2000 as well asssiter Ncd/Nhd restriction
endonucleases, was synthesized by PCR (ML9318 QXA GG TTTTCGCACG
ATATACAGG and ML9319 CTASCTAGCTGATAGGTGGGCTGCCCTTC) and
ligated to the 267 bplcd/Nhd fragment amplified from pTH1360 (pUC119 derivativ
(Zaheer, unpublished data)) which containsdh@& site from pRK2. Plasmid pTH2001
was obtained as a result of that ligation. TheKlb5product which includes nt 1898 to
980 of pTH2001 as well as sites f&md and Xhd restriction endonucleases, was
synthesized by PCR (ML9647 CQFCGAGCGGTATCTGGACAAGGGAAAACG
and ML9648 TCCCCGG GGGACTCAGAAGAACTCGTCAAG) and used in ligation
with the neomycin resistance gene from Tn5 (1036Sh@/Xhd fragment amplified

from pTH1360) to produce the 2638bp plasmid pTH19Bigure 3.1). Fragments of
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genomicS. melilotiDNA can be inserted at polylinker region contagnitihe unique
restriction sitesSpd, Swd, EcdRV, Pvu, Pad and EcoRI of plasmid pTH1937. These
fragments which include sites f8pé andEcaRl restriction endonucleases were obtained
by PCR usinds. melilotiDNA fragments in pTH1522 genomic library fusio@o(vie et

al. 2006) as a PCR template. All constructs wereicoefl by DNA sequencing.

Construction of S. meliloti Strains Carrying Two FRT Sites

Sequentialtriparental matings using th&. coli mobilizing strain MT616 were
performed in order to construSt melilotistrains carrying two targeting vectors. Bacterial
matings were performed as described previouslyafret al, 1986). First, pTH1522
(Figure 3.2) targeting vector, carrying 8n melilotigenomic DNA fragment was mated
into the wild type strain RmP110 (Yuan al, 2005), and transconjugants were selected
and purified on LB Sm2Q@/ml Gm6Qg/ml. The identity of recombinar$. meliloti
strains was confirmed by direct sequencing fromogan DNA with the primers
ML4876 ATAAGGGACTCCTCATTAAGATAAC and ML4875TTAGGACAACTCCAGT
GAAAAGTTC (see Chapter 2. Preparation of Genomic DNA). Teangigant (SiGn)
strains were further used for the second tripatentting with pTH1937 (Nrhsuicide

plasmid) carrying othe®. melilotigenomic DNA fragments.
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Construction of aflp Delivery Vector pTH1944

Plasmid pTH1944 was constructed in order to expfgsgecombinase irS.
meliloti. A 2 Kb Pst fragment containing thép gene driven bycaD promoter was
isolated from plasmid pTH472 (Chast al, 1998.). In plasmid pTH472 leaky expression
of fl[p gene was observed despite of the fact tipaggene was driven by inducibfgcaD
promoter. A 2 Kb fragment containing tip gene was cloned into pTH1919 (Chestg
al., unpublished data), to produce pTH1944 (Figu®.3Theflp gene was cloned in
pTH1919 in such way that expressionflpfrecombinase in pTH1944 is under control of
lac promoter (4088 — 4127 nt) which is negatively rated bylaclg (Figure 3.3). We
note that pTH1944 does not carry thel gene, howevdac operaterlacO) is present at
4068 - 4091 nt (Figure 3.3). In some experimentsmwanother plasmid which expressed
laclg was used, 0.5 mM IPTG (Isopropyl-3-D-thiogalacteypypsid) was added to the
media to insure induction from tHac promoter. The ability of pTH1944-mediatég
expression to excise thacZ gene in dlp-testing strain ofS. melilotiRmH940 (Figure

3.4) (Chairet al, 1998.) was tested.
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RESULTS AND DISCUSSION

Deletion strategy using FRT targeting vector pTH152 and pTH1937

To delete DNA regions via Flp/FRT directed reconaltion, it is necessary to
insert FRT sites in direct orientation on each silthe region to be excised. For one of
the two FRT sites, we made use of the pTH1522 @esien library ofS. meliloti This
library contains 6000 strains in which the FRT-eaming plasmid pTH1522 (Figure 3.2)
is integrated at known locations throughout $henelilotigenome. The pTH1522 plasmid
carries theaacC4gene, encoding gentamicin resistance ()\Grfio insert the second FRT
site into a pTH1522 integrant strain, we built acs®l FRT-containing plasmid
designated pTH1937 (Figure 3.1). This plasmid earrithe nptll gene encoding
neomycin/kanamycin resistance (Nnfrom Tn5, theoriT from RK2 to allow it's
mobilization fromE. coli and theoriV from pACYC177 that fails to replicate i8.
meliloti.  With the exception of a 103 bp region containthg FRT site, plasmid
pTH1937 shares no homology with pTH1522 and herceecombination is expected
between these two plasmids. Consistent with thpeetation, in control experiments, no
Nm' transconjugants were detected when pTH1937 wasfeaed into aS. meliloti
strain carrying an integrated pTH1522 (frequencyrarisfer <1G/recipient). To insert a
second FRT site at a particular location in $ianelilotigenome, the target region was
cloned into pTH1937 and the resulting recombinaiti©37 plasmid was transferred

into the appropriaté&s. meliloti ®pTH1522 integrant strain with selection for Stm'
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recombinants on LBmc containing Sm206/ml Nm200ug/ml (transfer frequency 10
[recipient). Following single colony purificatidtp recombinase was introduced into the
S. melilotidpTH1522dpTH1937 double integrant strains by transferrirgtétracycline
resistant (T incP delivery plasmid pTH1944 (transfer frequency/t€cipient). The
ability of pTH1944-mediateflp expression to excise thacZ reporter gene and thmgptll
Nm' gene flanked by FRT sites in direct orientationthie S. melilotiRmH940 strain
(Figure 3.4) (Chairet al, 1998.) was tested. melilotistrain RmH939 (lacking FRT
sites) was used as a control in this experimenbnidpmansfer of pTH1944 into RmH940 it
was found that all transconjugants harbouringflihn@lasmid lost théacZ gene as viewed
on X-gal plates as white colonies. In total, 10(o@s were screened. These colonies
were confirmed to have lost the region betweemthemal FRT sequences, by screening
for the loss of the Nhgene. It was observed that Flp synthesis from @a4Iresulted in
100% excision of the FRT-flankddcZ gene,nptll Nm' gene inS. melilotiRmH940.
Since this plasmid expresses Flp constitutivelyietden between the two FRT sites
occured in all pTH1944 transconjugant strains.

Expression oflp recombinase in pTH1944 is under the controlacfpromoter
which is negatively regulated bgclg. In experiments when another plasmid wéhlq
gene was used, repressionaxf operon can be released in the presence of 0.5l
To investigate whethdip transcription in pTH1944 is regulated by Laclqg, @maployed
the same testing strain & meliloti RmH940. Plasmid pTH1931 carryingclg was
transferred into RmH940 to give RmP2678 and pTH1844 subsequently transferred

into this strain. The ability of pTH1944-mediatio expression in the presence of Laclq
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and 0.5 mM IPTG to excise thacZ gene in dlp-testing strain ofS. melilotiRmH940
(Figure 3.4) (Chairet al, 1998) was tested®s. meliloti strain RmH939 was used as a
control in this experiment. It was found that ihtednsconjugants where tlheec promoter
was repressed by the Laclq repressor, repressisirel@ased in the presence of IPTG.
This was seen as the loss of theZ gene in a testing strain RmH940 (viewed on X-gal
plates as white colonies). These colonies wereirtnafl to have lost the region between
the minimal FRT sequences, by screening for the déshe Nmgene. In a screen of 100
colonies it was observed th#p synthesis from pTH1944 in the presence of IPTG
resulted in 100% excision of the FRT-flankletZ gene and Nfgene inS. meliloti
RmH940. Furthermore, only 13% of colonies IzstZ gene in the absence of the IPTG
(100 colonies in total were screened).

The two FRT vectors carry Gmand N, respectively and thus provide
phenotypic markers for detection of deletion evektsreover when expressed, tlaeZ
gene in pTH1522 can also be detected as blue eslamowing on LB containing 5-
bromo-4-chloro-3-indolyl-beta-D-galacto-pyranosiq&-Gal). Two different deletion
phenotypes result from recombination between th& Bies depending on whether the
deleted region is 5’ or 3’ relative to the pTH132RT site. In the example illustrated in
Figure 3.5 we assume that the circular —A’'B-CD’darC’'D-EF’- regions are unable to
replicate and are lost (deleted) from the cell.pTH1522 integrates into tH&. meliloti
genome downstream from where pTH1937 has integthtedxpected phenotype for the
deletion mutant will be SIEMNmM' and theacZ gene from pTH1522 (if applicable) will

be expressed at a lower level in comparison topdrental strain (Figure 3.5). When
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pTH1522 integrates into the genome upstream of PBMAL the expected deletion
phenotype is SIEMNm®and the pTH1522acZ gene will be expressed at the same level

as in the parental strain (Figure 3.5).
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Figure 3.1. Targeting vector pTH1937 used in this study. PldspTH1937 is a
derivative of pACYC177E. coli plasmid cloning vector containing the p15A origih
replication 6riV). Plasmid pTH1937 can coexist in cells with plagsnof the ColE1l
compatibility group (e.g., pBR322, pUC19). It cagikanamycin resistancgtll gene
(Kn") which is part of Tn5 and origin of transfaril) from RK2 plasmidAlso indicated
is the position of the FRT site, Tn3 inverted répda3 inv rpt) and multiple restriction
enzyme siteSpé, Swd, EcaRV, Pvu, Pad and EcaRl. Plasmid pTH1937 is low copy

number plasmid, at about 15 copies per cell.
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Figure 3.2. Targeting vector pTH1522 used in this study (Coetial., 2006). Plasmid
pTH1522, with reporter genegp+t, lacZ, gusA andtdimer2(12)shown as divergent
operons from theXhd cloning site. Also indicated is the position betFRT siteattP
site and gentamicin resistance gene and the losabd stop codons either side of the

cloning site to prevent translational readthrough.
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Figure 3.3.Flp delivery vector pTH1944. Plasmid pTH1944 iseaivhtive of pBBR1E.

coli plasmid cloning vector containing the pBBR1 origihreplication ¢riV). It carries
tetracycline resistance gene (TetA-TetR) and orgditransfer ¢riT) from RK2 plasmid.
Also indicated is the position of ttigp recombinase gene and unique restriction enzyme
sites Bglll, Xhd, Hindlll, and BamH. Expression offlp recombinase in pTH1944 is
under control oflac promoter (4088 — 4127 nt). The pTH1944 does natycte lacl

gene, howevedac operaterlacO) is present at 4068-4091 nt.
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Figure 3.4. Flp-testing strains 0%. melilotiRmH940 and RmH939 (Chaet al, 1998.)
RmH940, has a Ladackground and inserted into it a Tn5-235 elema#spessing a
neomycin resistance (NIngene andacZ flanked by directflp recombinase target site
(FRT) repeats. When Flp recombinase is expressed,séquence between the FRT
repeats is excised, and the resulting clones aré & Lac RmH939, has a Lac
background and inserted into it a Tn5-235 elemargs@ssing a neomycin resistance
(Nm") gene andacZ but lacking FRT repeats. This strain is used asrabin all

experiments.

123



Ph.D. Thesis — B. Milunovic; McMaster Universitfiology

FRT FRT
:: [ mr i lacs i ::

I RmH940

1S50 1S50
N lacZ . RmH939

1S50 1S50

124



Ph.D. Thesis — B. Milunovic; McMaster Universitiology

Figure 3.5. Two alternate FRT-directed phenotypes/genotypssltreg from pTH1937
integrants on either side of a single pTH1522 irdegin the genome. AB, CD, EF are
random DNA sequences that were cloned into targetiectors. Kritkanamycin
resistance; G gentamicin resistance; Nimeomycin resistance; FRp recombinase
target site; reporter genagusA lacZ GFP (green fluorescence proteinRFP (red

fluorescence protein)y-1-deleted region 1A-2-deleted region 2.
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CHAPTER 4. DELETION ANALYSIS OF THE Sinorhizobium meliloti pSymB

MEGAPLASMID

MATERIAL AND METHODS

Construction of the pTH1996 and pTH1997

Plasmid pTH1996 was used for the analysis eofJA expression and was
constructed as follows: a 2.1 KbNsi/Bgll PCR fragment (ML11667
TGCATGCAT GCATGGATACCTGTGACAGGC and ML11660 GRGATCT TCA
TCGTCACCCGACAGCC) including 1246 nt of tlemgAgene to 869 nt downstream of
the translational stop foengAwas cloned into pTH1703 (Cowet al, 2006) to give
plasmid pTH1996 (Figure 4.6).

Plasmid pTH1997 (Figure 4.6) was constructed ireotd disrupt thengAgene
by single crossover recombination. Plasmid pTH1i89¥TH1703 with 740 bxXhad/Bglll
fragment of theengAgene from nt 185 to 925. This fragment was angalifoy PCR from
RmP110 genomic DNA using the primers ML11659 CO&GAG CGGCGACGATC

TGCAGGTCTTGC and ML11660 GAGATCT TCATCG TCACCCGACAGCC.
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Cloning of engA and smb21712

A 1.4 Kb Pad fragment containing thengAcoding region was amplified from
RmP110 DNA using the primers (ML11753 CCTTAATTAAGAGTCACCGTC
GCCATTATCG and ML11754 CCTTAATTAAGCGCCTTTTGCGCGCCTG). The
product was cloned as Rad fragment into expression vector pTH1931 to praduc
plasmid pTH2027. This plasmid was used to proedgAexpressionn trans

A 460 bpPad fragment (ML20184 CCTTAATTAAGGCATCTTCCTGATC
AGCCACG and ML20185 CCTTAATTAAAAAAGACTGGCGCACCCGACBG)
which includes nt 1,314,806 to 1,315,265 of pSym&gaplasmid, was synthesized by
PCR and ligated to expression vector pTH1931 talyce plasmid pTH2302. Plasmid

pTH2302 was used to provide tRRIA (smb2171Pexpressionn trans

Construction of the pTH2172 — pTH2185 Vectors

Table 4.1 outlines the fragments cloned into tip®reer suicide plasmid pTH1703
to generate the pTH2172 — pTH2185 plasmids. Integraf the resulting plasmids into
the S. meliloti genome generatedusA reporter fusions (odd numbered plasmids) or
disrupted the target gene (even numbered plasnitEymids pTH2173, pTH2175,
pTH2177, pTH2179, pTH2181, pTH2183 and pTH2185 Haaen used for the promoter
expression analysis of thessF uxuB smb20750smb20751smb20752smb20753and

smb20754respectively. Each of these seven genes wasptistuy insertion of suicide
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plasmid (pTH2172, pTH2174, pTH2176, pTH2178, pTH218TH2182 and pTH2184)
in S. meliloti strain RMP110. Primer sequences used in this iexpet as well as

locations of primers on pSymB megaplasmid aredigteTable 4.1.

Construction of the pTH2470 Vector

Plasmid pTH2470 was constructed to knock thutE in S. meliloti It was made
by PCR amplifying a 667 bidsil/Bglll fragment (ML-07-3615 TGCATGCATCAGG
TTCGAGAAGGAGACGG and ML-07-3616 GAAGATCTAGGCATAGGGCS
TTACGC) which includes nt 140 to 454 of tileuE gene, using genomic DNA from

RmP110 as a template and cloned into pTH1703.

RESULTS

Deletion of the complete pSymB megaplasmid

Using the deletion strategy described in Chaptefifty;six strains that carried
FRT sites from pTH1522 and pTH1937 in direct orion in the pSymB megaplasmid
were made. A map of pSymB together with the FRTilé&a regions targeted for deletion
is shown in Figure 4.1. The FRT flanked regionp®ymB were designated in ascending
numbers from B100 (see Figure 4.1). Upon transfethe flp plasmid pTH1944, the

largest deletion recovered was 370 Kb, while theallmst was 3 Kb (Figure 4.1).
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Collectively, the double FRT strains encompassed #ntire 1678 Kb pSymB
megaplasmid of. meliloti The precise boundaries of the deletion strarasgaen in
Table 2.1. Where pTH194#lp plasmid transconjugant strains were recoveredthad
deletion subsequently verified, the region was glegied with aA (e.g.AB118). When
no pTH1944flp plasmid transconjugant colonies were recoverediehetion symbol was
designated (e.g. B119). No deletions were recovéosedour regions of the pSymB

megaplasmid and these are discussed further below.

Confirmation of pSymB Deletions

To investigate whether the FRT flanked regions waeketed and lost from the
cell, we used PCR to detect whether a given DNAoregvas present or absent through
the amplification, or not, of a predicted DNA pratigFigure 4.2). All the primer pairs
amplified products of the predicted size from teagl DNA from the wild-typeS.
meliloti strain P110. As the endpoints for each deletiomewarecisely defined, we
designed four pairs of primers, to analyze theta®ieoositions (Figure 4.2). Only those
deletion strains that were confirmed by PCR arevshim Figure 4.1. The sequence and
positions of the primer pairs are given in Tabl8. ZPrimers used in this study). For a
small number of strains, PCR products were obtainkedre no product was predicted.
This could usually be attributed to a mix-up ofasts — as reconstruction of the strains
resulted in the predicted deletion phenotypes.eRample of PCR results for the deletion

strainAB123 is shown in Figure 4.2.
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Essential genes on pSymB megaplasmid

The pSymB megaplasmid is 1,683,333 bp in size. [degaid pSymB is
annotated with nucleotide position 1 as the A ef ATG start codon of thiacE gene and
the numbering proceeds clockwise from this positarthe map as drawn in Figure 4.1.
We failed to recover pTH1944lp plasmid transconjugants from four FRT-flanked
regions of the pSymB megaplasmid (B125 (60,1486771,882 nt), B140 (64,141 —
467,160 nt), B110 (1,204,770 - 1,256,503 nt), B11807,752 - 1,529,711 nt), see
Figure 4.1). Since this suggested that deletiothe$e regions was lethal, we analyzed

these regions further for the presence of possitdential genes.

The pSymBoriV locus

The repA1B1Clgenes of pSymB lie at nucleotides 58,760 — 55,880 the
pSymBoriV is believed to be located within thepC gene at a location yet to be defined
(MacLelland et al 2005). The B161 region (pTH1522 (1677882-16797p3H1937
(49523-51610)) was readily deleted whereas no p#édX8combinants were recovered
for either B125 (pTH1522 (59089-60148); pTH1937 7(A#82-1679723)) or B162
(pTH1522 (59089-60148); pTH1937 (49523-51610)) BH2S B162 but not B161
includes the 50,791 - 60,148 nt region which hase nannotated genes — and most
significantly therepA1B1C1llocus which is capable of autonomous replicatiod &

presumed to contain theriV of the pSymB megaplasmid. Assuming pSymB has no
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other oriV, excision of therepABClocus would result in loss of the remainder of the
pSymB megaplasmid (Figure 4.1). Therefore, theufailto recover transconjugants in
which therepA1B1Clregion was deleted suggests that pSymB replicendmdy one

oriV and further that there are genes carried on tsteofethe pSymB megaplasmid that

are essential for cell survival.

The smb20055- smb20059 locus

No deletion mutants that removed the 403 Kb Bl4@ore from 64,141 to
467,160 nt were recovered. However thi8141 (100,636 — 467,160 nt) amdB142
(121,311 — 467,160 nt) regions were readily recedveand this suggested that the region
from 64,141 — 100,636 nt carried essential genedufther localize the region required
for growth, five additional FRT double integrantasts were made. Of these, pTH1944-
flp-plasmid transconjugants were recovered for B151,2d0 — 65,620 nt) while no
transconjugants were recovered from strains cagridgh52 (61,240 — 74,302 nt), B153
(61,240 — 89,794 nt), B154 (61,240 — 101,396 nt) BH55 (61,240 — 122,108 nt). These
data localized the essential gene/genes withimgbgen 65,620 to 74,302 nt. Within this
region lie ten genes:m#20055 smb20056 smb20057 smb20058 smb20059 TRmS5,
smb20061 smb20062 smb20063and smb20064 In other work in our laboratory, we
characterized thebtJKL (smb20056-20058gene cluster and our data suggest that these
genes encode an ABC-transport system for the upmthkebalt. Interestingly, mutations

in these genes result in an inability to form cadsnon LB medium unless the medium is
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supplemented with cobalt (Cheatal., 2011; seemb20057Table 8, Cowieet al, 2006).
We tested whether addition of cobalt would allowoneery of pTH1944 transconjugants
and hence\B140, AB152, AB153, AB154 andAB155 deletion strains. Transconjugants
were recovered when selected on LB media suppledesith CoC} (2 ng/ml). These
results confirmed that the inability to recovered®ns in this region stemmed from an
involvement of genes in this region in cobalt meten. Cobalt is known to be required
for growth of Rhizobia (Lowest al 1960; Lowe and Evans, 1962; Watsetnal 2001).
We screened &. melilotipLAFR1 clone bank (Friedmaet al., 1982) for cosmids that
allowed AB152 to grow on LB medium. Cosmid DNA from fiveB152 transconjugant
strains was examined by sequencing using primers igméd.28
CCTCGATCAGCTCTTGCACTCG and sigmal29 GCAGGTGCTGGCAIACA
TTCAGC) from either side of the pLAFRECcARI insert site. The insert DNA in four of
the plasmids were identical (56,613 to 81,543 ratmes) whereas cosmid pTH2654
carried 56,613 — 74,702 nt from pSymB together vatfiragment from pSymA. The
approximately 20-Kb region db. melilotiDNA contained within the all five cosmids
(pTH2651 to pTH2655) includes genes annotated toda a single ABC-type transport
system for the uptake of cobalt. The requirementcébalt in most bacteria is primarily
due to its presence in vitaminiBwhich plays a number of crucial roles in many
biological functions. (Martengt al, 2002). ThecobT gene which is presumed to be
required for cobalamine- vitamin;Bbiosynthesis ir§. melilotiwas previously identified

as essential foB. meliloti(Cowieet al, 2006).
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The engA gene region:The pSymBengA is essential forS. meliloti

Flp transconjugants of strains with FRT sites flagkthe 52 Kb B110 region
(1,204,770-1,256,503 nt) were not recovered. Tallpe the region that appeared to be
essential for cell viability, additional FRT straiwere made and no transconjugants were
obtained for the B113, B114 and B115, whereas ffdpstonjugants were recovered for
the B111 (1,204,770 — 1,225,824 nt) and B112 (172%— 1,226,491 nt) (Figure 4.1).
Assuming one “essential” locus, these data suggasthe locus lies in the 8.6 Kb region
from 1,226,491-1,235,118 nt. A map of this regiershown in Figure 4.6. This region
carries the genes annotatedsa#h20991, smb20992, smb21674, smb20993, smb20994,
engA, smb20996 and smb2098nalysis of these genes with respect to the itieation
of essential genes in other genomes, suggestedn#hd431 bengAgene (1,231,075 -
1,232,505 nt) was a good candidate for the es$egatne in this regiorengAis annotated
as a GTP binding protein, a member of the Era sunibfaof bacterial GTPases and has
been found to be essential in bacteria suciNagonorrhoeae, E. colnd B. subtilis
(Caldonet al, 2003).

To investigate whetheengA was essential folS. meliloti cell viability, we
attempted to constru@ngAnull alleles and also to delete teagA gene region from
pSymB in a strain carryingngAin transon another plasmid. Plasmid pTH1996 (Figure
4.6) carries an 740 bp fragment internal to &mgA gene cloned in pTH1703, while
pTH1997 is the same plasmid except it carriesctirapleteengA gene together with

flanking DNA (Figure 4.6). Upon transfer and reconaltion of these plasmids int®.

134



Ph.D. Thesis — B. Milunovic; McMaster Universitiology

meliloti, no Gm transconjugants were recovered for pTH1996 Cat@ipient) whereas
pTH1997 Gm transconjugants were readily recovered (*fdkipient). This data
suggested that disruption @igAgene resulted in a loss of the cell viability.

To provideengAexpressionn trans the engAgene was cloned downstream of
the lac promoter in broad host range "§IBBR derivative to give pTH2027. Plasmid
pTH2027 was transferred to strains RmP734 (B110) &mP826 (B115). T¢
transconjugants were recovered when the Flp reauasbi plasmid pTH1944-Tevas
transferred into the RmP734 (pTH2027) and RmP8Z&19027) strains whereas no'Tc
transconjugants were recovered upon mating into FiRRnd RmP826. This result again
suggests thaténgAis essential and that it is the only essential gartéis region of the
pSymB megaplasmid. We note that tiecAgene lies four genes away frangA and
S. melilotibacAmutants are viable (Ichige and Walker, 1997). W/ that in the above
experiments IPTG was added to the media to insuhection offlp recombinase from the
lac promoter in pTH1944. Presence of a deletion witthia engA gene region from
pSymB in a strain carryingngA in transon another plasmid was checked by PCR using
four sets of primers per deletion strain: 2626UFQB26DFDR; 4440UFUR, 4440DFDR
for strain RmP734 and 641UFUR; 641DFDR; 4440UFURA40DFDR for strain
RmP826 (Table 2.1). Only those deletion derivasitrains that were confirmed by PCR

were saved as a part of our lab strain collection.
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The unique copy of arginine tRNA on pSymB megaplasiu is essential forS.

meliloti.

No transconjugant colonies were obtained when thid19444lp plasmid was
transferred to a strain carrying the FRT-flanked Btegion (1,307,905 - 1,528,150 nt).
However transconjugant colonies were obtained fiairs RmP811 carrying the B118
FRT-flanked region (1,322,226 — 1,529,711 nt) ahckd other FRT-flanked regions
AB119 (1,332,882 — 1,529,711 n)B120 (1,374,412 — 1,529,711 nii121 (1,408,135
—1,529,711 nt). As theinCDE genes are located at nucleotides 1,446,108 — 103483
the AB119,AB120, andAB121 strains have lost these genes yet grew likdtypie on LB
agar. These data are consistent with our previndsgs showing thatninCDE mutants
grow with a similar generation time to the wildtyf@henget al., 2006). The data for
B117 and B118 regions suggested that an esseeti@ lgy in the 14.4 Kb 1,307,905 -
1,322,226 region and consistent with this integdren, we found that strains carrying the
FRT-flanked regions B158 (1,323,078-1,307,752 B159 (1,323,805-1,307,752 nt) and
B160 (1,333,550- 1,307,752 nt) failed to yield pB44 transconjugants. This region
carries a unique copy of a tRNA specific for CCBe tsecond most frequently used
arginine codon. Hence further experiments were operéd to demonstrate that the
arginine tRNA was the essential gene in the 1,3%;91,322,226 region. A map of this
region is shown in Figure 4.7. To confirm that #@-tRNA gene was essential f&.
meliloti cell viability, we attempted to delete the Arg-tRIgene region from pSymB in a

strain carrying Arg-tRNAIn transon another plasmid. A 439 fragment carrying the
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tRNA was amplified and cloned into the replicatehsmid Sp pBBR derivative
(pTH2302) which was then transferred to RmP896 @l1%ubsequent transfer of
pTH1944 {lp vector) to this strain generated viable transogemis carryingAB158
deletions. Hence the only essential gene in the71985-1,528,150 - B117 region is the
Arg-tRNA gene. Presence of deletis?B158 within the Arg-tRNA gene region from
pSymB in a strain RmP896 carrying Arg-tRNi\transon another plasmid was checked
by PCR using four sets of primers: 3486UFUR; 348BRF 422UFUR; 422DFDR

(Table 2.1).

Carbon and Nitrogen Utilization Phenotypes associatd with pSymB deletions

Fucose utilization

In previous work, fucose was found to induce exgoes of four distinct ABC-
transport gene clusters (see Table 1 Mauchdirad., 2006). One of these gene clusters,
smb21103 - smb2110§44973 — 749228 nt) is located in a region whias been
removed from strains carrying the deletioB146, AB147, AB148 andAB139 deletion
mutations. We tested these deletions for growtD)-fucose and found that unlike the
wildtype RmP110, all the deletion strains failedytow with fucose as sole carbon source
(Figure 4.8). Thus themb21103 - smb21108uster and likely genes downstream of

smb2110Gppears to be responsible for the transport ardbaksm of D-(+)-fucose.
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Hydroxy-proline utilization

In a previous work MacLeaat al., (2009). showed that putative uptake system
hypMNPQ(smb20263mb2026% is required for hydroxyproline transport $ meliloti
In this work it was observed that deletion straitfi¥141 (100,636 — 467,160 nt) and
AB142 (121,311 — 467,160 nt) were unable to metabdioth trans-4-hydroxy-L-proline
and cis-4-hydroxy-D-proline, whereas wild-tyge melilotiwas able to utilize both of
these compounds as sole carbon and nitrogen so(Fegsre 4.8). This result is
consistant with the deletion of theypMNPQ (268,518-271,437 nt) and perhaps other

genes required for hydroxyproline catabolism.

Maltotriose, Maltitol, D-(+)-Trehalose and Palatincse utilization

D-(+)-trehalose induces expression of the ABC-fpanisgene clustethuREFGK
(smb20325- smb20328 (328,098 — 332,311 nt) (see Table 1 Mauchkbal., 2006).
This gene cluster is known to be involved primanilythe uptake of D-(+)-trehalose and
maltose and only to a lesser extent in sucrosekaftienseret al, 2002). In this work,
deletion straing\B141 (100,636 — 467,160 nt) and142 (121,311 — 467,160 nt) failed
to grow on minimal medium with maltotriose, maltitand palatinose as sole carbon
source while growth on D-(+)-trehalose was dranadlicreduced (Figure 4.9). It is
known from work of Jensert al, (2002) that another trehalose transport system

(757,756 — 764,331 nt) is present on chromoson afielilotiand that can explain why
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those deletions were able to grow on trehalosehéosbme extent. To further specify
genes responsible for maltotriose, maltitol, patze and D-(+)-trehalose utilization
strain RmP2680 carryingtAuE plasmid insertion was made. This strain failedjtawn

on M9 medium with maltotriose, maltitol and palaise as sole carbon source, but
formed small colonies on D-(+)-trehalose This desti@tes that genéBuEFGK which
are removed in deletionaB141 and AB142 are involved in maltotriose, maltitol,

palatinose and D-(+)-trehalose utilization.

D-(+)-Raffinose anda-D-(+)-Melibiose utilization

The 27 KbAB124 deletion (1,652,558 —1,679,723 injludes the ABC-transport
clustersmb21644-smb2164(1,674,089-1,678,437 nt) reported to be highlyuoetl in
minimal medium with D-(+)-raffinose, a-D-(+)-melibiose, galactose, D-(+)-
galactosamine, dulcitol and stachyose (Table 1, d\ine et al., 2006). We found that
the AB124 strain grew like the wildtype on M9-medium plgmented with galactose, D-
(+)-galactosamine, dulcitol and stachyose as cadmamces but failed to grow with D-
(+)-raffinose anda-D-(+)-melibiose as carbon source (Figure 4.10). UBiameously,
library fusion strain FL357 was checked for growmthth D-(+)-raffinose andx-D-(+)-
meliobiose and it was shown that integration witthie ABC-transport clustesmb21644-
smb21647enabled strain FL357 to utilize D-(+)-raffinosedam-D-(+)-melibiose. This
confirmed that the genes responsible for D-(+)inae andi-D-(+)-melibiose utilization

are within the region covered 124 (Gageet al, 1998.).
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Thiamine auxotrophs

The deletion strainaB116 (1,255,032 — 1,308,912 nt) anB123 (1,528,150 —
1,654,191 nt) are both thiamine auxotrophs whiclcassistant with the location of
thiamine biosynthetic genethiD, thiC, thiO, thiS thiG andthiE) (Finanet al. 1986). The
AB116 deletion includes the region where th® (1,191,117 — 1,191,917 nt) gene is
located, whileAB123 includes the region of thieiC, thiO, thiS thiG andthikE (1,633,944

— 1,638,330 nt) genes.

Slow growth phenotype

The deletion strainaB103 (830,108 - 788,035 nt\B132 (814,652 — 870,505
nt), AB133 (794,204 - 870,505 ntAB134 (779,439 — 870,505 nt)\B135 (769,971 —
870,505 nl, AB136 (762,942 — 870,505 nt)B137 (757,101 — 870,505 nt) and139
(741,497 - 870,505 nt) show slower growth thandtieer deletions or wild type strain
RmP110. Slower growth of deletions is caused byopged lag phase of bacterial
growth. We showed that thaB133 (RmP863) had a prolongddg growth phase
compared to the double integrant strain RmP862 frdnith has been derived and wild
type RmP110 (Figure 4.11). Slow growth deletioaiss overlap a 14.6 Kb region within
which lie eleven genessmb21246 smb21247 smb21248 smb21249 smb21250
smb2125] smb21252 smb21253 smb21254 smb21255and smb21256 The growth

phenotypes of strains carrying plasmid single cm&s insertions in each of eleven
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genes were examined to identify the specific gesredg responsible for slow growth
phenotype. Insertion of suicide plasmid pTH170® 81nb21254824,431 — 825,261 nt)
showed the same slow growth phenotype as AB&03-AB139 deletion strains. To
confirm thatsmb21254was responsible fos. meliloti slower growth phenotype, we
attempted also to delete tlsenb21254gene region from pSymB in a strain carrying
smb21254in trans on another plasmid. To providenb21254expressionn trans the
smb21254gene was cloned downstream of fhe promoter of broad host range 'Sp
pBBR derivative to give pTH2746. The resulting phad, pTH2746, was transferred to
strains RmP860 (B132) and RmP862 (B133). Wild typmvth phenotype was recovered
when the Flp recombinase plasmid pTH1944-Was transferred into the RmP860
(pTH2746) and RmP862 (pTH2746) strains. This reag#in suggests thamb21254s
the gene whose lost is responsible for slow gro@bBnesmb21254codes for a 276
amino acid protein, which is annotated as consehsgmbthetical. Our database search
revealed homology to the beta-lactamase domairacongy proteins and to related
proteins of various microorganisms (data not showWe note that in the above
experiments IPTG was added to the media to insuhection offlp recombinase from the
lac promoter in theS. meliloti cells carrying the pTH2746sihb2125% plasmid. The
presence of a deletion within tsenb21254ene region from pSymB in a strain carrying
smb21254 in tranen another plasmid was checked by PCR using fetisraf primers per
deletion strain: 4595UFUR; 4595DFDR; 778UFUR, 778B¥Ffor strain RmP860 and

3938UFUR; 3938DFDR; 778UFUR, 778DFDR for strain RGP (Table 2.1). Only
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those deletion derivative strains that were corduinby PCR are saved as a part of lab

strain collection.

a-D-Lactose Monohydrate and Lactulose utilization

Reporter fusions to the gene cluserb20929 smb20931(1,152,893 -1,156,054
nt) are highly induced in minimal medium with D-{rgffinose, a-D-(+)-melibiose,
galactose,o-D-lactose monohydrate and lactulose (Table 1, Mine et al., 2006).
Knowing that thesmb20929 smb20931gene cluster is located within the 41 Kb deletion,
AB108 (1,129,758 - 1,170,466 nt), we examined ABA08 strain for growth on these
sugars and found that t#8108 strain grew like the wildtype RmP110 on M9-med
supplemented with D-(+)-raffinoseq-D-(+)-melibiose, galactose and-D-Lactose
monohydrate as sole carbon sources bunBHO8 strain failed to grow with lactulose (4-
O-beta-D-Galactopyranosyl-D-fructofuranpse sole carbon source. A review of the 40
Kb region deleted imB108 suggested that thms20929 smb20931gene cluster maybe

required for lactulose utilization 8. meliloti

D-(+)-Galactosamine utilization

Two distinct ABC-transport gene clustemssnb21135-smb21138774,396 -
777,407 nt) andmb21216-smb2124779,811 - 783,740 nt) were found to be induced by

D-(+)-galactosamine and glucosamine (Mauchline let 2006). Both of these gene
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clusters are removed in the deletion straBl02 (752,548 - 788,984 nt). TheB102
strain and wildtype RmP110 were examined for growilthese sugar amines and results
demonstrated that theB102 strain grew like the wildtype on M9-medium plgmented
with glucosesamine as sole carbon sources but gnaeh slower in medium with D-(+)-
galactosamine as sole carbon source. This confitiregdhe genes responsible for D-(+)-

galactosamine utilization are within the region @@d byAB102 deletion.

Symbiotic phenotypes of pSymB deletions

The symbiotic phenotypes of pSymB deletion stramese assayed by inoculating
alfalfa (Medicago sativa seedlings and growing in Leonard assemblies undevgen
deficient conditions. Plant growth was examined Z8rdays post inoculation and shoot
dry weights were recorded (Table 4.2). All deletisinains for regions known to be
required for effective symbiosis formed nodules tladled to fix Nb, Fix. The deletion
strainAB109 (1,169,073 — 1,207,052 nt) (Figure 4.1) lagkimeexoT, exoW exoV, and
exoU (1,174,743 — 1,179,394 nt) genes required for elygpaccharide synthesis (EPS 1)
which were shown to be required for the formatifria™ nodules inS meliloti (Becker
et al, 1993). Alfalfa plants inoculated witlctA mutants failed to fix nitrogen (Yaros
al., 1989). The deletion straixB123 (1,528,150 — 1,654,191 nt) (Figure 4.1) covlees
region with the genes that aimevolved in C4-dicarboxylate transpomratA dctB and
dctD (1,626,577 — 1,631,385 nt)) and gave rise to planth a Fix phenotypeThe exoB

(1,168,150 - 1,169,136 nt) gene required for Fikenotype (Leigtet al, 1989; Longet
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al., 1988) was located within a 40 Kb deletiod8108 (1,129,758 - 1,170,466 nt) (Figure
4.1) and aS. meliloti strains carrying this deletion were symbioticaiheffective. In
addition, plants inoculated with RmP7988(122) (Figure 4.1) formed nodules but their

N,-fixing ability appeared delayed relative to wiigbé nodules.

Fix-delay phenotype on pSymB

Growth of S. melilotistrain RmP798AB122), whose Bixing ability appeared
delayed relative to wild type, was monitored irefreliving state in three different media;
LBmc, M9 — glucose and M9 - succinate. The respitsented in Figure 4.12 suggest
that the growth rate of deletion strains is complar#o the growth rate of wild type strain
RmP110 in all three media indicating that the felay phenotype is not caused by a
defect in growth rate of deletion strain.

Plants inoculated with the RmP798B(122) (1,528,150 — 1,573,735 nt) deletion
strain were stunted and yellow in colour at fourels post inoculation, whereas plants
inoculated with wildtype RmP110 were dark greerafour and grew vigorously. Plant
shoot dry weights were used as an index effiXation. The dry weights of plants
(averages + standard errors) inoculated with RmR388 * 21.2 mg/plant) was higher
than for the plants inoculated with the Fixmutant (10.8 = 3.1 mg/plant) or the
uninoculated control (4.0 £ 0 mg/plant) but lowbkan shoot dry weight for wild type
strain RmP110 (66.9 + 20.9 mg/plant) (Table 4.2)eSe results suggest that deletion of

the B122region had an effect on symbioti¢ Rixation.
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The presence of theB122 bacterial strain in the nodules of Fix-delégnps was
examined by plating dilutions of the bacterial rspon obtained from nodules on LB
medium, followed by selection on LB medium contagi20Qug/ml of neomycin and
200ug/ml of gentamicin. Strains reisolated from surfaterilized nodules retained the
expected neomycin, gentamicin antibiotic resistaplenotypes and upon analysis by
PCR using four sets of primers 3669UFUR; 3669DFRBB47UFUR, 3347DFDR, the
nodule’s isolates lacked the 1,528,150 — 1,573m3%®gion of theAB122 deletion. Five
Rhizobiacells isolated from the nodules were used fompetlation of alfalfa seedlings
under nitrogen deficient conditions in Leonard assiéees. For each of five strains used,
twenty four plants were examined 28 days post ilaticun and they retained the fix-delay
phenotype.

To localize the region that appeared to be requfoedFix” phenotype, nine
additional deletions were made within the B122 wagiSeven of these deletions
(RmP1036, RmP1038, RmP1040, RmP1042, RmP1046, Ri8PA0d RmP1050)
exhibited the Fix-delay phenotype (Table 4.3). Tthesfix-delay locus appeared to map
within 7.5 Kb (1,536,790 - 1,544,317 nt) regiondiiie 4.13). In this regiopssF, uxuB
smb20750smb20751smb20752smb20753smb20754are located. These genes were
annotated as putative glycosyltransfergsesk), putative D-mannonate oxidoreductase
(uxuB), putative dehydrogense, possibly gluconate 5-deigenasesmb2075)) putative
3-hydroxyisobutyrate dehydrogenase mi075), putative enoyl-CoA hydratase
(smb20752, putative acyl-CoA dehydrogenasamb20758 and conserved hypothetical

protein 6mb2075% Each of these seven genes was disrupted bytiorsesf suicide
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plasmid and the resulting derivatives were assdygdnoculating alfalfa seedlings
growing under nitrogen deficient conditions. Datatained in this experiment indicate
that loss of themb20752)ene resulted in a Fix-delay phenotype. A non padédetion of
smb20752was generated in a strain RmP2203 and the samm swas tested by
inoculating alfalfa seedlings under nitrogen deifnticonditions. Plants were examined 28
days post inoculation and they retained the fbagghenotype (Figure 4.14).

A Fix-delay phenotype can be caused by a delalgarptocess of nodulation or in
nitrogen fixation. To investigate these two procesaises, the kinetics of nodule
formation of thesmb20752deletion mutant was investigated by performing ulation
assays. Two day old seedlings were transferredstiotibbes containing slants of Jensen’s
medium solidified with 1% agar, inoculated with udibns of cultures containing the
smb20752deletion mutant strain, Fix-delay strak122 or RmP110 wild type strain.
Root systems of these plants were examined an@ddor nodules every second day.
Results were recorded every second day and areerpees as a percent of plants
nodulated (Figure 4.15) as well as number of nalfitemed per plant (Figure 4.15).
Nodules were first visible on the roots of alfatfeedlings 6 days after inoculation with
the wild type strain, RmP110. Nodules were visibte seedlings inoculated with the
smb20752deletion mutant (RmP1230) and Fix-delay straimf¥98) after a further 2 to
3 days. By 19 days postinoculation with either RdP&ar RmP1230 and RmP798 strain,
nodulation as measured by the percentage of plaitks visible nodules approached

100%. The average nodule number per plant wasasirfol all three strains RmP110,
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RmP1230 and RmP798. According to these resnb20752is not required for the
successful process of nodulation.

Expression of all seven genes localized within dkay region was monitored in
alfalfa nodules through the use of a transcripfidasion to the reporter gergusAin S.
meliloti. As a positive control, alfalfa seedlings wereculated with strain RmP319
which contains gusAfusion tonifH; this gene is known to be expressed in nodules. As
negative controls, we used the wild-type strain R&fPand a strain RmP320 in which
gusAis integrated into thé&. melilotigenome in the antisense orientation tmifd
promoter RmP320 was included to reflect the levepeaflucuronidase activity associated
with a single copy of the reporter gene in $hanelilotigenomep-Glucuronidase activity
was measured in nodule extracts obtained fromfalfallnts 28 days post inoculation.
Our results indicate a level aimb20752expression that is approximately sevenfold
greater (Table 4.4) than that observed in nodulesulated with the negative controls
RmP110 (nogusA fusion) or RmP320 njfH::lacZ). Nodules harvested from plants
inoculated with the positive contralifH::gusA exhibited a higher level of expression (at
least ninety fold greater than the controls).

Expression of all seven genes localized withindetay region was monitored in
free — living state in three different media (LBnM9 — glucose and M9 - succinate),
through the use of a transcriptional fusion to tégorter gengusAin S. meliloti As a
positive control, we used strain RmK990 which corgaagusAfusion with pckA this
gene is known to be expressed in minimal media sutttinate (Osterag al., 1991). As

negative controls, we used the wild-type strain R&iPand a strain RmK991 in which
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pckAis fused to the reporter getecZ in S. meliloti. Our results (Table 4.4) indicate a
level of smb20752xpression in all three types of medium that israxmately fivefold
greater than that observed with the negative cbfiRraP110 (nogusA fusion). The
positive control fckA:gusA in minimal medium with succinate exhibited a reghevel
of expression (at least sixteenfold greater thanctntrol), consistent with previous data

obtained regarding expression of this gene in Mdccinate (Osterastal., 1991).

DISCUSSION

In this study we report the construction of a seak3-350 kilobase deletions with
defined endpoints that cover the en8emelilotipSymB (1683-kilobase) megaplasmid.
We were not able to recovip plasmid transconjugant from four FRT-flanked regiof
the megaplasmid. The failure to recover transcamtgyin which theepA1B1Clregion
was deleted suggests that the pSymB replicon higsooeoriV and further that there are
genes carried on the rest of the pSymB megaplatimidare essential for cell survival.
This data are in agreement with MacLellah al., 2006., who tested whether the
incompatibility region ific) from pSymB, cloned into the broad host range mplds
pBBR1MCS-3, mediated incompatibility in a replic@pecific manner and showed
essential nature of pSymB megaplasmid. To exammoempatibility MacLellanet al.
employed a strain ofecA-deficientS. melilotiand demonstrated that the recombinant
broad host range plasmid containing the sequence from pSymB plasmid could not be

maintained in a strain that carries pSymB. Inabitd obtainS. meliloti strain without
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pSymB megaplasmid in a presence of broad host rplagenid containingnc sequence
from pSymB supports our finding that pSymB carrignes that are essential for cell
survival. In an earlier deletion analysis of theyp® megaplasmid by Charlest al.,
1991 approximately 200 Kb of pSymB was not deletedding to speculation that
essential genes may reside in undeleted areas.

Using a FIp/FRT deletion strategy two essentialegetRNA"™ andengAlocated
on the pSymB megaplasmid were identified. tRNA77 bp) is a unique copy of a tRNA
specific for the CCG codon, the second most fretipersed arginine codon. The gene
for tRNA is located on pSymB next to a putative transposgege $mb2090%
followed by a 3 Kb region containing eight small EXRof unknown function (Finaet
al., 2001). This sequence context indicates podsiltiiat the location of this tRNA gene
resulted from a transposition event. In our databssarch using DNA sequence Sf
meliloti tRNA%Y we found that tRNAYwith 100% identity taS. melilotiis present in all
members of Rhizobiaceae familys. medicaeWSM419 (plasmid pSMEDO1),A.
tumefaciensstr. C58 circular chromosome, whil&inorhizobium fredii NGR234,
Rhizobium leguminosarum bv. trifoM/SM1325,Rhizobium leguminosarum bv. viciae
3841 andRhizobium etliCFN 42 carry tRNA® on the chromosome. The presence of the
tRNA%9 gene on the chromosome in a majority of Rhizol@iadamily members allowed
us to speculate that ti& meliloti tRNA*Y gene originated from the chromosome and at
some point it was transferred to the pSymB megaptasThis idea is supported by the
gene organization of the region where tRNAie (Finanet al., 2001).This region is

abundant with mobile genetic elements such asposws.
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The engAgene is annotated as a GTP binding proteis.imeliloti EngA is a
broadly conserved bacterial GTPase (a member dEthesubfamily) that lacks a human
orthologue and has been shown to be essential variety of gram-positive and gram-
negative organisms such &&phylococcus aurepdeisseria gonorrhoeae, E. candB.
subtilis (Caldonet al, 2003).S. melilotiEngA is highly similar to hypothetical proteins
found in every sequenced genome (data not shdwrgur database searches using the
EngA sequenceve found that all putative Engproteinswith high identity & 85%) toS.
meliloti EngA belong to members of the Rhizobiaceae fankigure 4.16). The same
search revealed that tBe melilotiengAgene is located on megaplasmid (pSymB) as well
as inS. medica@®vVSM419(plasmid pSMEDO1). IA. tumefacienstr. C58, the annotated
engAgene is present on the circular chromosome, wdi@rhizobium frediNGR234,
Rhizobium leguminosarum bv. trifoM/SM1325,Rhizobium leguminosarum bv. viciae
3841 andRhizobium etlCFN 42 carryengAgene on the chromosome. EngA is a GTPase
with two GTP binding domains arranged in tandemid@aet al., 2001). AnengA
mutant ofN. gonorrhoeaeexhibits changes in cellular morphology (Metdtral., 2000).
While wild type shows the normal diplococcal shapin one septum-like structure in the
center of diplococci, thengAmutant has a more rounded cell shape, and oftetaics
more than one septum-like structure per cell (Methal., 2000) Morphology changes
were also noticed iengAmutants ofE. coli andB. subtilis(Hwang and Inouye, 2001;
Morimoto et al., 2002). The deletion afngAwas shown to result in filamentous cells
with defective chromosomal segregationBn coli (Hwang and Inouye, 2001) and in

curved elongated cells with condensed nucleoidB. isubtilis(Morimoto et al., 2002).
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We showed that deletion ehgA or disruption of thengAgene was lethal, unlesagA
was suppliedn transon a replicating plasmid. According to publishedadby Tomaet
al., 2009, EngA is likely to play a role in ribosomi@genesis.

Beside two genesngAand tRNA" that are essential in all growth conditions, we
identified the cbtJKL genes encoding a ABC-type transport system witha B151
region (65,620 - 74,302 nt). These genes are eskttthe growth ofS. melilotiin LB
but not in minimal medium. Our deletion analysiowkd that pTH1944kp-plasmid
transconjugants can be recovered for strain B1l5ilevaeletion of 65,620 to 74,302 nt
region in B152, B153, B154 and B155 results in latkransconjugants on LB plates
(Figure 4.1). In other work in our laboratory, tbletJKL (smb20056-20058(66,644 —
69,548 nt) gene cluster was shown to encode an &&tport system for the uptake of
cobalt. cbtJKL mutants grew poorly in LB unless the medium waspkrmented with
CoCh, while growth in minimal medium was not affectsgésmb20057Table 8, Cowie
et al, 2006). We found that deletions in strains B15258 B154 and B155 could only
be made if Tctransconjugants were selected on LB medium supgiéd with 2 ng/ml
of cobalt, while growth of deletion strains was effected on M9-succinate (Figure 4.5).

Deleting large, non-essential regions of the gen@it@mved us to screen for
phenotypes associated with the deleted genes.nStdeleted of known loci such as
thiamine biosynthesigHi) (Finanet al. 1986), as well as genes involved in dulciidl}
(White and Finan unpublished), lactosaec) (Jelesko and Leigh, 1994), raffinogaf}
and melibioserfie) (Gage and Long, 1998) and hydroxy proline uttliaa (MacLeanret

al., 2009) had the expected phenotypes. Phenotypiysas of deletion strains revealed
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several novel loci on pSymB. Deletion of the B1Zyion resulted in a Fix-delay
phenotype. Genes required for utilization of D-{t¢ose maltotriose, maltitol, D-(+)-
trehalose, palatinose, lactulose, D-(+)-galactosarand genes responsible for a slow
growth phenotype were also localized to pSymB.

In previous work, fucose (D-(+)-fucose and L-(-g6se) was found to induce
expression of four distinct ABC-transport gene tussmc02772 smc02774smb21103
- smb21106smb21587 smb2159Gandsmb20442- smb20444Mauchlineetal., 2006).
Deletion analysis performed in this study indicatest thesmb21103 - smb211@buster
and likely genes downstream sib21106appears to be the only responsible for the
transport and metabolism of D-(+)-fucose (6-deoxgises). The conclusion that the
transported ligand is fucose is based primarilytlos finding that strains in which the
smb21103 - smb2110genes were deleted did not grow in M9 medium supetdeed
with D-(+)-fucose, while wild-typeS. melilotj as well as deletions that removed the
smb21587— smb21590and smb20442— smb20444genes were able to utilize D-(+)-
fucose. D-(+)-fucose is found in a limited numbdrboth Gram-negative and Gram-
positive bacteria, in which it is a constituenttioé cell wall and capsule structures (He
and Liu, 2002; Kren and Martinkova, 2001; Power dednings, 2003). I&. coli and
Campylobacter jejunithe uptake of L-fucose, a source of carbon farraarganisms, is
mediated by the major facilitator superfamily MF&tpn symporterfucP and cj0486
respectively (Danget al, 2010, Stahkt al., 2011). Similar gene was not identified in
Roseburia inulinivoransA2—-194 by Scottet al., 2006 who identified transcriptional

regulators, transport systems, and enzymes involaefucose utilization using the
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shotgun microarray analysis. Scettal., 2006 showed high induction of ABC type of
sugar transporter whdR. inulinivoransA2—-194 was grown in medium containing fucose.
The Smb21103 - Smb21106 proteins appear to be gaondidates for typical a solute
binding protein-dependent ABC-type transporter, cluhiupon characterization can
become one of the first examples of an ABC systamnthfe transport of D-(+)-fucose.
Glenn and Dilworth, 1981 showed that two typesisédcharide transporters exist
in S. meliloti WU60, Rhizobiumbv. tifolii WU420 and Rhizobiumleguminosarum
WU163: one responsible for lactose uptake and therdor uptake of sucrose, maltose
and trehalose, but not lactose. Similar resultsevadatained by Gouffet al, 1998 who
showed that disaccharide osmoprotectants are talervia sucrose — disaccharide
transporters that cannot mediate the uptake otdisaides that are not osmoprotective
for the strain, such as lactose, lactulose andhbmesk inS. melilotistrains. Our results
confirmed that osmoprotectants like maltotriose(Hptrehalose and palatinose are all
transported via the same ABC transport systiEFGK (smb20325— smb20328
Furthermore maltitol which is not shown to be osnotgctant forS. meliloticells shares
the same ABC transport system with all osmoprotgstanention previously. In our
deletion analysis we disrupted an ABC transportesysencoded bthuEFGK(smb20325
—smb20328 by insertion of a suicide plasmid and confirmbdtf maltotriose, maltitol
and palatinose are inclusively taken up via thitey while D-(+)-trehalose can be also
transported via another trehalose transport sy, 756 — 764,331 nt) present on

chromosome 0%. meliloti(Jenseret al, 2002).
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Mauchline et al., 2006 identified two distinct ABC-transport germdusters
smb21135-smb2113dsmb21216-smb2122hat were induced by galactosamine and
glucosamine. Deletion analysis showed that theradesef the two gene clusters had an
effect onS. melilotigrowth on M9- medium supplemented with D-(+)-g&daamine.
The AB102 deletion grew like wild type on M9- medium pigmented with
glucoseamine. Binkkottest al., 2000 showed that galactosamindeincoli is transported
by specific PEP - dependent carbohydrate phospisigase (PTSs) proteins encoded by
genesagaBCD Involvement of solute binding protein-dependeBiCAtype transporter in
galactosamine transport in bacteria has not beeregerted.

Results from the deletion analysis done in thiglgtauggests that deletion of
smb21254esulted in a slow growth phenotypeSnmeliloti The slow growth phenotype
was rescued whesmb21254was supplied in trans on replicating plasmid. Gene
smb21254codes for a 276 amino acid protein, which is aatest as conserved
hypothetical. Our database search revealed homadiogihe beta-lactamase domain-
containing proteins and to related proteins of aasi microorganisms (data not shown).
Proteins of high identity X 80%) to Smb21254 are present in all members of
Rhizobiaceae family. Smb21254 protein had high Hogy to the beta - lactamase
domain & 90%), which was described as part of the betatataase enzymes produced
by some bacteria and responsible for their resistda the beta — lactamase antibiotics
like penicillins, cephamycins and carbapenems (feihal., 2010). We showed that the
AB133 (RmP863) had a prolongéa phase compared to the double integrant strain

RmP862 from which has been derived and wild typePRb® (Figure 4.11). Extended
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lag phase of bacterial growth can be caused by mdfgreint factors including the size
of the inoculum; time necessary to recover fromgtal damage or shock in the transfer;
time required for synthesis of essential coenzyoredivision factors; and time required
for synthesis of new (inducible) enzymes that areessary to metabolize the substrates
present in the medium We need to confirm thattaeleof smb21254has an effect on
any of previously mentioned factors which can capsdongedlag phase of bacterial
growth.

A new locussmb20752responsible for the fix delay phenotype was ideti
within pSymB region B122. Geramb20752ncodes 356 amino acid protein annotated
as putative enoyl-CoA hydratase. A domain searghaled presence of the enoyl-CoA
hydratase/isomerase domain (residues 19 — 190)rw&mb20752 protein (Finet al.,
2010). The Fix delay phenotype that was identifemild be caused by a delay in
nodulation or nitrogen fixation. According to ouaitd thesmb20752)ene is not required
for nodulation but deletion or interruption of tlgene has an effect on nitrogen fixation.
Under the plant growth conditions employed in thtady, thesmb20752gene was
moderately expressed (at seven fold higher levah thild type RmP110) compared to
highly expressedhifH (at least ninety fold greater than the controis) No-fixing
bacteroids. Expression of the same gene was fotlowefree living state and three
different medium conditions (LBmc, M9 — glucose affl — succinate). In all conditions
tested, culture containing amb20752gusAfusion strain yielded an average fourfold
greater reporter enzyme activity than that obsemetthe wild type strain RmP110 (no

gusAfusion).
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In the other work in our laboratoryl@cus important for survival in a soil was also
mapped in the same region B122 (Maclean, unpuldisiesults). Further work has
demonstrated that the locus responsible for the-Flglay phenotype of these deletion
mutants is distinct from the locus that charace=rigoil phenotype (Maclean, unpublished

results).
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Table 4.1.Primer sequences used for construction of pTH21@2ZH2185 vectors as well as locations of primerp8ymB
megaplasmid. All plasmids are pTH1703 derivatives.

Plasmid Gene Primer Primer sequence Location of PCR
name name primers on product
pSymB size
pTH2172  pssF-KO  pssFNsil TGCATGCATACGCAGAGCGATGCAAGACG 1536749nt  716bp
pssFBglll  GAAGATCTCGCGAAGGTCGAAGTCATCG  1537465nt
pTH2173 pssF-F pssFfNsil TGCATGCATCAGATGAACGTCTCGCTGCG 1535568nt  1107bp
pssFfXhol CCGCTCGAGGCAAACTGGATCTCGCACCG 1536675nt
pTH2174  uxuB-KO uxuBNsil TGCATGCATTGACGATCACCGAGAAGGGC 1538446nt 549bp
uxuBBglll  GAAGATCTGCGAGATAGCCGAGATAGGC 1538995nt
pTH2175 uxuB-F  uxuBfBgll GAAGATCTTGGAAGCGTTGGTCGAAGGG 1539037nt 941bp
uxuBfNsil  TGCATGCATCGAGGTCACGAAGATCAGCC 1539978nt
pTH2176 smb20750 y50Nsil TGCATGCATGGCCAAGGTCTTGAAGAGGC 1539676nt 505bp
-KO y50Bglll GAAGATCTATGCGGATGTCCACGAAGGC  1540181nt
pTH2177 smb20750 y50fNsil TGCATGCATGGCCAAGGTCTTGAAGAGGC 1539676nt  1579bp
-F y50fXhol  CCGCTCGAGAGTTGAGGAGGAGAGGCAC 1541255nt
pTH2178 smb20751 y51Nsil TGCATGCATTGCGTCATCACCATGCTGCC 1540506nt 552bp
-KO y51Xhol CCGCTCGAGCTTTCAGCATGAGGCTCGCG 1541058nt
pTH2179 smb20751 y51fNsil TGCATGCATTGCGTCATCACCATGCTGCC 1539555nt  951bp
-F y51fXhol CCGCTCGAGGGCCATGTTCGATCTCAGCG 1540506nt
pTH2180 smb20752 y52Nsil TGCATGCATAGATGCAGACCACGCTTCCG 1541626nt  703bp
-KO y52Bglll GAAGATCTTGAAGGCGAAGCAACGGTCG  1542329nt
pTH2181 smb20752 y52fBglll  GAAGATCTGTCTCAAGCTGACGCTGTCG  1540831nt 701bp
-F y52fNsil TGCATGCATTCCGACCATGAAGGTCAGCG 1541532nt
pTH2182 smb20753 y53Bglll GAAGATCTCTCACGATGGACGTTCTGGC  1542450nt 718bb
-KO y53Nsil TGCATGCATCGGACAATCTTCTCGACGCC 1543168nt
pTH2183 smb20753 y53fBglll  GAAGATCTTGTCGCCAATGACGCACTGC  1541770nt 754bp
-F y53fNsil TGCATGCATCGATCATCTCGGAGGGAACG 1542524nt
pTH2184 b20754 y54Bglll GAAGATCTGGATCTGAGGGATGGCAAGC  1544334nt 670bp
-KO y54Nsil TGCATGCATTCTGGGCGATCTGCAATGCG 1545004nt
pTH2185 smb20754 y54fBglll GAAGATCTTGGAGCAGGTCTGTCATCGG  1543155nt 983bp
-F y54fXhol CCGCTCGAGACGTCCATCGTGAGAAGCGG 1544138nt
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Figure 4.1. Circular map of pSymB megaplasmid $f melilotj showing FRT-flanked
regions, defined on pSymB (B) generated in thisdwtuGreen regions — Flp-
transconjugants recovered and deletions) (confirmed. Red regions — Flp-

transconjugants not recovered.
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Figure 4.2. Schematic outline of PCR-amplification method usedxamine deletion
structure. Primer pairs P1 and P4 amplified DNAyn&nts on either side of the targeted
FRT-flanked region. Primer pairs P2 and P3 amplifNA fragments inside the FRT-
targeted region. Amplified products were separaéed visualized by agarose gel
electrophoresis. Lanes 5, 6, 7 and 8, DNA from type strain RmP110; Lanes 1, 2, 3
and 4, DNA from theAB123 strain; M molecular weight marker (GeneRulet™b
DNA Ladder, Fermentas). Upper band in lanesl-8 NADfragment from the

chromosomal region of wildtype strain RmP110 anmgadifwith primer pair P5.
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Figure 4.3. The region 49,523 - 60,148 nt on pSymB which hady@in of replication.
Genes present in this region are annotated y26039GntR-family transcritional
regulator containing an aminotransferase domay20040hypothetical protein
transmembraney2004thypothetical protein;y20042conserved hypothetical protein;
y20043hypothetical protein; apCtprobable replication protein CrepBl-probable
replication protein BrepAl-probable replication protein A:20047hypothetical protein;

y20048probable transcriptional regulatdusA2putative elongation factor G.
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Figure 4.4.A 8.6 Kb region on the pSymB megaplasmid whiclbbaan ABC transport
system. Genes present in this region are annotagdy20056ABC transporter,
periplasmic solute-binding proteiry,20057ABC transporter, permeas§20058ABC
transporter, ATP-binding proteinj20059SAM-dependent methyltransferase, may be
involved in cobalamin metabolism; TRmb5-probable n&R transposasey2006%
hypothetical protein; y20062conserved hypothetical proteiny20063conserved
hypothetical proteiny20064putative transposasg20065hypothetical proteiny20066

hypothetical protein.
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Figure 4.5. Growth of AB152 -A, AB152 complemented by a cosmid clone pTH2651 —
A + cos3 and wild type strain RmP110 — P110 on LBdioma (A); LB medium
supplemented with Co&l(2 ng/ml) (B) and minimal medium M9-succinate which

contain 2 ng/ml of CoG]
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A) B)

LB medium LB medium + 2ng/ml CoCl,

A + cosB A+ cos3 WT

C)

M9-succinate + 2ng/ml CoCl,

A+cos3
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Figure 4.6. A 9 Kb region on the pSymB megaplasmid which harbdheengAgene.
Region cloned in plasmid pTH1996 for the expressinalysis of theengApromoter —
pTH1996. Region cloned in the suicide plasmid &ruptengAfunction inS. meliloti—
pTH1997. Genes present in this region are annoteyP?0992conserved hypothetical
protein; y21674 hypothetical protein;y20993acyl-CoA dehydrogenasey20994
conserved hypothetical proteiengAputative GTP-binding proteiny20996conserved
hypothetical protein;y20997 conserved hypothetical protein;20998hypothetical

exported protein.
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Figure 4.7. A 14.3 Kb region on the pSymB megaplasmid whichbbes the arginine
tRNA gene. Genes present in this region are argwbtads: y20900iguanylate
cyclase/phosphodiesterasg1679hypothetical proteiny2090%putative transcriptional
regulator; y20902ABC transporter, periplasmic solute-binding protey20903ABC
sugar transporter, permease compong2@904ABC transporter, ATP-binding protein;
arginine tRNA; y20905putative transposasey20906hypothetical protein;y20907
hypothetical proteiny20908hypothetical proteiny21680Ghypothetical proteiny2168%
hypothetical proteiny20909hypothetical proteiny20910hypothetical proteiny2091%
hypothetical proteiny20912putative ATP-dependent DNA ligasg20913hypothetical

protein;y21682hypothetical protein.
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Figure 4.8. A) Growth of deletion strainB146 and wild type strain RmP110 on D-(+)-
fucose as sole carbon source. B) Growth of delettosmin AB141 and wild type strain

RmP110 on trans-4-hydroxy-L-proline as sole carbaurce.
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A) B)

D- (+) fucose as a sole carbon trans-4-hydroxy-L-proline as
source sole carbon sources
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Figure 4.9.Growth of deletion strainB141 and wild type strain RmP110 on maltotriose

(A), maltitol (B) and palatinose (C) as sole carlsonrce.
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A) B)

Maltotriose as a sole carbon source Maltitol as a sole carbon source

C)

Palatinose as a sole carbon source
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Figure 4.10. Growth of deletion strailB124 and wild type strain RmP110 on D-(+)-

raffinose (A) andi-D-(+)-melibiose (B) as sole carbon source.
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Raffinose as a sole carbon source Melibiose as a sole carbon source
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Figure 4.11 Growth of deletion strain RmP863\K133), double integrant strain

RmP864 (B133) and RmP110 (wild type) strains in IdBm
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Table 4.2.Symbiotic phenotype of pSymB deletions

Strain Shoot dry weight (avg. % WT Symbiotic
mg/plant) * (SD) phenotype
P110 66.9 + (20.9) 100% Fix
uninoculated 4.0 £ (0.0) 6% Fix
RmG994 (FiX) 10.8 + (3.1) 16% Fix
AB101 54.0 + (11.1) 81% Fix
AB104 79.0 £ (16.5) 118% Fix
AB105 63.5 + (0.7) 95% Fik
AB106 47.3 £ (14.2) 71% FiX
AB108 13.9 £ (10.0) 21% Fix
AB109 18.3 + (7.8) 27% Fix
AB112 82.0 £ (14.1) 123% Fix
AB116 51.5 % (7.8) 77% Fik
AB118 70.1 + (5.6) 105% Fix
AB120 55.7 + (13.8) 83% FiX
AB121 61.0 + (13.6) 91% Fix
AB122 36.0 £ (21.2) 54% Fix-delay
AB123 6.4 £(0.1) 10% Fix
AB124 67.0 £ (2.8) 100% Fix
AB128 545+ (12.1) 81% FiX
AB129 78.6 = (15.0) 118% Fix
AB130 45.7 £ (9.9) 68% Fik
AB132 49.0 £ (1.4) 73% Fik
AB133 45.1 £ (14.3) 67% FiX
AB134 49.7 £ (7.3) 74% Fik
AB135 66.0 + (4.2) 99% Fik
AB136 49.2 £ (17.2) 73% Fix
AB139 50.5 % (4.9) 76% Fik
AB141 53.8 + (14.6) 80% Fix
AB142 44.5 + (10.2) 66% FiX
AB146 48.0 £ (11.3) 72% Fix
AB147 62.0 £ (13.9) 93% FiX
AB148 62.0 + (2.8) 93% Fik

The plant tops were harvested 28 days post inacnladried, and shoot dry weights were
determined. The values above represent the meatumfcate samples (each sample
consisting of 7-8 shoots) + standard deviation. $ymbiotic phenotype was determined
both by examination of the leaves for green (indghcpFix") or yellow (indicating FiX)
color, and by the shoot dry weight data.
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Table 4.3.Symbiotic phenotype of pSymB deletions within cegresponsible for the Fix delay phenotype.

Strain Genotype Shoot dry weight (avg. % Symbiotic phenotype
mg/plant) = (SD) WT

RmP110 wild type 39.5+(9.2) 100% FiX

uninoculated 4.6 £(0.2) 12% Fix

RMG994 (FiX)  dme-3:Tn5 5.8 +(3.2) 15% Fix

tme-4:QSp

RmP1034 AB171:QNG 50.0 + (31.1) 127% Fix

RmP1032 AB170:QONG 48.0 £ (28.3) 122% Fix
RmMP1040  AB174:QNG 15.0 + (7.1) 38% Fix - delay
RmP1042 AB175: QNG 11.5+(0.7) 29% Fix — delay
RMP1036  AB172:QNG 14.0 + (5.7) 35% Fix — delay
RmP1038 AB173: QNG 11.5+(0.7) 29% Fix — delay
RMP1050  AB178:QNG 14.1 + (7.0) 36% Fix — delay
RmP1048 AB177:QNG 21.5%(4.9) 54% Fix — delay
RmP1046 AB176:QNG 14.2 + (3.8) 36% Fix — delay
RmP798 AB122: QNG 10.3+£(1.1) 26% Fix - delay

The plant tops were harvested 28 days post inoonladried, and dry weights were determined. THeesabove represent
the mean of duplicate samples (each sample camgisfi 7-8 shoots) + standard deviation. The synibiphenotype was
determined both by examination of the leaves feegr(indicating Fi¥) or yellow (indicating Fi® color, and by the shoot dry
weight dataA, deletion; :©2GN, deletion is marked by gentamicin (G) and neam{fd) resistance.
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Figure 4.12. Growth of AB122 (fix delay) and RmP110 (WT) strains in LBmcO9M

glucose (15 mM) and M9 — succinate (15 mM).
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Figure 4.13.Delineated 7.5 Kb (1,536,790 - 1,544,317 nt) geggon containing the Fix

- locus. Genes present in this region are annotdedssF- putative glycosyltransferase,
uxuB-putative D-mannonate oxidoreductaseb2075Qautative dehydrogense, possibly
gluconate 5-dehydrogenasemi®0751putative 3-hydroxyisobutyrate dehydrogenase,
smb20752putative enoyl-CoA hydratasemb20753utative acyl-CoA dehydrogenase

andsmb20754:zonserved hypothetical protein (Galibettl., 2001).
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Figure 4.14. Fix phenotype of plants growaonder nitrogen deficient conditions in
Leonard assemblies and examined 28 days post atamul Wild type strain RmP110
(A), Fix-delay strain RmP798 AB122) (B), Fix strain RmP790 AB108) (C),

uninoculated plant (D), RmP2205 (deletionsaib20758 (E) and RmP2203 (deletion of

smb2075%
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Figure 4.15. Nodulation kinetics for strain RmP798K122). A) Comparison of the
nodulation kinetics of the RmP123Asmb2075 RmP798 AB122) and the wild-type
strain RmP110 on alfalfa seedlings. For each strai plants were examined every
second day for visible nodules. Results were pteseas number of nodules formed per
plant. B) Comparison of the nodulation kineticstled RmP1230Asmb20752 RmP798
(AB122) and the wild-type strain RmP110 on alfalfadimgs. For each strain, 25 plants
were examined every second day for visible noduRssults were presented as a

percentage of plants nodulated every second day
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Table 4.4.Expression of seven genes, localized within Fibeyleegion on pSymB megaplasmid, in young alfatfat modules
and under different free living conditions.

B-Glucuronidase B-Glucuronidase activity (SB)

activity (SD)

Strain Gene fusion Days post Nodules LBmc Glucose Succinate

inoculation.
RmP1223 pssF:: gusA 28 506 (x14) 477 (£54) 395 (£13) 431 (x90)
RmP1225 uxuB:: gusA 28 394 (£7) 519 (x72) 658 (x43) 534 (£58)
RmP1227 smb2075Q: gusA 28 130 (x20) 259 (£38) 190 (x9) 209 (£10)
RmP1229 smb2075%: gusA 28 122 (+8) 252 (£50) 183 (£5) 197 (£22)
RmP1231 smb20752: gusA 28 455 (x23) 1039 (£29) 859 (+43) 402 (£76)
RmP1233 smb20753: gusA 28 576 (£3) 1108 (£22) 881 (£55) 492 (+52)
RmP1235 smb20754: gusA 28 368 (x15) 800 (x17) 464 (+28) 340 (£59)
RmK990 pckA:: gusA n.a. n.a. 847 (x24) 473 (£23) 3118 (£180)
RmPK991 pckA:: lacZ n.a. n.a. 891 (x25) 956 (x39) 818 (x45)
RmP110 none 28 64 (£2) 208 (£28) 178 (£7) 188 (+10)
RmP319 nifH :: gusA 28 6324 (£124) n.a. n.a. n.a.
RmP328 nifH :: lacZ 28 85 (+3) n.a. n.a. n.a.

! Results are representative of two independentreampats using nodules obtained from a minimum o&lfdlfa plants
inoculated per strain; Data represents mean valligplicate assays of samples + standard devigi&D).

2 RmP320 contains gusAfusion in the opposite orientation with respecPtifH and serves as a negative control for
endogenoug-glucuronidase activity.

®Data represents mean values of triplicate assayamples + standard deviation (SD).

Miller units of B-glucuronidase activity was determined for cellgvgn in LBmc, or in minimal media with glucose or
succinate as sole carbon source, as indicated.
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Figure 4.16 Alignments of the EngA homologues found by BLASSarches.

Alignments of the eleven predicted EngA homologu€éee homologues have the
following Entrez accession numbers (percentagdenitity): Sinorhizobium meliloti021

— NP_437661 (100%)Sinorhizobium medicadVSM419 — YP_001313247 (96%),
Sinorhizobium frediNGR234 — YP_002826885 (95%Agrobacterium tumefacienstr.
C58 — NP_355257 (85%)Rhizobium leguminosarunbv. trifoli WSM1325 -
YP_002976910 (86%Rhizobium leguminosarubwv. viciae3841 — YP_769133 (86%),
Rhizobium etliCFN 42 — YP_470601 (85%lkscherichia colistr. K-12 — NP_417006
(41%), Neisseria gonorrhoea®&A 1090 — YP_207579 (36%}%taphylococcus aureus
subsp. aureus D139 — ZP_ 06324500 (37B@c¢illus subtilissubsp. spizizenii ATCC

6633 — ZP_06875435 (37%).
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LKFRI | DTAGLEESSPDSL QGRMAAQTEAAI DEADL SLFVVDAKAGLTPA
LKFRI | DTAGLEQSSPDSL QGRMAAQTEAAI DEADL SLFVVDAKAGLTPA
LKFRI | DTAGL EQSAPDSL QGRMAAQTEQAI DEADL SLFVI DAKAGLTPA
LRFTI | DTAGLEQSGPETLQGRMAAQTEAAI DEADVTLFVI DAKAGLTPA
LTFTI | DTAGL EEADAESL QGRVRAQTEAAI DEADL SLFVWDAKSGLTPV
LTFTI | DTAGL EEADAESL QGRVRAQTEAAI DEADL SLFVWDAKSGLTPV
LTFTI | DTAGL EEADEESL QGRVRAQTEAAI DEADL SLFVWDAKNGLTPV
REFI Cl DTGG DGTED- GVETRVMAEQSL LAl EEADVVL FMVDARAGLMPA
KPYFVI DTGGFEPWDSG LHEMAKQTL QAVDEADAVWFLVDGRTGLTPQ
HDFNI | DTGG El GDA- PFQTQ RAQAEI Al DEADVI | FMVNVREGLTQS
YDFNL| DTGG DI GDE- PFLAQ RQQAE! AVDEADVI | FM/NGREGVTAA

*** * . * - * - kk Kk - k.
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DEEVAKI LYRTKKPVWLAVNKLDNTEVRANI YDFYSLGFGEPYPI SGTHG
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* k- . * kK .. * %

QGVLDLRDAI VAALGEERAFPPAEDVAETNVDI RPVAG- EGTEDEEVEPA
QGVLDLRDAI VAALGEERAFPPAEDVAETNVDI RADI GSEGPCEEEI EPV
QGVLDLRDAI VAAL GEERAFPPREDVAETDVDI RPAGA- GGGEDEESEPA
QGM DLRDAI VEAI GEDVAFPPDVDEAETDI VLPRTEP- GSEEEEDEEPV
QGVLDLRDAI VAAI GEDRAYPTKEDVAVTDVDI POTEGEDSDADE- - EPA
QGVLDLRDAI VAAI GEDRAYPEKEDVAVTDVDI PQS- SDECDEDE- - EP

QGVLDLRDAI VEAI GKDRAY- AKEDVAVTDVDI PPSENEADGEDE- - EPA
RGVLSLLEHVLLPWVEDLAPQEEVDEDAE- - YWAQFEAEENGEEEEEDDF

DGVYYLI EEl LENFPE- - - - - < == - = c s oo o mmmee o PEAEEADAK

LGLGDLLDAVWSHFGE:- - - - - -« == = = wm oo meee oo EEEDPYDE

LGLGDLLDAVAEHFKN: - - - - -« =« = o ccee oo | PETKYDE
. . . *

* - *
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PFEKQDLQ VDLVLREGRAAVLAFNKWDM EDRQAVLADLREKTDRLLPQ 346
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CHAPTER 5. DELETION ANALYSIS OF THE Sinorhizobium meliloti pSymA

MEGAPLASMID

ABSTRACT

The genome of the soil bacteriudmorhizobium melilotcontains 6204 predicted
protein-coding regions and approximately 2000 adsth encode proteins of unknown
function (PUFs). To identify functional significamof S.melilotiPUFs, we have deleted
large defined regions of tH& melilotigenome using the FRT/flp recombination system.
We constructed strains with FRT sites flanking 435-kilobase regions that cover the
entireS. melilotipSymA (1354-kilobase) megaplasmid. IntroductiorFif recombinase
into these strains led to the identification of edar toxin/antitoxin-like loci
(sma0471/sma0473; sma2105, sma2230/smg2@Bbse deletion resulted in reduced
growth or a loss in colony forming ability. The noduction of these genas trans
allowed their deletion from pSymA without loss @lcviability. These loci are therefore
active toxin/antitoxin-like systems whereas 47 otbgstems predicted to be located on

pSymA can be removed without apparent loss ofuiability.
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INTRODUCTION

Twenty eight years ago an operon that controlsegggion of plasmicccdBA
(coupled_ell division) was identified on the F — plasmid Bf coli (Ogura and Hiraga,
1983).1t was found thatcdB acts as a toxin by killing cells that become plasiree.
Since then many operons with a similar organizatidnch are capable of stabilizing
plasmids have been identified and named ‘toxintaxita (TA) systems or modules’. TA
loci are two-component systems that code for alestadxin and an unstable antitoxin.
According to the antitoxin nature TA systems argidguished in two types: type | and
type Il. In type | the antitoxin is antisense RN&gfdeset al, 1986; Greenfielcet al.,
2000) and in type Il the antitoxin is a proteasesgeve protein (Ogura and Hiraga, 1983;
Buttsetal., 2005; Gerdest al, 2005). Stable toxins are neutralized by unstahtesense
RNAs or protein antitoxins. In plasmid free cellsgdadation of unstable molecules
(antisense RNAs and proteins) is rapid and in theecof antitoxin proteins, protein
degradation is mediated by the Lon and Clp proteadethe same time toxic protein or
MRNA that will be translated into a toxic proteggresent in a plasmid free cell leading
to post segregational killing (PSK) or stasis afgh cells (Gerdest al, 2005).

Chromosomally encoded TA operons have been idedtifoy a range of
bioinformatics techniques and are present in a wadg range of bacteria and archaea
(Arcus et al., 2011). It has been found that the chromosomas Ppatentially play

biological roles associated with growth arrest wndenditions of nutritional stress
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(Gerdes, 2000), challenge by antibiotics (8aal., 2001), DNA damage or genomic
rearrangement (Hazaat al,, 2004).

Well characterized bacterial toxin antitoxin loave been classified into eight
families (Gerdest al, 2005) using amino sequence homology as the oraaria (see
Chapter 1. Table 1.1). These families are briefigalibed below.

The ccd locus of the F plasmid Theccd (coupled_ell division) locus consist of
ccdB (toxin) andccdA (antitoxin) genes which are used by the F plasasid method of
ensuring its maintenance in the host cell. Thd locus increases plasmid stability by
inhibiting the growth of plasmid free daughter sdllaffeetal., 1995). Lon protease was
shown to degrade CcdA antitoxin and the free toRodB acts on DNA gyrase (an
essential topoisomerase Il), by trapping the gyrasés cleavable complex with DNA,
eventually causing double strand breaks in the DBAtomosomatcdloci are rare.

The relBE locus of Escherichia coli. The relBE locus of E. coli encodes an
MRNA interferase RelE that cleaves mRNA positioatthe ribosomal A-site (Pedersen
et al, 2003) and the antitoxin protein RelB counteralsts activity. TherelBE operon is
autoregulated by RelB. The RelBE protein complepresses transcription more
efficiently than RelB alone; thus, RelE functions a co-repressor of transcription
(Gotfredseret al, 2003; Overgaardt al, 2008). During steady-state cell gromtelBE
transcription is repressed by the RelBE complex dmnditions such as amino acid
starvation induceelBE transcription and activate RelE. Overexpressioreli induces a
bacteriostasis from which cells can be rescuedd€set al, 2005 showed thaelBE is a

stress response module.
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The parDE locus of the RK2 plasmid.The 9 kDa ParD protein and the 12 kDa
ParE protein function as a post segregationahkil(iPSK) system, in which the antitoxin
ParD protein protects the bacterial cell by formengomplex with the ParE toxin protein
(Johnsoret al, 1996). ParD exists as a dimer and binds to theerdform of the ParE
toxin to form a tetrameric complex (Johnsenal, 1996; Obereet al, 1999). ParE
inhibits DNA replicationin vitro and this inhibition results from inactivation Bf coli
DNA gyrase by the toxin. Furthermore, the inacimatbf gyrase by ParE can be reversed
by the addition of the antitoxin ParD (Jiaeagal, 1992). The biological significance of
parDE was demonstrated Mibrio choleraeby Yuanetal., 2011, who shown thaarDE
aids in the maintenance of the integrity of ¥hecholeraesuperintegron and in ensuring
the inheritance of chromosome II.

The higBA locus of the Rtsl plasmid.The higBA locus was first identified in a
temperature-sensitiyelasmid (Rtsl) oProteus vulgarigTian et al., 1996) higBA loci
differ from other characterized TA loa@n that the toxin-encoding genéi@B) lies
upstream of theantitoxin-encoding genehigA); however, as with other TA locit
appears that the antitoxin represses transcriptidgheoperon. It was shown by Hurley
al., 2009 that HigB associates with the 50 S ribod@ubunit in a complex that cleaves
within mRNA coding regions at all AAA triplet sequees.

The mazEF locus. The mazEFencodes the stable toxin MazF, and the antitoxin
MazE which is degraded by the ATP-dependent ClpARne protease. MazF is an
endoribonuclease which specifically cleaves mMRNA#GA sequences (Zhanet al,

2003) in a ribosome-independent manner. eZEFsystem, was the first TA system
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described as responsible for bacterial programmeddieath.mazEFmediated cell death
requires a quorum-sensing factor called EDF (egthalar death factor)Under stressful
conditions that inhibithazEFexpression, thde novosynthesis of both MazE and MazF
is prevented: because MazE is much more labile kazF, the cellular amount of MazE
decreases faster than that of MazF, allowing Maztatise cell death.

The phd/doc locus of the P1 plasmidThe phd(prevent lost ceathjdoc (death_m
curing) operon encodes a TA module responsible Her rhaintenance of the plasmid-
prophage P1 ilEscherichia coliLehnherret al, 1993) Doc is an inhibitor of translation
elongation through its association with the 30d®somal subunit (Liet al, 2008). The
C-terminal domain of Phd protein harbors an intéoacsite with Doc important for the
prevention of Doc-mediated growth arrest. The Mataal region of Phd is a DNA-
binding domain that binds to the operator siteh&f ghd/docoperon {cKinley et al.,
2005) Phd forms a heterotrimeric complex with Doc (Gatial, 1999).

The vapBC locus. ThevapBC(virulence_asociated mtein) locus was identified
on aSalmonella dublinvirulence plasmid (Pullingeet al, 1992). ThevapBC operons
form the largest family of TA systems in prokaryotdhese are grouped together based
on their toxin components VapC belonging to thd Mkerminal domain (PIN domain)
family of proteins that are thought to act as ribcdeases. Thus, theapBC operons
encode for a toxic ribonuclease whose upstreantoamtiis a transcription factor that
binds tightly to the ribonuclease and inhibitsatgivity. The biological roles of aapBC
operon in the pathogenic bacteriudeisseria gonorrhoeadave been experimentally

investigated (Wilbuet al., 2005; Mattisoret al., 2006). The operon is callé&tiAB (fast
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intracellular tafficking locus) and the role éitB (thevapCPIN domaintoxin) is to slow
bacterial growth in the intracellular environme#t. vapBC operon inSinorhizobium
meliloti (ntrPR) has been characterised, and R knockout strain shows increased
rates of nitrogen fixation and biomass productiothie host plant (Bodogat al, 2006).
Similar tofitAB from N. gonorrhoeagthe function ohtrPRis to regulate the global level
of translation in specific environments (Bodogaial, 2006). InLeptospira interrogans
the biological role ofapBCis not well defined, but expressionlafinterrogansvVapC in
E. coli arrests bacterial growth, and this can be resbyerb-expression of the antitoxin
VapB (Zhanget al, 2004). In addition, inL. interrogansVapBC stabilize unstable
plasmids, suggesting that this module has chaistitsrsimilar to those of other plasmid
maintenance TA systems.

The w-¢-{ locus of plasmid pSM19035The w-¢-C locus of plasmid pSM19035
from Streptococcus pyogeneacodes three components of a TA system.al hepressor
autoregulates transcription of thee-( operon, whiles and{ encodes an antitoxin and a
toxin, respectively. The biological role ofae-{ operon is maintenance of an unstable
plasmid in the host cell by killing or preventinget growth of plasmid free cells
(Meinhartet al., 2003). Similar operon was identified Enterococcudaeciumon the
plasmid pVEF3 (Sletvolétal., 2008).

Very few free-living organisms do not have idemtafiTA loci. Examples include
Lactococcus lactisthat thrives in rich medium only (milk), the pagensHaemophilus
ducreyi 35000HP andPasteurella multocida one phototrophThermosynechococcus

elongatusand the deeply branching thermophMaritima thermotoga(Pandeyet al.,
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2005). Thus, almost all free-living bacteria thaelin very different environments have
TA loci. Nitrosomonas europaea an obligate chemolithotrophic soil organismha3
intact TA loci and 2 single toxin genestycobacterium tuberculosigvtb) H37Rv and
CDC1551 have 38 and 36 TA loci, respectively, wivlgcobacterium lepraalid not
have a single intact TA locus (Pandstyal, 2005).M. lepraeis an obligate intracellular
pathogen, whereasltb has an extra- and an intracellular growth phases €&xample
supports the notion that obligate host-associatgdrmsms do not retain TA loci while
they are beneficial to free-living organisms. A ganpattern was seen in spirochetes: the
obligate parasitic spirochetdseponema pallidunandBorrelia burgdorferihave no TA
loci whereas the free-living spirocheteptospira interrogandas five.In a survey of
genome sequences published in 2@®9melilotiwas among the top twenty bacteria with
a genome highly abundant with TA loci (Makaraatal., 2009).

The total length of th&. melilotipSymA megaplasmid is 1,354,226 bp. Eighty
four percent of the nucleotide sequence is prediateprotein coding, consisting of 1,293
ORFs (Barnettet al, 2001; Bekeret al., 2009). pSymA proteins linked to nitrogen
metabolism are organized in a 53-kb segment engodincomplete pathway for
denitrification. Nitrous oxide reductas@og, as well as putative genes for nitrate
transport QrtAB) are also located on this replicon (Barnetital, 2001). The pSymA
megaplasmid encodes two tRNAs: one with anticodwmfethionine for which another
copy is present on the chromosome. The other tRMA & UCA anticodon specifies
selenocysteine and is unique in the genome. Howepakg functions such as:

DnaJ/CpbA-like chaperonin, UvrD2, DnaE3, RpoG&ESL operons, DNA ligase, and
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DNA-damage inducible protein, are also encoded SynpA but they are redundant. A
number of pSymA ORFs may be involved in stressarses (three cold shock proteins,
one heat shock protein, a hydroperoxidase, andpobalgidases) (Barnett al, 2001).
pSymA genes involved in nodulation and nitrogeratiion are clustered within a 275 kb
region that includesod genes required for synthesis of Nod factor as alihenol and
noegenes (Schlaman, 1998). In the same 275 kb regremijously discoveredif andfix
genes for symbiotic nitrogen fixation were locatiZ&aminskietal., 1988).

A search of thes. melilotichromosome for the presence of toxin-antitoxin loc
using standard BLASTP (Pandeyal, 2005) identified 12 TA systems (8IBE-like, 3
higBAlike, and 7vapBClike). In 2007 Seviret al. usedS. melilotias model for the
validation of RASTA-bacteriaa web-based tool for identifying toxin-antitoxinclan
prokaryotes. RASTA bacteria is based on the typi¢aloci organization, length of toxin
and antitoxin, and the presence of conserved fomatidomainsThe search of th&.
meliloti genome predicted 25 TA loci on the chromosomeptiron pSymA and 11 on
pSymB. 53 TA loci ofS. melilotiincluded 95 genes of which 18 were newly iderdifie
RASTA-bacteria identified all TA loci previously gulicted by Pandewt al (2005)
except for one locuh{gBA-2, Gl: 15965582-15965583). The RASTA method showed
random distribution of TA loci across the varioeplicons. The genetic organization of
the TA loci was diverse: 12 genes occured in 4ldrg) 68 genes in 34 pairs and 15
individual genes (12 antitoxins and 3 toxins).

Makarovaet al., (2009) did a comprehensive comparative-genomadyais of

Type Il toxin-antitoxin systems in prokaryotes. Yhesed sensitive methods for distant
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sequence similarity searchs, genome context asalgsid an approach for the
identification of two-component systems. This skarevealed numerous previously
unidentified protein families that were homologdostoxins and antitoxins of known
type Il toxin antitoxin systems. In addition, 12wné&milies of toxins and 13 families of
antitoxins were predicted. Seven hundred fifty ctetgpgenomes of archaea and bacteria
were analyzed. This analysis revealed 211 TA lociSi meliloti 113 loci on the
chromosome, 50 loci on the pSymA megaplasmid andlot8 on the pSymB
megaplasmid (Table (5.1, 5.2, 5.3)). All predictedi were classified into known and
newly created TA families. All the TA loci that wepredicted using RASTA bacteria as
a search method were confirmed using this new @gpro

More recently Shaet al, (2010) published TADB: a web-based resourcéyfoe
Il toxin—antitoxin loci in bacteria and archaea. DB was derived from computationally
predicted data sets and/or reports of experimgntalidated TA genes. TADB contains
10,753 type Il TA gene pairs identified within 1(Pdenome sequences representative of
962 strains of phylogenetically diverse bacterid archaea (Shaet al, 2010). Initially
the BLASTP-identified 921 TA loci present in 147qaenced genomes reported by
Pandeyet al, 2005 were incorporated into TADB. Next, the 58086 loci found in 604
genomes which had been assigned to 44 conservetbiiain pairs by Makarovet al.,
2009 were archived in TADB. The database was tbhghdr complemented with the data
set of RASTA-Bacteria predicted TA loci identifigad 883 annotated genomes (Seein
al., 2007). Subsequently, the three data sets mextiabove were compared to ensure

that only unique entries were included in TADB.aldition, further examples of known
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or putative TA loci were identified by searchingbMed using the search terms ‘toxin
and antitoxin’ and manually inspecting all PubMeds.h Supplementary TA loci
identified by this literature search strategy imgd six TA pairs, absent from the first
three data sets mentioned above. In TADB only tesobtained for theS. meliloti
chromosome was considered.

The first characterized functional TA systemRhizobiaceaés the chromosomal
ntrPR operon ofS. meliloti (Bodogaiet al, 2006). Based on protein homologies, the
ntrPR operon belongs to theapBC family of TA systems. The operon is negatively
autoregulated by the NtrPNtrR complex. The N-teahimart of NtrP is responsible for
the interaction with promoter DNA, whereas the @ri@al part is required for protein-
protein interactions (Bodogait al, 2006). It was shown that NtrR expression results
the inhibition of cell growth and colony formatioAccording to results obtained by
Bodogai and co-workers thetrPR may be important regulators of metabolic rates
required for bacterial survival under stressful dibtons and/or for the transition from

freeliving to symbiotic life style.
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MATERIAL AND METHODS

Construction of RmP1099 AA150), RmP1092 (A151), RmP140&A152) RmP2681

(AA160)

Strains RmP1094 (A150), RmP1092 (A151), RmP14075A1and RmP2671
(A160) were made by combining two existing deletions sirgle strain. Experimentally,
this was accomplished by transduction of antibioggistance from a deletion marked by
GmNm' into a strain carrying a deletion with no antimiomarker (Figure 5.1) New
deletion mutants, RmP10994150), RmP1408 AA152) and RmP2681AA160) were
generated upon the introduction of Flp recombirassoded on the broad — host range
vector pTH1944-Ttinto theS. melilotistrains carrying the two existing deletions, each
harboring one FRT site. The donor deletion car@@sNm' and thus provides markers
for detection of deletion events. A deletion mutasing A151 as parental strain could not
be recovered. End points as well as deletion ©feewly made deletion mutants were

listed in Table 5.4.
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Cloning of sma0471/sma0473, sma2151, sma2231, sma2253/sma2255,

sma2273/sma2275, sma2105 and sma2133

Pad fragments containing thesma0471/sma0473 sma2151 sma223]1
sma2253/sma2255ma2273/sma2275ma2105and sma2133coding regions and their
predicted promoter regions were amplified from RAMPDNA using the primers listed in
the Table 5.5. The products were cloned Baa fragments into the Sfproad host range
expression vector pTH1931 to produce plasmids pB3250TH2622, pTH2623,

pTH2624, pTH2625, pTH2646 and pTH2647 (Table 5.5)

RESULTS

Deletions encompassing the complete pSymA megapladm

Using the deletion strategy described in ChaptéhiBy-three strains that carried
FRT sites from pTH1522 and pTH1937 in direct omioh in the pSymA megaplasmid
were made. A map of pSymA together with the FRTKEd regions is shown in Figure
5.2. The FRT flanked regions of pSymA were desigthah ascending numbers from
A100 (see Figure 5.2). Collectively, the double FBifains encompassed the entire
1,354,226 bp pSymA megaplasmid 8f meliloti Upon transfer of thdlp plasmid
pTH1944, the largest deletion recovered was 166wile the smallest was 43 kb

(Figure 5.2). The precise boundaries of the deletioains are given in Table 2.1 Chapter
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2. Where pTH1944lp plasmid transconjugant strains were recoveredthadleletion
subsequently verified, the region was designatdtl wiA (e.g. AA104). No deletions
were recovered for the A101 region of the pSymA apdgsmid and this is discussed

further below.

Confirmation of pSymA Deletions

We used PCR to detect whether a given DNA regios pr@sent or absent in
putative deletion strains (described in detail magter 4).The sequence and positions of
the primer pairs are given in Table 2.3. Only thdsketion strains that were confirmed by

PCR are shown in Figure 5.2.

Essential genes on pSymA megaplasmid

The pSymA megaplasmid is 1,354,226 bp in size. itmnbering of deletion
strains proceeds clockwise from positiorotiV{) on the map as drawn in Figure 5.2. We
failed to recover pTH1944lp plasmid transconjugant colonies from the FRT-feohk
region A101 (1,283,082 10,988nt), A134 (1,283,082 - 92,124) and A135 (1,348,238
48,842) (Figure 5.2).

Flp transconjugants were readily detected for A{B283,082 - 1,349,931) and A102
(9,549 - 48,842). A101, A134 and A135 but not AE3®I A102 include the 1,349,931-

9,549 nt region which has nine annotated genesd-naust significantly theepA2B2C2

215



Ph.D. Thesis — B. Milunovic; McMaster Universitiology

locus (1,350,001-1,353,535 nt) which is presumeddntain theorivV of the pSymA
megaplasmid (MacLellandt al 2005). Assuming pSymA has no otlwerV/, excision of
the repABC locus would result in loss of the remainder of gfeymA megaplasmid
(Figure 5.2). Therefore, the failure to recovenmse@onjugants in which theepA2B2C2
region is deleted suggests that the pSymA replitas genes that are essential for cell

survival.

Combining deletions of the pSymA megaplasmid

Although the original deletion series (Figure 5d2) not show the presence of
genes essential for growth in LB complex mediunma@SymA deletions were observed
to occur at a lower frequency than others. In @olil experiments, we wished to
combine two existing deletions and their single F$€&s into single strains. In the case
of FRT site in direct orientation, the pSymA regitemked by the FRT sites could then
be deleted upon introduction of FIp recombinaseedexnentally, this was accomplished
by transduction of antibiotic resistance from aetieh marked by GfIm' into a strain
carrying a deletion with no antibiotic marker (Rigu5.1) (Chapter 5; Material and
Methods). Strains that carry deletions with no lantic marker harbor theflp
recombinase plasmid pTH1944. To successfully comthie deletions it was important to
cure this plasmid from the recipient cells. Thissw@gone by sequential subculturing.
Deletion mutants were generated upon the introdaaif fl[p recombinase encoded on the

broad — host range vector pTH1944-Tato the S. meliloti strains carrying the two
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existing deletions Using transduction several deutiéletion were combined§A150
(PAA127 (GniNm") — AAL106 (184,519 nt — 930,910 ntPA152 @AA129 (GniNm')

— AA117 (400,267 nt — 1,123,504 nt) ahA160 (@AA105 (GmNm') — AA102 (9,549

nt — 186,200 nt)). However, pTH194-plasmid transconjugants were not recovered
from strains carrying A151¢(AA129 (GniNm') — AA106 (184,519 nt — 1,123,504 nt)
(Figure 5.3); indicating presence of essential ggarees within 184,519 nt — 1,123,504
region flanked by FRT sites.

Next, we employed transduction as an experimergptaach to identify genes
that affect cell survival. Phage lysates prepanedstoains carrying thaA150, AA152,
AA160, AA130, AA131, AA132 andAA133 were employed to transduce Gimto the
wild type RmP110. Successful transduction indicatesence of genes essential for cell
survival in a deleted region. A reduced transducticequency or failure to obtain
transductants suggested the presence of genestampdor cell survival. In control
experiments, th&. melilotidpTH1522 single integrant strains that were usegeteerate
the deletions were also transduced into the wibe tRmP110 (experimental approach is
presented in Figure 5.4). No transductants weraimdd for the donor strain§A131
(1,173,115 — 1,232,916 nt)A132 (1,231,998 — 1, 284,751) and150 (184,519 nt —
930,910) suggesting the presence of essential gentb® deleted regions (Table 5.6).
TheS. melilotidpTH1522 single integrant strains that were usegketeerate the deletions
were transduced into wild type strain RmP110 whk transductional frequency per

recipient greater than T@Table 5.6).
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The ana0471 - sma0473 locus

No transductants were obtained fa&wA150 (184,519 nt — 930,910), but
transductant were readily recovered for stra#il52 (400,267 nt — 1,123,504 nt) (Table
5.6) indicating presence of essential gene/gent#snathe region 193,611 to 400,267 nt.
This region is unique for the deletion strélA150. In the region 184,519 to 308,586 nt
five sets of double integrant strains with largeetapping regions were made with the
purpose of narrowing down the region with the passigene/genes that effect cell
survival. Upon the conjugation dlip recombinase encoded on the broad — host range
vector pTH1944-Tcinto double integrant strains 8f melilotj T¢' transconjugants were
recovered for the certain number of strains withaith set (deletions colored in green)
(Figure 5.5 A-E). These data allowed us to narrownml the region of pSymA that may
carried gene(s) essential for growth in LB compheedium. A 9 kb region (255,655 -
264,696 nt) (Figure 5.6) carries the genes anmbtagssma0469, sma0470, sma0471,
sma0473, sma0475, sma0476, sma0478, smadiPdma0483vas delineatedn silico
analysis of these genes suggested that the 3@9nbP471and 294 bpma0473genes
(258,225 nt -258,823 nt) are annotated as encodirigelB antitoxin andaddiction
module toxin, RelE/StbE, respectively. Makaraataal, (2009) predictedma047land
sma0473to be members of RelE/RelB toxin antitoxin familjhese genes were also
identified by Seviretal., (2007).

To determine whethesmaO471and smaO473are essential fo6. meliloti cell

viability, we attempted to delete tlema047land sma0473genes (and the upstream
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region including the promoter) from pSymA in a strearrying these gendés transon a
replicating plasmid pTH1931. A 1272 bp fragmentrgag sma0471and sma0473wvas
amplified and cloned into the SpTH1931 vector to form pTH193dma0471sma0473
(pTH2563) which was then transferred to Shemelilotistrains: A257 (region flanked by
FRT sites, harborsma047landsma0473 A101 (region flanked by FRT sites harbors
pSymA oriV); Al128 (region on pSymA flanked by FRT sites thaeviously was
successfully deleted) and B158 (region flanked B Fsites harbors essential gene for
tRNA%9). At the same time, the SpTH1931 (empty vector) was also transferred to the
above strains as positive controls for this expenm Theflp plasmid pTH1944 was
conjugated into each of the strains and ansconjugants were selected on LBTc
medium with or without IPTG. Knowing that tha&clq gene is carried on the pTH1931
vector, IPTG was added to the media to insure ioliof flp recombinase from thiac
promoter in pTH1944. Conjugation frequencies fothbiypes of medium are listed in a
Table 5.7. Thélp conjugation frequency for the strain A2&5mnMa0471/73n a presence of
IPTG (A257 region is deleted) of 1x20s comparable to the conjugational frequency
1.1x10? of control strainAA128, indicating that loss of cell viability is coteracted by
the sma0471/sma0478enes presencen the replicating plasmid. Tdransconjugants
were recovered at ~ 100 fold lower frequency wimenRlp recombinase was expressed in
strains: A257 (pTH1931-), A101 (pTH1931 sma0471/78 and B158 (pTH1931 -
sma0471/78 This result again suggests that the pTH198mMa0471Sma0474dasmid
can complement deletion of A257 region with preslictoxin/antitoxin genes, but not the

deletion of the entire pSymA megaplasmid (A101 (R®BIL -sma0471/78. sma0471
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and/orsma0473are essential and they are the only essential gan&257 region of the
pSymA megaplasmid, but not the only essential gendse entire pSymA megaplasmid.
The deletion of the A257 region from pSymaA in aaBtrcarryingSma0471Sma0473 in
trans on another plasmid was confirmed by PCR using s&is of primers per deletion
strain: 4058UFUR; 4058DFDR; 5889UFUR, 5889DFDR $train A257 (Table 2.1).
Only those deletion derivative strains that weneficommed by PCR were saved as a part of
the lab strain collection.

The role of thesma0471/sma0478enes in transduction of the Gwmn" marked
AA257 deletion was also examined (Table 5.8)A257 transductants were readily
obtained only when the wild type recipient RmP1afried thesma0471/sma047§enes
with corresponding promoter regiam transon replicating plasmid. In this experiment a
transductional frequency of T0recipient was obtained (Table 5.8).

Effect of sma0471/sma0473 on growth of S.meliloti. Strains A257 (pTH1931 -
sma0471/78 A257 (pTH1931-), A101 (pTH1931sma0471/7Band B158 (pTH1931 -
sma0471/78 (Table 5.7) were streak purified and used to khem effect of
sma0471/sma0478n growth ofS. meliloti For these experiments, overnight cultures
growing in LBmc were diluted to an QB of 0.03 to 0.04 pipetted into test tubes (5 ml
per tube), half of which was supplemented with IP[0& mM final concentration) to
induce deletion formation. Growth was measured byitoring the Oy of the cultures.
During the first six hours, the growth rate for afled strains was the same. Growth of:
A257 (pTH1931-), A101 (pTH1931sma0471/78and B158 (pTH1931 sma0471/7B

start to decline after six hours indicating thatetlen of thesma0471/sma047@nes had
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a bacteriostatic if not bacteriocidal effects ®nmeliloti(Figure 5.8). To investigate cell
viability, the number of colony forming units (CFWjas determined by plating samples
on LB medium. The number of CFU was plotted asretion of the time and the results
indicated the fraction of surviving cells (Figure8p It was apparent that the number of
viable cells initially decreased for strains A1QiTK1931 -sma0471/78 and B158
(pTH1931 - sma0471/78 while the number of viable cells for the strakR57
(pTH1931-) stayed the same during the time sugugsti bacteriostatic effect resulting
from the deletion of Sma0471/Sma0473. In the A25fairs in which the
sma0471/sma047@nes and the corresponding promoter region weseptin transon
another plasmid, the numbers of viable cells warglar to the uninduced A257 cultures
A257 (pTH1931-) and A257 (pTH1931 sma0471/78 Thus thesma0471/sma0473

genes appear to completely complementAA257 deletion.

The ana2105 loci.

Results from conjugation and transduction experinseiggested that the 60 kb
region, A131 (1,173,115 - 1,232,916 nt) carriesegegssential for growth in LB complex
media (Figure.5.9)In silico analysis of this region with respect to the id@rdtion of
potential toxin antitoxin systems, identified th@21bp sma2105gene (1,187,704 —
1,188,924 nt); the 792bpma2133gene (1,205,622 — 1,206,413 nt) and the 324bp
sma2151 gene (1,215,301 - 1,215624nt). These genes ardicig@ members of

toxin/antitoxin families(sma2105(Fic), sma2133(Xre) andsma2151(Xre)) (Makarova
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et al, 2009) and are annotated as conserved hypothehgpbthetical and DNA —
binding protein, respectively.

Conditional deletion of the A131 region To determine whethesma2105sma2133or
sma2151is essential fo6. meliloticell viability, we attempted to delete the A13giom
from pSymA in strains carryingsma2105 or sma2133 or sma2151 with their
corresponding promoter regiamtranson the SppTH1931 vector, (pTH2646, pTH2647
and pTH2622, respectively). These were transfetcedhe S. meliloti strains: A131
(region flanked by FRT sites harba$a2105, sma213thdsma215), A128 (region on
pSymaA that previously was successfully deleted) BhB88 (region flanked by FRT sites
harbors essential gene for tRRIA The SppTrc (empty vector) was also transferred to
these strains as controls in these experimentsn thansfer of thélp plasmid pTH1944
to each of these strains, transconjugants wereglant LB media with or without IPTG.
Conjugation frequencies for both types of mediapaesented in a Table 5.9. Strain A131
(pTH1931 -sma210% has similar value for the conjugational frequemcgx10? in a
presence of IPTG as control strain128 (1.1x10) (Table 5.9.) This result suggests that
complementation was successful only in a presehsma2105gene. Tttransconjugants
were recovered at a lower frequency when the Flpmbinase was expressed in strains:
A131 (pTH1931-) (1.1x16), A131 (pTH1931 sma213B(1.2x10%, A131 (pTH1931 -
sma215}) (1.2x10% and B158 (pTH1931-) (2.1xT). This result again suggests that
Sma2105s essential and that it is the only essential ganihis region of the pSymA

megaplasmid.
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The role of thesma2105 sma2133or sma2151genes in transduction of the
GmNm" markedAA131 deletion was also examined (Table 5.104131 transductants
were readily obtained only when the wild type resmp RmP110 carried thema2105
gene with corresponding promoter regiantrans on replicating plasmid pTH1931. No
transductants were obtained witei131 was transduced into RmP110 carrysnga2133
or sma2151gene, wherea®FL4094 was readily transduced into these strah#d.4094
is single integrant strain that was used to gesetd#131. Transduction frequency
obtained whem\A131 was transduced into RmP110 w#ma2105gene on replicating
plasmid, was 4.32x10 recipient. This frequency is comparable to orecfmtrol strain,
3.66x10/ recipient (Table 5.10).

Results from conjugation and transduction experinrsaggested that trema2105
gene deletionn Al131 region effected the growth & meliloti Sma2105 protein had
high homology to the Fic domain (filamentation icdd by cAMP) present in proteins
involved in cell division and the synthesis of P&Baminobenzoate) or folate, indicating
that the Fic protein and cAMP are involved in aulagpry mechanism of cell division via
folate metabolism (Komanetal., 1991). Fic domain spans from 144 to 249 amindsac
Analysis of the Sma2105 protein revealed a secamrdath, MarR - like which spans
from 336 to 382 amino acids (Figure 5.14).

Effect of sma2105 on growth of Sméeliloti. We examined the affect ma210%n the
growth and cell viability of cells in which the @tlon of A131 was controlled via the
IPTG-dependent induction of Flp on plasmid pTH1%g#ains from Table 5.9) Strains

grown overnight in LBmc medium were diluted to abdg of 0.03 to 0.04 and half of
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the resulting cultures were grown with IPTG (0.5 riNal concentration) (Figure 5.10).
Growth of strains: A131 (pTH1931-), A101 (pTH193Ema210% and B158 (pTH1931
— sma210% started to decline after six hours of growth @ading that deletion of
sma2105n a strain A131 (pTH1931-) had a negative effatttheS. meliloticells. To
examine the influence a@ma2105on cell viability the colony forming units (CFU)ene
determined by plating samples on LB medium wittwdhout IPTG (Figure 5.10). The
number of viable cells initially decreased for stsaA131 (pTH1931-), A101 (pTH1931
— sma210% and B158 (pTH1931 sma210% suggesting deletion adma2105had a
bactericidal effect.

Complementation with the pTH193na2105plasmid was successful for the
deletion of A131 region but not for the deletiontloé entire pSymA megaplasmid (A101
(pTH1931 -sma210%. This suggests that whiggma2105s the only essential gene in the

A131 region of pSymA, other essential genes arsgmteon the pSymA megaplasmid.

The ana2231 loci

The third region on the pSymA megaplasmid that weyy gene(s) essential for
growth in LB complex media, is within a 52.7 kb A1B2gion(1,231,998 - 1,284,751 nt)
(Figure 5.11)In silico analysis of this region with respect to possibbart antitoxin like
systems, identified that the 384bma2231gene (1,249,316 — 1,249,699 nt); the 378bp
sma2253gene (1,263,295 — 1,263,672 nt) and the 33&bp2255gene (1,263,675 —

1,264,013 nt); the 351bgma2273gene (1,268,471 — 1,268,821 nt) and 276@a2275
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gene (1,268,802 — 1,269,077 nt) are good candidatethe “essential genes” in this
region. These genes are predicted members of tmtitoxin families (Makarovat al,
2009).sma2231 sma2253/sma225&nd sma2275/sma2278re annotated as conserved
hypothetical conserved hypothetichlypothetical and conserved hypotheticahserved
hypothetical protein, respectively.

To investigate the influence of these genes Snmeliloti cell viability, we
attempted to delete the A132 region from pSymAtiaiss carrying smia2231 sma2253
sma2255r sma2273sma2273enes with their corresponding promoter regiongans
on another plasmid. The cloning ea2253sma2255with the corresponding promoter
region inE. coli strain DH% appeared to be lethal. Next, assuming that leyhalas
caused by the toxin, the gene predicted to be thikorin together with its promoter
region was cloned and used in further experimelatéeh of the genes and promoter
regions were amplified and cloned into the" $HH1931 vector to form pTH1931-
sma2231(pTH2623) pTH1931sma2253(pTH2624) and pTH1931sma2275/sma2273
(pTH2625), respectively. These plasmids and the @3p11931 (empty vector) were
transferred to th&. melilotistrains A132 (region flanked by FRT sites harlmma2231,
sma2253/5mndsma2275/78 A128 (region on pSymA that previously was sustdly
deleted) and B158 (region flanked by FRT sites tiarlessential gene for tRRA).

Conditional deletion of the A132 region Upon transfer of thdlp plasmid
pTH1944 to each of th8. melilotistrains, transconjugants were plated on LB medtia w
or without IPTG. Conjugation frequencies for boyipds of media are presented in a

Table 5.11. Theflp conjugation frequency 2.2xE0for the strain A132 (pTH1931 -
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sma223}in the presence of IPTG was similar to the coafiapal frequency 1.1x10of
the control strainAA132 indicating that the deletion was made in thespnce of
sma2231on replicating plasmid. Td¢ransconjugants were recovered at a ten timesrlowe
frequency when the Flp recombinase was express&tdaims: A132 (pTH1931-) (1.8x10
4, A132 (pTH1931 -sma2253 (2.5x10%, A132 (pTH1931 -sma2275/sma22)3
(2.1x10% and B158 (pTH1931-) (2.1xI). This result suggested thama223lis
important forS. melilot cell viability and that it is the only essentgdne in this region of
the pSymA megaplasmid.

AA132 from the original deletion series was not nedrky any antibiotic marker.
For the purpose of a next experiment we attemptechdke deletions that covered the
same region but would be marked by antibiotic tasisze GmNm. The region of interest
was designated with an A136. All our attempts tet@eA136 region were unsuccessful;
we could not obtain viable Tdransconjugants. Next, we changed the experimental
approach and introduced the pTH1931 plasmid cagryire sma2231gene to A136
strain. Upon transfer of tHgp plasmid pTH1944, viable transconjugants were olethiat
the expected conjugational frequency (410

The role of thesma2231gene in transduction of the G¥m' marked AA136
deletion was also examined (Table 5.12YA136 transductants were readily obtained
only when the wild type recipient RmP110 carrieelgma223lgenes with corresponding
promoter regionin trans on a replicating plasmid. In this experiment tdargional
frequency of 1.01xI0recipient was obtained (Table 5.12). These resulere

comparable to data obtained for donor control ttansonal frequency 2.3x10
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recipient. No transductants were obtained when tempted to transduc&A136 into
RmP110 carryingma2253or sma2275/sma227&Tomplementation was successful only
in a presence ma223I1gene on replicating plasmid (Table 5.12).

The Sma2231 protein showed similarity to the VgmGtein family and to
related proteins of various microorganisms (Figbhrg2). It was found that Sma2231
protein had high homology to the PIN domain, whishdescribed as the N-terminal
domain of the PIlT protein (Wall and Kaiser 1999pNganget al. 2000). PIN domain
has been identified in many bacterfrchaea and eukaryota (Makarowvet al. 1999).
Despite the fact that the annotation of 8iamelilotigenome did not reveal gene directly
upstream okma2231 we found an open reading frame that is homolodgouantitoxin
genes of Cupriavidus metallidurans CH34, Rothia dentocariosa M567 and
Mycobacterium tuberculosiKZN 4207 in thesma222%ma2231lintergenic region. The
newly identified open reading frame which is lozali upstream otma2231was
designatedsma2230.The sma2230gene encodes a 66 amino acid protein. Domain
analysis within Sma2230 revealed the presencedunaain of unknown function 2291
between amino acids 4 and 47 (Figure 5.14). MoatatdterizedrapB antitoxins contain
a SpoVT/AbrB domain, which is a DNA binding domaand, as such, belongs to the
super family of transcriptional regulators of tham& name. The presence of a
SpoVT/AbrB domain within Sma2230 was not confirnmedur analysis.

Effect of sma2230/sma2231 on growth of S.meliloti. We examined the effect of
sma2230/sma223dn the growth and cell viability of cells in whithe deletion of A132

was controlled via the IPTG-dependent inductionFtif on plasmid pTH1944 (strains
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from Table 5.11). For these experiments, overnghmeliloticultures growing in LBmc
were diluted to an Ofgo of 0.03 to 0.04 pipetted into test tubes (5 ml fpdae), half of
which was supplemented with IPTG (0.5 mM final ocemitation) to induce deletion
formation and growth was measured by monitoring@®g,, of the cultures. Growth of
strains: A132 (pTH1931-), A101 (pTH1931sma2230/sma223hnd B158 (pTH1931 —
sma2230/sma223Etarted to decline after six hours of growth gadiing that deletion of
sma2230/sma223ih a strain A132 (pTH1931-) had a negative effacttheS. meliloti
cells (Figure 5.13). To examine the influencesnfa2230/sma223an cell viability, the
colony forming units (CFU) were determined by pigtsamples on LB medium with (to
induce fl[p recombinase) or without IPTG (Figure 5.13). Thanber of viable cells
initially decreased for strains A132 (pTH1931-),041(pTH1931 -sma2230/sma2231
and B158 (pTH1931 sma2230/sma2231suggesting deletion aima2230/sma223iad
a bactericidal effect.

Complementation with the pTH1938ma2230/sma223glasmid was successful
for the deletion of the A132 region but not for theletion of the entire pSymA
megaplasmid (A101 (pTH1931 sma2230/sma223l This suggests that while
sma2230/sma228re the only essential genes in A132 region op&Syother essential

genes are present on the pSymA megaplasmid.
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Carbon and Nitrogen Utilization Phenotypes associat with pSymA deletions

Malonic acid utilization

In a previous work Cheret al., 2010., showed that putative uptake system
matPQMAB (sma0156ma0157 is required for malonate transport $1 meliloti The
same gene clustama0156sma0157182,374 — 88,287 nt) was found to be induced by 10
mM malonic acid (Mauchlinetal., 2006). This gene cluster was removed in thetidele
strain AA103 (47,717 — 92,124 nt). Th&A103 strain and wildtype RmP110 were
examined for growth on malonic acid and the redathonstrated that th®A103 strain
grew slower than the wildtype on M9-medium suppleted with 5mM malonic acid as
sole carbon sources. This confirmed that the gemsponsible for malonic acid

utilization are within the region covered by th&103 deletion.

Symbiotic phenotypes of pSymA deletions

The symbiotic phenotypes of pSymA deletion stravese assayed by inoculating
alfalfa (Medicago sativa seedlings and growing in Leonard assemblies undeygen
deficient conditions. Plant growth was examinedda@s post inoculation and shoot dry
weights were determined (Table 5.13). All deletistnains for regions known to be
required for effective symbiosis formed nodulest tlaled to fix N, FiX. The deletion

strainAA117 (400,267 — 459,668 nt) (Figure 5.2) lackedrntbdD?2 fixT2K2N2D202P2,
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nodL, noeAB, fixU, nifBA, fixXCBand nifHDKEX genes required for the formation of
Fix" nodules (Honmat al, 1987; Ardourelet al, 1995; Hirschet al., 1986; Ruvkuret
al.,1982; Earktal., 1987).The same set of genes was missing in deletiomstt#i114
(294,016 — 459,668 nthA115 (306,156 — 459,668 nt) amdh116 (311,877 — 459,668
nt), but also genexN303Q3P3 StrainsAA114, AA115, AA116 andAA11l7 can form
nodules but can not fix nitrogen due to the defetd variousnif andfix genes. The
deletion strainAA118 (458,916-507,338t) (Figure 5.2) includes the region with the
genes that arenvolved in nodulation {0dD3HFEGP1Q1JICBAD1NMas well as
nitrogen fixation QIfEXN) and gave rise to plants without root nodules (iHaret al,
1987). Alfalfa plants inoculated with deletion stra\A121 (623,673678,150 nt) were
symbiotically ineffective. This deletion strain kscgenes important for efficient nitrogen

fixation fixS1I1IHGP1Q101N1MK1T1)Kahnetal., 1989).

DISCUSSION

We report the construction of a series of 43-186base deletions with defined
endpoints that cover the enti& melilotipSymA (1354 -kilobase) megaplasmid. The
failure to recover A101lp plasmid transconjugants in which tlepA2B2C2region was
deleted suggests that pSymA replicon has onlyasiné and further that there are genes
carried on the rest of the pSymA megaplasmid thateasential for cell survival. Using

the FIp/FRT deletion strategy combined with trarmcddun, three toxin antitoxins like
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systemssma0471/sma0473ma2105andsma223llocated on the pSymA megaplasmid
were identified.

Toxin antitoxin systems are of interest in devabgpiexperimental tools in
molecular biology. Two of the well-described TA s, ccdAB and mazEF have
already found application. ThecdAB is used as a factor for positive selection of
transformants, primarily ifE. coli strains (Bernaret al, 1994). Commercially available
systems (StabyCloningTM and StabyExpressTM, Delpbnetics SA), are based on
CcdB toxicity against gyrase and allow one-stepaain of transformants (Bukows&t
al., 2011). ThemazEFsystem has been adapted for single protein pramusystems.
The MazF toxin is used to trigger bacteriostasid amshut down endogenous protein
synthesis. The recombinant gene lacks the ACA sempse recognized by the MazF
interferase. Therefore upon induction of MazF eggpi@n the production of the
recombinant protein of interest is continued aln®atlusively (Bukowsket al., 2011).
Identification of new toxin antitoxin families likhe one on the pSymA megaplasmid
may allow the development of new experimental toafsplication of newly found toxins
and antitoxins in antibiotic therapy have potendiglit is known that TA systems induce
bacteriostasis, whose prolongation results in batteell death (Bukowslketal., 2011).

Makarovaet al., 2009 analyzed 750 completenomes of prokaryotes for the
presence of solo toxin and antitoxin genes as agellA pairs. According to theim silico
analysis Sinorhizobium melilotis among the top twenty bacteria whose genomigdyh
abundant with TA loci. Makarovat al., 2009, predicted 50 loci on the pSymA

megaplasmid includingma0471/sma0473ma2105and sma2231as potential toxin
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antitoxin like systems. Two years earlier using RASbhacteria,a web-based tool for
identifying toxin-antitoxin loci in prokaryotes Sevet al. identified 17 toxin antitoxin
loci on pSymA megaplasmid includisgna0471/sma047éndsma2231

The sma0471/sma0478enes were proposed to be membersetB/relE toxin
antitoxin family. Database searches using the BLASdgram (Altschulet al., 1990)
revealed a large number o&IBE homologous gene systems in a wide variety of
prokaryotic organisms. Thus, many Gram-negative @Gnaim-positive bacteria contain
relBE homologous gene systeniherelBE homologous gene systems are also abundant
in Archaea A. fulgidusand M. jannaschi). The organization of theelBE operon is
typical for bacterial TA systems. The two genesoelectwo small proteins. In a case of
sma0471sma0473antitoxin and toxin proteins are 102 and 97 anaicids long. The start
codon of sma0473overlaps with the stop codon &ma047]1 perhaps indicating
translational coupling between the genes. In aksawhen both genes are identified the
relB antitoxin homolog §ma047}) are located upstream of the toxin-encoding getie
(sma0473 Deletion analysis adma0471/sma047&sulted in reduced growth and a loss
in colony forming ability (Figure 5.8). In our déatse search we found putatiredBE
toxins antitoxins with high identity to Sma0471/3M#3 belong to members of
Rhizobiaceae family as well aglethylobacterium nodulan®©RS 2060,Nitrobacter
hamburgensis X14, Escherichia coli str. K-12 and Pseudomonas syringae pv.
phaseolicolal448A. Some putative and well characterized membértherelBE TA
family, are aligned in Figure 5.7 A and B. The dsgof identity ranges from 49% to 84%

among the RelB homologues and from 50% to 100% gntio& RelE homologues. The
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alignment of the RelB homologues shows that thesteims are considerably more
divergent than the RelE homologues (Figure 5.7 A, e relB/relE toxin antitoxin
systems are localized on bacterial plasmids asagethromosomes. The systems that are
encoded by bacterial plasmids are considered ashansmns to ensure plasmid
maintenance (Jensen and Gerdes, 1995).

We showed that deletion sma0471/sma047@aused bacteriostasis from which
the cells can be recovered. Bacteriostasis is eoacted by thema0471/sma0478ene
products in a strain carryingma0471/sma0473 in transn another plasmid. The
phenotype can be explained if the R€#Bna047) antitoxin is more unstable than the
RelE 6ma0473toxin: cells that lose thema0471/sma047&arrying region AA257) on
the pSymA plasmid experience decay of the antitowinich thus leads to activation of
the toxin and killing of the cells or leading celtsvard bacteriostasis. In several cases,
this simple model has been shown to be valid fer phasmid stabilization systems
(Jensen and Gerdes, 199b)xicity of EcarelE protein is due to cleavage of translating
MRNA at the ribosomal A site (Neubauwgral., 2009). Other RelE homologues seem to
cleave RNA in a similar manner, and thus cells sgpoto the toxin show a drastic
growth arrest (Christensept al., 2003; Nietoet al., 2006). High percentage of
homologues among Sma0473 and RelE proteins froer otiicroorganisms allow us to
predict the same mode of action for Sma0473 toxat this still needs to be
experimentally confirmed.

According to Makarovat al., 2009 gensma2105rom pSymA megaplasmid of

S. melilotiis predicted to be a toxin component of TA systgithh the protein domain
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similar to Fic/Doc toxins. Our search for conserggamains in Sma2105 protein (406
amino acids) revealed presence of a Fic domainimwtthis protein (residue 144 - 249)
(Finnetal., 2010). The Fic domain is present in three protamilies: Doc toxin (dath
on auring component ophd/docTA family), the bacterial cAMP-induced filamentati
protein (Fic) and the eukaryotic Huntingtin Yeastotein E (HYPE) protein
(Anantharamaretal., 2003). All Doc homologues are 51 — 331 aminalsgiroteins with

a conserved central motif of 9 residues HPFXXGN& th shared with two other protein
families. The central HPFXXGNG motif was also ideatl in Sma2105. The presence of
MarR - like domain (Finnet al., 2010) (residue 336 — 382) indicates the possible
involvement of this protein in transcriptional régfion which is a major characteristic of
antitoxins in TA pairs. Thehd/docoperon encodes a TA module aiding the maintenance
of the plasmid-prophage P1 B coli (Lehnherret al., 1993). Doc is an inhibitor of
translation elongation through its association vt 30 S ribosomal subunit. Deletion
analysis showed that deletion of A131 region, wlichtainssma2105has a bacteristatic
if not bactericidal effect o8. meliloticells (Figure 5.10). This is seen as a decreatiein
number of viable cells upon deletion of A131. Thda& are in agreement with Garcia —
Pinoet al.,2008 who showed that induction of Doc leads to ginoavrest oE. coli. They
observed that growth arrest is reversible as @lscapable of colony formation upon
plating on selectable medium. Bacteristatic/bacigai effect ofAA131 to theS. meliloti
cells can be explained using the established mod&lA action: if sma2105acts as a
toxin, then upon deletion of A131 region cells thade thesma21050on the pSymA

plasmid experience decay of yet unidentified artrtowhich thus leads to activation of
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toxin and killing of the cells. Further, this phéyyme can be counteracted by 8ma2105
gene product in a strain carryisgna2105 in tran®n another plasmid. According o
silico data (Makaroveet al., 2009)sma2105is the only gene among all predicted TA
systems ir5. melilotigenome with a Fic domain.

In prokaryotes, the vast majority of PIN-domaiotpins are the toxic components
of toxin—antitoxin (TA) systemyapBC S. melilotiis one of the organisms with a greatly
expanded number oapBCTA loci with 21 predicted members. These are gvsplead
among chromosome and two megaplasmids. Accordinbetavork of Makarovaet al.,
2009, genesma2231from pSymA megaplasmid is a predicted member ef BiN-
domain protein family. Presence of a PIN domairhinita toxin is a distinctive feature of
the toxins from the VapC and ChpK families (Areetsal., 2005; Miallauet al., 2009).
The PIN domains (homologues of the pilT N-termidamain) are small protein domains
of 130 amino acids (Arcust al., 2005). In eukaryotes, PIN domain proteins florctas
ribonucleases with activity linked to RNAI and nense-mediated RNA degradation
(Clissold & Ponting, 2000). In prokaryotes, the andy of PIN-domain proteins are the
toxic components of chromosomally encoded TA oper@rcuset al., 2005). We need
to show endoribonuclease activity ema2231which is present in the other VapC
homologues and which specifically blocks proteiansiation via mRNA cleavage
(Ramageet al., 2009). Despite the fact that annotationSofmelilotigenome did not
reveal a gene upstream sfa223]1 we were able to identify an open reading frame
within the intergenic regiosma2229%maZ223ithat is homologous to antitoxin genes of

Cupriavidus metalliduransCH34, Rothia dentocariosaM567 and Mycobacterium
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tuberculosisKkZN 4207. The gene that lies withBma2229%ma2231lintergenic region
was designatedma2230 Further, Sma2230 was searched for conserved dsntai
elucidate its function. Domain analysis revealeel pinesence of a domain of unknown
function (DUF 2291) (Finretal., 2010) between amino acids 4 and 47 within Sm@223
The organization of thesma2230/sma223bperon identified inS. meliloti exhibits
remarkable similarities to bacterial TA systemse Tienes encode two small proteins (66
and 127 amino acidsma2230and sma2231 respectively). The domain organization
resembled one family of TA systems, the presencehefdomain of the unknown
function in the first and a PIN domain in the set@notein (Anantharaman and Aravind
2003). Furthermore, based on the homology to theCVjarotein described earlier (Olah
etal. 2001), thesma223landsma223(air shows a certain level of similarity to thesho
highly abundant class of TA systems, ttagBCfamily (Gerdesetal. 2005). Ifsma2230
andsma223lare components of toxin antitoxin system one waxpect that deletion of
both genes will have certain effects on cell vigpilOur deletion analysis results show
that deletion obma223land the upstream geama2230s lethal for theS. meliloticells.
This phenotype is expected from deletion of bothmgonents of the TA system
simultaneously. We can support our statement witlaleeady established model where
antitoxin is more unstable than the toxin: cellattlose thesma2230/sma223darrying
region AA132) on the pSymA plasmid experience decay of @ahBtoxin Ema2230),
which thus leads to activation of tama2231oxin and killing of the cells.

According toin silico analysis done by Makarow al,, 2009, eight genes on the

pSymA megaplasmid contain a PIN domain and areigiestito be a members vdpBC
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toxin-antitoxin family. Beside these eight gene3,génes located elsewhere on pSymA
were predicted to be members of other toxin antitdamilies. It is interesting to note
that several TA systems, or multiple copies of die system, maybe present in one
genome. The presence of multiple TA systems in paicular genome, such &
meliloti, may imply the complexity of regulation during thmansition of metabolism
(Zhangetal., 2004). The organisms that have many TA lociséoe - growing and free -
living, consistent with the hypothesis that TA Idanction in quality control of gene
expression. By reducing the production of faultgtpins, the loci might help the cells to
survive nutritional stress.

In our work we found that deletion of only threet @i 50 toxin antitoxin like
systems, on pSymA has an effect ®nmelilotiviability. This finding raises a question
what is role of the other 47 predicted toxin aniimogenes localized on the same
megaplasmid? Results obtained in this study aragmeement with data from several
groups that have tested single-TA-deletion mutants could not observe TA-dependent
program cell death under various stress conditi@sgle-TA-deletion mutants were
tested inE. coli (Christenseret al, 2003), Vibrio cholerae(Buddeet al, 2007) andsS.
mutans(Lemoset al, 2005) under amino acid starvation, antibioteatments and long-
term starvation, respectively. Our data showed radeseof a synergistic effect o8.
meliloti cell viability when more than one toxin antitoxifke system is deleted
simultaneously. Similar results were obtained byildaris et al, 2007 who analyzed the
behavior of ark. colimutant strain deleted for all five known TA systenmgler a variety

of stress conditions (amino acid starvation, rifampreatment, acidic stress, and
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nutritional downshift) and during the poststressokery phase. Under all the conditions
tested, the wild-type and mutant strains showedlaimeversible growth inhibitions,
indicating that neither the growth inhibition ndnet poststress recovery phase was
dependent on any of the five TA systems (Tsilibatial, 2007).

The apparent lack of a phenotype resulting fromdéletion of TA like systems
can be explained by having conditions under whypcHic factors directly modulate the
regulation of TA systems. Gerdesal, proposed the existence of a cofactor modulating
the specificity of the Lon ATP-dependent proteadactv might provide a molecular
explanation for the specific activation ygfM-yoeBunder Lon overproduction conditions
(Christenseret al, 2001, 2004).

Another explanation is based on the hypothesis T#atsystems might have
different functions depending on their genomic tawss. It was shown that TA systems
located in the superintegron dfibrionaceae promote genomic stability either by
stabilizing the superintegron structure (ChristerBalsgaardet al, 2006, Szekerest
al., 2007) or by preserving the integrity of an entthromosome (chromosome Il \6f
cholerag (Yamaichiet al, 2011). InE. coli, relBE is actually located in the cryptic Qin
prophage while the other four systems are parhefgenomic core (Perred al, 2002).
According to Tsilibariet al, 2007 the ability to stabilize genomes might baracteristic
of TA systems localized on or recently originateadnd mobile genetic elements.
However, the stabilization potential of some ofsthaystems might fade and eventually

be lost once the systems are integrated into therge core. Such TA systems could

238



Ph.D. Thesis — B. Milunovic; McMaster Universitiology

have adapted to their new chromosomal environmmnessolving toward a new function
that could provide benefit to their host under #peconditions (Tsilibariset al, 2007).

In 2000 Oresniket al, showed that repetitive rounds of Tn5B12-S mutages
with selection for deletion can be used successtiall cure thenodnif megaplasmid,
pRme2011a, of strain Rm2011. Our explanation fa shiccess is that there is very low
probability of this event and that this was sucfidgsachieved in their work. MacLellan
etal. 2006., tested whether the incompatibility regjmey) from pSymA, cloned into the
broad host range plasmid pBBR1MCS-3 mediated in@aiifity in a replicon specific
manner. To examine incompatibility, MacLellatal. employed a strain aecA-deficient
S. melilotiand demonstrated that the recombinant broad laogfer plasmid containing
the inc sequence from pSymA plasmid can not be maintainedtrain that carries
pSymA. Inability to obtainS. meliloti strains without the pSymA megaplasmid in a
presence of broad host range plasmid contaimogequence from pSymA supports our

finding that pSymA carries genes that are essefatiadell survival.
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Table 5.1.The list of predicted solo toxin and antitoxin geras well as TA pairs on the
Sinorhizobium melilottchromosome identified by Makaroegal., 2009.

Gene Previously Gene Previously
characterized and characterized and
new candidateTA new candidateTA
systems systems

SMc00036 = COG3832 (toxin)

SMc00075 GNAT (toxin)

SMc00080  ArsR (antitoxin)

SMc00089 Xre (antitoxin)

SMc00097  COG3832 (toxin)

SMc00178  RelE (toxin)

SMc00348 RHH (antitoxin)

SMc00351  Xre (antitoxin) SMc00352 GNAT (toxin)

SMc00377 Xre (antitoxin)

SMc00383  COG3832 (toxin)

SMc00392 PHD (antitoxin) SMc00393 PIN (toxin)

SMc00397 GNAT (toxin)

SMc00407  COG3832 (toxin)

SMc00429 Xre (antitoxin)

SMc00479 Xre (antitoxin)

SMc00558 Xre (antitoxin)

SMc00605 COG3832 (toxin)

SMc00687 PIN (toxin) SMc00686 AbrB (antitoxin)

SMc00694 RelE (toxin) SMc00693 RHH (antitoxin)

SMc00769 COG2856

SMc00769 Xre (antitoxin)

SMc00822 RelE (toxin) SMc00823 Xre (antitoxin)

SMc00900 PIN (toxin) SMc00899 RHH (antitoxin)

SMc01110  Xre (antitoxin)

SMc01132  COG3832 (toxin)

SMc01149 COG3832 (toxin)

SMc01177 PIN (toxin) SMc01176 AbrB (antitoxin)

SMc01210 HEPN (antitoxin)

SMc01226  ArsR (antitoxin)

SMc01229 GNAT (toxin)

SMc01238  COG3832 (toxin)

SMc01269 Xre (antitoxin)

SMc01452 RHH (antitoxin)

SMc01462  GNAT (toxin)

SMc01610  Xre (antitoxin)

SMc01636 Xre (antitoxin)
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Gene Previously Gene Previously
characterized and characterized and
new candidateTA new candidateTA
systems systems

SMc01748 PHD (antitoxin)

SMc01762  ArsR (antitoxin)

SMc01842  ArsR (antitoxin)

SMc01857  AbrB (antitoxin)

SMc01932 PIN (toxin) SMc01933 RHH (antitoxin)

SMc01957 Xre (antitoxin)

SMc01995 RelE (toxin) SMc01836 Xre (antitoxin)

SMc02151 Xre (antitoxin)

SMc02184 Xre (antitoxin)

SMc02223 Xre (antitoxin)

SMc02226  COG3832 (toxin)

SMc02313 HicB (toxin)

SMc02394  Xre (antitoxin) SMc02461 RelE (toxin)

SMc02477 Xre (antitoxin) SMc02476 RelE (toxin)

SMc02609 Xre (antitoxin)

SMc02620  Xre (antitoxin)

SMc02638  COG3832 (toxin)

SMc02639  ArsR (antitoxin)

SMc02647  ArsR (antitoxin)

SMc02658 AbrB (antitoxin) SMc02657 PIN (toxin)

SMc02710 Fic (toxin)

SMc02715 PIN (toxin) SMc02716 RHH (antitoxin)

SMc02757 HipA (antitoxin)

SMc02783 Xre (antitoxin)

SMc02865  GNAT (toxin)

SMc02887 RHH (antitoxin)

SMc02888  Xre (antitoxin)

SMc02982 GNAT (toxin)

SMc02987 PIN (toxin) SMc02988 RHH (antitoxin)

SMc03137 PIN (toxin) SMc03136 PHD (antitoxin)

SMc03151 GNAT (toxin)

SMc03170  Xre (antitoxin)

SMc03206  COG3832 (toxin)

SMc03840  GNAT (toxin)

SMc03949  AbrB (antitoxin) SMc01521 PIN (toxin)

SMc03998  ArsR (antitoxin)

SMc04169 Xre (antitoxin)

SMc04198  Xre (antitoxin)

SMc04220  ArsR (antitoxin)
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Gene Previously Gene Previously
characterized and characterized and
new candidateTA new candidateTA
systems systems

SMc04312 RHH (antitoxin) SMc04313 RelE (toxin)

SMc04321  COG3832 (toxin)

SMc04387 Xre (antitoxin)

SMc04436 RelE (toxin)

SMc04441 HicA (antitoxin) SMc04269 HicB (toxin)

SMc04881 PIN (toxin) SMc04408 AbrB (antitoxin)

SMc05001 HicB (toxin)

SMc05006  AbrB (antitoxin)

SMc05009  ArsR (antitoxin)

Genes labelled in red were also predicted using PARethod (Seviretal., 2007).
Genes labelled in green were also predicted uskigBl (toxin-antitoxin database
approach) (Shaet al,, 2010).
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Table 5.2.The list of predicted solo toxin and antitoxin geras well as TA pairs on the
Sinorhizobium melilopSymA megaplasmid identified by Makarostaal, 2009.

Gene Previously Gene Previously
characterized and characterized and
new candidateTA new candidateTA
systems systems

SMa0151 PIN (toxin)

SMa0191 COG3832 (toxin) SMa0193 ArsR (antitoxin)

SMa0285 PIN (toxin) SMa0286 C0OG2442 (antitox|n)

SMa0319 Xre (antitoxin)
SMa0453 PIN (toxin)

SMa0471 RHH (antitoxin) SMa0473 RelE (toxin)
SMa0545 PIN (toxin) SMa0548 RHH (antitoxin)
SMa0572 RelE (toxin)

SMa0592 HipA (toxin) SMa0594 Xre (antitoxin)

SMa0917 MazF (toxin)

SMa0967 HEPN (antitoxin)

SMa0981 PIN (toxin)

SMal056 ArsR (antitoxin)

SMal076 Xre (antitoxin)

SMal1253 MNT (toxin)

SMal1413 RHH (antitoxin)

SMal455 COG5654 (antitoxin) SMal456 COG5642 (toxin)
SMal476 Xre (antitoxin)

SMal1497 COG3832 (toxin)

SMal725 Xre (antitoxin)

SMal749 Xre (antitoxin)

SMal770 RelE (toxin)

SMal822 Xre (antitoxin)

SMal823 Xre (antitoxin)

SMal825 Xre (antitoxin)

SMal924 Xre (antitoxin)

SMal1990 RHH (antitoxin)

SMa2105 Fic (toxin)

SMa2133 Xre (antitoxin)

SMa2151 Xre (antitoxin)

SMa2163 Xre (antitoxin)

SMa2231 PIN (toxin)

SMa2253 PIN (toxin) SMa2255 PHD (antitoxin)
SMa2273 RelE (toxin) SMa2275 RHH (antitoxin)
SMa2279 COG5654 (antitoxin) SMa2281 COG5642 (toxin)
SMa2315 MNT (toxin)

SMa2319 COG3832 (toxin)
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Gene Previously Gene Previously
characterized and characterized and
new candidateTA new candidateTA
systems systems

SMa5006 PIN (toxin) SMa5s007 Xre (antitoxin)

SMa5008 RelE (toxin)

Genes labelled in red were also predicted using FARethod (Seviretal.,
2007).
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Table 5.3.The list of predicted solo toxin and antitoxin geras well as TA pairs or
triplets on theSinorhizobium meliloppSymB megaplasmid identified by Makarastal.,

2009.

Gene Previously Gene Previously Gene Previously
characterized and characterized characteriz
new candidateTA and new ed and new
systems candidateTA candidate

systems TA systems

SMb20005 COG3832 (toxin)

SMb20062 RHH (antitoxin) SMb20063 RelE (toxin)

SMb20215  Xre (antitoxin)

SMb20222  Xre (antitoxin)

SMb20256 COG3832 (toxin)

SMb20411  PIN (toxin)

SMb20412  PIN (toxin) SMb20413 RHH (antitoxin)

SMb20420 COG3832 (toxin)

SMb20607 COG3832 (toxin) SMb20608 ArsR (antitoxin)

SMb20626  Xre (antitoxin)

SMb20627  RelE (toxin) SMb20628 RHH (antitoxin) SMNWB29 RHH (antit.

SMb20695 COG5654 (antitoxin) SMb20696 COG5642

(toxin)

SMb20754 COG2856 (antitoxin)

SMb20754  Xre (antitoxin)

SMb20835 HEPN (antitoxin)

SMb20835  MNT (toxin)

SMb20859  Xre (antitoxin)

SMb20935  Xre (antitoxin)

SMb21007 COG3832 (toxin) SMb21008 ArsR (antitoxin)

SMb21035 Xre (antitoxin)

SMb21117  Xre (antitoxin)

SMb21127 COG5642 (antitoxin) SMb21128 COG5654

(toxin)

SMb21153  GNAT (toxin)

SMb21169  ArsR (antitoxin)

SMb21187  Xre (antitoxin)

SMb21336  Xre (antitoxin)

SMb21419  Xre (antitoxin)

SMb21475 MazE (antitoxin) SMb21476 MazF (toxin)

SMb21509 RHH (antitoxin) SMb21510 PIN (toxin) SMIBA1  PIN (toxin)

SMb21559  Xre (antitoxin)

SMb21576  ArsR (antitoxin)

SMb21649  Xre (antitoxin)

SMb21651  PINtoxin)

SMb21670 COG3832 (toxin)

SMb22004  RelHtoxin) SMb20121 RHHantitoxin)
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Gene Previously Gene Previously Gene Previously
characterized and characterized characteriz
new candidateTA and new ed and new
systems candidateTA candidate

systems TA systems

SMb22021  GNAT (toxin)

Genes labelled in red were also predicted usi§ P method (Sevirtal., 2007).
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Table 5.4.Construction of RmP1094A150), RmP1092 (A151), RmP14084152) and RmP2681AA160) strains.

Paren Deletions used to generate End points of potential  Deletion strain Deletion
strain  parental strain deletion strain size

A150 ®AA127(GniNm)—AA106 184,519 nt — 930,910 nt RmMP109A(L50) 746,391 nt
A151 ®AA129(GnMNmM)—AA106 184,519 nt—1,123,504 nt n.g. n.a.
A152  ®AA129(GniNm)—AA117 400,267 nt—1,123,504 nt RmP14A&152) 723,237 nt
A160 ®AAL05(GnINmM)—AA102 9,549 nt — 186,200 nt RmP26&IA160) 176,651 nt

n.g — not recovered
n.a. — not applicable
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Figure 5.1. FRT-directed phenotype/genotype resulting frometie@h of AlJ into theS.
meliloti genome between AB and KL. AB, CD, EF, GH, IJ, Kie aandom DNA
sequences that were cloned into targeting vec®rd- gentamicin resistance; Nm
neomycin resistance; FRAIp recombinase target site; reporter gegasA lacZ, GFP

(green fluorescence proteifyFP (red fluorescence protein).
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Table 5.5.Primer sequences used for construction of pTH2p®BI2622, pTH2623, pTH2624, pTH2625, pTH2646 and
pTH2647 plasmids as well as locations of primerp8ymA megaplasmid.

Plasmid Gene Primer name and sequence Location ofPCR
name primerson  prod.
pSymB size

PTH2563 sma0471/ TApacF  CCTTAATTAACAACTGTCCACCGCGCTTCG 257565nt  1272bp
sma0473 TApacR CCTTAATTAAGAGTGAGGCTGCTTCTACCC 258837nt

pTH2622 sma2151 sma2l51F CCTTAATTAACCGGAGATGATTGCCAA 1214806nt  839bp
sma2151R CCTTAATTAATCCTTCTGCGGCAGTGTCC 1215645nt

pTH2623 sma2231 sma2231F CCTTAATTAACGCTCTATCCGGTCGA 1248755nt  978bp
sma2231R CCTTAATTAAGCAAGAGCAACGGCCATGG 1249733nt

pTH2624 sma2253/ smab3/5F CCTTAATTAATCGCGCTGCACAAACAA  1262710nt  1303bp
sma2255 sma53/5R CCTTAATTAACATCGCGGCAGCCTGTCTTCG1264012nt

pTH2625 sma2273/ sma73/5F CCCAAGCTTGAAAGCACAACTGGACGCGG1269637nt  1403bp
sma2275 sma73/5R CCTTAATTAAGTCCTGGTCGTCACCATCC 1268234nt

pTH2646 sma2105 smalOSF CCTTAATTAAAACAGCATCGTGCCCT 1187240nt  1859bp
smalOSR CCTTAATTAACGTTCGTTGACCTCCTA 1189099nt

pTH2647 sma2133 smal33F CCTTAATTAAGGCAAGGATGCGGAAG 1206839nt  1414bp
smal33R CCTTAATTAATCGGGTCGATGTGACT 1205425nt

All plasmids are pTH1931 (Spderivatives.
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Figure 5.2. Circular map of pSymA megaplasmid 8f melilotj showing FRT-flanked
regions, defined on pSymA (A) generated in thisdgtuGreen regions — Flp-
transconjugants recovered and deletions) (confirmed. Red regions — Flp-

transconjugants not recovered.
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Figure 5.3. Circular map of pSymA megaplasmid 8f melilotj showing FRT-flanked
regions, defined on pSymA (A) generated in thisdgtuGreen regions — Flp-
transconjugants recovered and deletions) (confirmed. Red regions - Flp-
transconjugants not recovered. Yellow regions -etdmls and their single FRT sites
(black dots) that were used to combine into sisgfains Deletions presented here were

used to identify presence of genes on pSymA megapthessential for cell survival.
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Figure 5.4. Transduction of deletiong\Q) from transconjugant deletion strains into the
wild type (WT) recipient using phageM12. Successful transduction indicated absence
of toxin/antitoxin like systems in the deleted wgi An inability to transduce some

deletions suggested the possible presence of &itoxin (TA) like systems.
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Table 5.6.Transduction oAA130,AA131,AA132,AA133 AA150,AA152 andAA160
into wild type (WT)S. melilotiP110 using phagéM12.

Transductant per plate

(transductional frquency

per recipient)
OAA130— WT 39 (6.19x16%)
OFL3976— WT 52 (8.25x165)
®AA131— WT 0 (< 109
®FL 4094-> WT 69 (1.09x10)
OAAL132— WT 0 (< 109
®FL 4094-> WT 60 (9.52x16)
OAA133— WT 18 (2.85x165)
OFL4393- WT 113 (1.8x10)
®AA150 — WT 0 (< 109
OFL449— WT 84 (1.33x16)
®AA152 — WT 19 (3.01x16)
OFL5575-> WT 102 (1.61x10)
OAA160— WT 23 (3.65x16)
OFL449— WT 84 (1.33x16)

Strain FL3976, FL4094, FL4393, FL449, FL5575 cargyone of theA\A130,AA131,
AA132,AA133,AA150,AA152 andAA160 FRT borders were used as a transduction
controls. Data represents mean values of four ulate
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Figure 5.5. Circular maps of pSymA megaplasmid ®f melilotj showing FRT-flanked
regions, defined on pSymA (A) generated in thisdgtuGreen regions — Flp-
transconjugants recovered and deletions) (confirmed. Red regions - Flp-
transconjugants not recovered. Within the regiod, 38 to 308,586 nt, five sets of
deletions were made to narrow down the region Withpossible gene/genes which has
effect on S. meliloti cell survival. Deletion sets C), D) and E) indeahat region
responsible for the cell viability lies within 2855 — 264,432 nt. A) deletion set narrow
down essential region to 254,921 — 262,769 whimating to deletion set B) essential

gene/genes are within 255,655 — 267,456 nt region.
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Figure 5.6. 9 kb region from the pSymA region with the predictexin/ antitoxin gene
pair sma0471sma0473 Genes present in this region are annotatedsragi0469ABC
transporter, permeasesma0470ABC transporter, ATP-binding proteinsma0471
putative antitoxin;sma0473putative plasmid stabilization systerama0475TRml7a
transposasesma0476TRm17b transposasema0478utative formate dehydrogenase;

sma5024 hypothetical proteinsma0483 phosphatase (Galibeat al, 2001).
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Figure 5.7.Alignments of the RelB and RelE homologues foupdhAST searches.

A) Alignments of the ten predicted RelB homologuesie Thomologues have the
following Entrez accession numbers (percentagelerftity): Rhizobium etiCNPAF512
— EGE_61323.1 (89%)Sinorhizobium medica®/SM419 — YP_001328891.1 (79%),
Methylobacterium nodulansORS 2060 - YP_002490079.1 (83%lNitrobacter
hamburgensis<14 — YP_572052.1 (80%%inorhizobium meliloti021 — NP_435493.1
(100%), Rhizobium Ileguminosarum bv. vicia@841 - YP_768107.1 (87%),
Agrobacterium tumefacienstr. C58 — NP_353955.1 (59%%inorhizobium fredii
NGR234 — YP_002823109.1 (459%8)seudomonas syringae pv. phaseolichst8A —
YP_272311.1 (66%)Escherichia colstr. K-12 — NP_414761.1 (57%).

B) Alignments of the nine predicted RelE homologueat thave the following Entrez
accession numbers (percentage of identRy)izobium etliCFN 42 — YP_472199 (43%),
Rhizobium leguminosarum bv. vici@a841 — YP_002985102 (45%lgscherichia coli
E1167 — EFZ 76192 (42%Methylobacterium nodulan®RS 2060 — YP_002490080
(66%), Nitrobacter hamburgensi¥14 — YP_572053 (64%%inorhizobium melilotl021

— NP_435494 (100%)Agrobacterium tumefacienstr. C58 — NP_356195 (49%),
Sinorhizobium medica@/SM419 YP_001328890 (57%S$inorhizobium frediNGR234

— NP_443945 (46%)
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Table 5.7.FRT- directed deletion of the A257 region in thregence of putative toxin -
antitoxin genesma0471/sma0473

Conjugational frequency Conjugational frequency Complementatior
LB - IPTG LB + IPTG
A257 pTH1931 4.4x 19 2.3x104 n.a
A257sma0471/73 5.5x103 1.0x10? +
A101sma0471/73 1.3x10? 1.0x10* -
B158 pTH1931 1.1x1® 2.1x104 n.a
Al128pTH1931 1.4x18 1.1x10? n.a

We attempted to make deletions usfigmelilotistrains: A257 (region flanked by FRT
sites, harborssmaO471and sma0473 A257 (region flanked by FRT sites, harbors

sma047landsma0473 complemented witkma0471/73A101 (region flanked by FRT
sites harbors pSymAriV) complemented wittsma0471/73 A128 (region on pSymA

flanked by FRT sites that previously was succebstidleted) and B158 (region flanked
by FRT sites harbors essential gene for tRYATransconjugants were selected on LB

media with (+) and without (-) IPTG. Successful gdementation was indicated with +,
lack of complementation was indicated with-.
n.a. - not applicable.
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Table 5.8Transduction oAA257 into wild type (WT)S. melilotiP110 with or without
sma0471/ sma04#genedn transon the replicating pTH1931 plasmid.

Transductant per plate Complementation
(transductional frquency pe
recipient)
DAA257 - WT 120 (1.44x16) +
(pTH1931 -sma0471/78
DAA257 — WT 2 (1.9x1@) n.a.
(pTH1931 -)
®FL5920— WT 105 (1.43x160) n.a.
(pTH1931 -sma0471/78
®FL5920— WT 112 (1.71x16) n.a.
(pTH1931 -)

Strain FL4094 carrying one of the A257 FRT bordeas used as a transduction control.
+, Complementation; -, No Complementation; not eaplle, n.a. Data represents mean
values of four plates.
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Figure 5.8. Thesma0471/sma047gnes of5. meliloticonstitute a TA locus.

S. meliloti strain A257 carries FRT sites flanking a 24.5 kigion that includes the
predicted toxin/antitoxin paisma047isma0473. sma0471/sma0468 pTH1931 were
introducedin trans into A257 and deletion of the 24.5 kb region wabieved upon
induction offlp gene by 0.5 mM IPTG.

A) Growth of strains A257 (pTH1931), A257 (pTH1981a0471/sma04FJ3and three
control strains in LB medium with or without IPT@ strain A101 the pSymAriV is
flanked by FRT sitesln strain A128 FRT sites flank a non-essential pAyragion.
Strain B158 carries FRT sites flanking an essetf@hIA™ gene on pSymB.

B) Viable counts (CFU/mI) of cultures with or withaire addition of IPTG.
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Figure 5.9.Part of the 40 kb A131 region harboring the premtidioxinsma2105Genes
present in this region are annotated ama2lOinitrilotriacetate monooxygenase
component A; sma2l103oxidoreductase; sma2105onserved hypothetical protein;
smazl0#ranscriptional regulatorsma2109%onserved hypothetical proteisma2111
hypothetical protein;adhC2 glutathione-dependent dehydrogenasma2l25ABC
transporter, permeasesma2l127ABC transporter, ATP-binding proteinsma2129
conserved hypothetical proteisma2l13iconserved hypothetical proteigma2133
hypothetical proteinglyA2serine hydroxymethyltransferassema2137dehydrogenase;
sgaAserine-glyoxylate aminotransferassmna2l45aminomethyltransferasesma2147
hypothetical proteinsma2153putative DNA-binding proteinsma2157oxidoreductase;
smaz159%onserved hypothetical proteisma2l63ranscriptional regulatorsma2165

short chain alcohol dehydrogenase (Galieédl, 2001).
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1,200,660 nt 1,210,071 nt
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Table 5.9.FRT- directed deletion of the A131 region in thregence of putative toxin -

antitoxin genesma2105sma2133andsma2151

Conjugational frequency

Conjugational frequency

Complementation

LB - IPTG LB +IPTG

A131 pTH1931 4.1x1072 1.1x107* n.a.
A131 sma2105 4.1x10 72 5.2x10 2 +
A131 sma2133 1.3x107° 1.2x10°7

A131 sma2151 3.2x107 1.2x107*

B158 pTH1931 1.1x1072 2.1x107* n.a.
A128 pTH 1931 1.4x10"° 1.1x1072 n.a.

Al131 is defined by FRT sites located 1,173,115232,916 nt on pSymA. The region
includes genesma2105sma2133and sma2151. A128 (region on pSymA flanked by
FRT sites that previously was successfully deletad) B158 (region flanked by FRT
sites harbors essential gene for tRI)A Transconjugants were selected on LB media
with (+) and without (-) IPTG. Successful complenaion was indicated with +, lack of

complementation was indicated with - n.a. - notliapple.
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Table 5.10.Transduction oAA131 intoS. melilotiP110 (WT, wild type) with plasmid
pTH1931 containingma2105pr sma2133r sma2151.These genes are predicted
members of toxin/antitoxin families (Makaroegal, 2009).

Transductant per plate Complementation
(transductional frquency
per recipient)
OAA131 > WT 99 (4.32x107) +
(pTH1931 —sma2105)
OAA131 > WT 0(<107?) -
(pTH1931—sma2133)
OAA131 > WT 0(<107) -
(pTH1931-sma2151)
OAA131 > WT 0(<107) n.a.
(pTH1931-)
OFL4094 - WT 84 (3.66x107) n.a.
(pTH1931 —sma2105)
OFL4094 - WT 80 (8.7x108) n.a.
(pTH1931—sma2133)
OFL4094 - WT 54 (4.5x10°8) n.a.
(pTH1931-sma2151)
OFL4094 > WT 54 (5.25x108) n.a.
(pTH1931-)

Strain FL4094, containing one of the FRT bordeedus make\A131 was a control
donor. +, Complementation; -, No Complementatiora,, not applicable. Data represents
mean values of four plates.
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Figure 5.10. Thesma2105ene ofS. melilotiencodes a toxin.

The sma2105gene was cloned in pTH1931 and conjugated in@nstA131 in which
FRT sites flank a 40 kb region that includesa2105 Deletion of the 40 kb region was
achieved upon induction of tlip gene by 0.5 mM IPTG.

A) Growth of A131 (pTH1931),A131 (pTH1931sma210% and three control strains in
LB medium with or without IPTG. In strain A101 tleSymA oriV is flanked by FRT
sites.In strain A128 FRT sites flank a non-essential pAyragion. Strain B158 carries
FRT sites flanking an essential tRNAgene on pSymB.

B) Viable cell counts (CFU/ml) in all cultures, witihh without addition of IPTG.
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Figure 5.11.Part of the 40 kb A132 region harboring the preticantitoxin/toxin pair
sma223ma2231 Genes present in this region are annotatedsraa2229%onserved
hypothetical proteinsma2230 newly identified open reading frame within théeirgenic
region sma222%ma2231that is homologues to antitoxin genesna223iconserved
hypothetical protein; sma2233hypothetical protein; sma223&hypothetical protein;
sma223+hypothetical protein;sma2239 conserved hypothetical proteisma2241
conserved hypothetical protein;sma224&conserved hypothetical proteigma2249
hypothetical protein;sma225ihypothetical protein;sma2253conserved hypothetical
protein; sma2258hypothetical protein; sma2257integrase/recombinasesma2259
conserved hypothetical proteisma2263 hypothetical proteinsma226shypothetical
protein; sma2267conserved hypothetical proteinsma226Shypothetical protein;
smaz2273conserved hypothetical proteirsma227&conserved hypothetical protein;
sma2279%onserved hypothetical proteirsma228iconserved hypothetical protein;
sma228&hypothetical protein;sma2287ranscriptional regulatorsma2289onserved

hypothetical proteinsma229idehydrogenase (Galibest al, 2001).
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Table 5.11 FRT - directed deletion of the A132 region in gresence of putative toxin -
antitoxin genesma2230/31sma2253ndsma2275/sma2273

Conjugational frequency Conjugational frequency Complementatiory
LB - IPTG LB + IPTG
A132 pTH1931 1.7x18 1.8x 10* n.a
A132sma2230/31 2.7x10°3 2.2x103 +
A132sma2253 1.2x108 2.5x10 -
Al132sma2275/73 4.6x103 2.1x104 -
B158 pTH1931 1.1x1® 2.1x104 n.a
A128 pTH1931 1.4x18 1.1x102 n.a

A132 is defined by FRT sites located 1,231,998284,751 nt on pSymA. The region
includes genesma2230/31sma2253and sma2275/sma227RA128 (region on pSymA
flanked by FRT sites that previously was succebsfidleted) and B158 (region flanked
by FRT sites harbors essential gene for tRNATransconjugants were selected on LB
media with (+) and without (-) IPTG. Successful gdementation was indicated with +,
lack of complementation was indicated with -n.aot applicable.
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Table 5.12.Transduction oAA132 intoS. melilotiP110 (WT, wild type) with plasmid
pTH1931 containingma2230/319r sma2253r sma2275/73These genes are
predicted members of toxin/antitoxin families (Medeaet al, 2009).

Transductant per plate Complementation|
(transductional frquency pgr
recipient)
OAAL132— WT 30 (1.01x10) +
(pTH1931 -sma2230/3)1L
OAAL132— WT 0 (< 109 -
(pTH1931 -sma2253
OAAL132— WT 0 (<109 -
(pTH1931 -sma2275/78
OAAL132— WT 0 (<109 n.a.
(pTH1931 -)
OFL4094— WT 60 (2.3x10) n.a.
(pTH1931 -sma2230/3)L
OFL4094— WT 45 (3.1x10) n.a.
(pTH1931 -sma2253
OFL4094— WT 34 (3.01x10) n.a.
(pTH1931 -sma2275/78
OFL4094— WT 44 (7.6x16) n.a.
(pTH1931-)

Strain FL4094, containing one of the FRT bordeedus make\A132 was a control

donor. +, Complementation; -, No Complementatiora,, not applicable. Data represents

mean values of four plates.
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Figure 5.12. Alignments of the Sma2230 and Sma2231 homologoesdf by BLAST
searches.

A) Alignments of the nine predicted Sma2230 homolsgU#e homologues have the
following Entrez accession numbers (percentagesd@eftity): annotation is missing,
Sinorhizobium melilotAK83 - YP_004557944.1 (100%inorhizobium frediNGR234

- YP_002822682.1 (96%)Rhizobium etli8C-3 - ZP_03510656.1 (94%MRhizobium
leguminosarum bv. trifoliWSM2304 - YP_002279073.1 (94%grobacterium vitisS4 -
YP_002548505.1 (94%)Mycobacterium tuberculosi$i37Rv - NP_215629.1 (58%),
Rothia dentocariosa M567 - ZP_07071973.1 (54%),ri@uiglus metallidurans CH34 -
YP_581968.1 (50%).

B) Alignments of the seven predicted Sma2231 homasgihat have the following
Entrez accession numbers (percentages of ider®tyzobium leguminosarum bv. trifolii
WSM2304 - YP_002279072.1 (88%ginorhizobium frediNGR234 - YP_002822621.1
(87%), Rhizobium etliCIAT 652 - YP_001985720.1 (87%8jnorhizobium melilotl021

- NP_436449.1 (100%Agrobacterium vitisS4 - YP_002548504.1 (75%)seudomonas
syringae pv. phaseolicolbd48A - YP_272157.1 (42%)eptospira biflexa serovar Patoc

- YP_001840262.1 (32%).
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Figure 5.13.Thesma2230/sma223jenes of. meliloticonstitute a TA locus

The sma2230/sma223denes were cloned in pTH1931 and conjugated im&nsA132

in which FRT sites flank a 40 kb region that indadma2230/sma223Deletion of the
40 kb region was achieved upon induction offtpegene by 0.5 mM IPTG.

A) Growth of A132 (pTH1931),A132 (pTH1931sma2230/sma223land three control
strains in LB medium with or without IPTG. In straA101 the pSymAoriV is flanked

by FRT sitesln strain A128 FRT sites flank a non-essential p&ymagion. Strain B158

carries FRT sites flanking an essential tR4Ayene on pSymB.

B) Viable cell counts (CFU/mI) in all cultures, witih without addition of IPTG.
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Table 5.13 Symbiotic phenotype of pSymA deletions

Strain Shoot dry weight (avg. % WT Symbiotic phenotype
mg/plant)(SD)
P110 66.9+(20.9) 100% FiX
uninoculated 4.0+(0.0) 6% Fix
RmG994 (FiX) 6.4+(13.1) 10% Fix
AA102 43.5%(19.4) 65% Fik
AA103 37.4%(20.8) 56% Fik
AA104 54.6%(19.2) 82% Fik
AA105 84.0+(18.6) 126% FiX
AA106 79.0+(20.5) 118% Fix
AA107 36.1+(16.5) 54% Fi%
AA108 95.9+(5.3) 143% Fik
AA109 89.1+(6.4) 133% Fi%
AAl111l 74.3+(13.4) 111% Fix
AA112 68.2+(13.2) 102% FiX
AA113 50.7+(10.4) 76% Fik
AAl114 4.8+(0.1) 7% Fix
AA115 4.9+(0.3) 7% Fix
AA116 4.2+(0.7) 6% Fix
AA117 15.8+(4.9) 24% Fix
AA118 7.8%(4.8) 12% FixNod
AA120 83.3%£(10.0) 124% FiX
AA121 4.4+(0.2) 7% Fix
AA122 86.6%(17.9) 129% FiX
AA124 68.8+(14.7) 103% Fix
AA125 63.7%(15.6) 95% Fik
AA126 48.4+(17.2) 72% Fik
AA128 39.7%£(9.5) 59% Fik
AA129 48.4+(8.9) 72% Fik
AA130 116.2+(11.8) 174% Fix
AA132 113.6+(15.7) 170% Fix
AA133 78.1£(1.0) 117% Fik

The plant tops were harvested 28 days post inacoladried, and shoot dry weight were
determined. The values above represent the meatumfcate samples (each sample
consisting of 7-8 shoots) + standard deviation. $ymbiotic phenotype was determined
both by examination of the leaves for green (indghcpFix") or yellow (indicating FiX)
color, and from the shoot dry weight data.
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Figure 5.14.Domains organization within predicted toxins anttarins like systems

sma0471sma0473A), sma2105B) andsma223%ma2231(C).
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CONCLUSION

This thesis describes an effective strategy foretdej large regions of the
Sinorhizobium melilotigenome using FIp/FRT site-specific recombinatidrhese
deletions allowed us to identify phenotypes assediavith deleted regions of th®.
meliloti pSymA and pSymB megaplasmids. The pSymB megaplagmontains two
genes, tRNA? and engA, that are essential for viability, as well as martiieo loci
controlling the uptake and utilization of diversgtnients. The pSymA deletions revealed
three toxin-antitoxin (TA) systems that contribute pSymA maintenance. This work
opens the possibility for further characterizatimi identified loci and better
understanding of biological significance of toximitoxin systems which are abundant in
S meliloti genome.

Results of deletion analysis can help us to beatilerstand the evolution,
plasticity and maintenance 8f melilotimegaplasmids. Each. melilotimegaplasmid is
somewhat self-interested because each has arriveddsstinct strategy for survival:
pSymaA utilizes potent TA systems, while pSymB a8k essential functions transferred
from the chromosome.

Using results from deletion analysis a clear sgpafer producing a megaplasmid-
free S. meliloti strain can be made. We will be using #€31 integrase system of
Streptomyces lividan® move the essential pSymB genes (tRNAndengA and three
pSymA  toxin-antitoxin  (TA) systems sina0471sma0473 sma2105 and
smaz223ma223) to the chromosome and then systematically detbi entire
megaplasmids by combining already existing delstiarsing transduction as an
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experimental approach. By producing a megaplasneielS. melilotistrain, the genome
of this bacterium will be reduced by approximatdl§% which will be significant

contribution toward minimization of th®. melilotigenome.
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