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ABSTRACT 

Eighty six strains representing eight subgenera of the genus SMmonella were tested 

to investigate ribosomal RNA (rRNA) fragmentation which occurs as a result of 

intervening sequence (1's) excision, and the pattern of transfer of NSs in salmonellae. 

Fragmentation of the 23s rRNA was restricted to conserved cleavage sites at helix- 

25 and helix-45 locations. Random cleavage at sites where IVSs could not be detected 

was not seen. Uncleaved IVSs were not detected in any case, indicating a strong 

selection for the removal of IVSs. Selection for maintenance of the primary stem, which 

is the RNase IIl cleavage site, was suggested by the high rate of compensatory mutations 

in this region The panem of possession and of sequence identity of IVSs was diverse 

and it could not be related to the multi-locus enzyme electrophoresis W E E )  pattem of 

the various strains, indicating that the IVSs are fkequentiy transferred between strains by 

horizontat sansfer. 
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CHAPTER I: INTRODUCTION 

The presence of fkagmented 23s nbosod RNA (rRNA) was first discovered in 

Solnonel'a ryphimwim (Winkler, 1979). This fragmentation was later shown to be a 

result of excision of transcn'bed sequences, called Intenening Sequences (IVSs) from the 

rRNA. These IVSs have been reported at base pair 550 and bp 1170 in the 23s rRNA 

genes of Saimonella species (Burgh et al., 1990) (Mattatall and Sandenon, 1996). The 

two sites correspond to helix-25 and helix-45 in the proposed secondary structure for the 

E. wli rrl (ncbosomal RNA large) gene (Noller, 1984). The tetraloops predicted at these 

positions in E. coli are replaced at the corresponding positions in Salmonella by an 

extended stem-Ioop structure of the IVS. The t r a n s c r i i  IVSs are cleaved out by 

nionuclease III Wase III), an enzyme involved in the 23s rRNA maturation (Burgin et 

aI., 1990). 

WSs have not been reported in E. coli strains, which raises the question wh&er 

NSs entered the shonellae after the divergence of Solnoinonella fiom Eschetzchia or if 

Escherichin lost its NSs. The presence of IVSs in the stable rRNA genes, without any 

proven fimction, is sqrking. The occurrence of IVSs may have implications regarding 

the evolution of rRNA amscription units. IVSs are distri'buted sporadidy among the 

different bacterial genera. They have been identified in the Enterobacteriaceue (Burgin et 

aL, 1990) ( S W  and Toivanen, 1991) @filler et aI., 2000), Rhizobiaceae (Seleaska- 

Pobell and Evguenieva--Hakenberg, 1995), RicRettsiuce4e (me& et aL, 1995), 

Leptospiraceae (Ralph and McCIelland, 1993), and the genera CampyIobucter QonkeI et 

aL, 1994) (Linton d aL, 1994b) (Trust et aL, 1994) and Heiicobacter (Hurtado et al, 



1997; Linton a aI., 1994a). It has also been shown that the distriibution of IVSs among 

the several copies of rrl genes is heterogeneous. This raises questions about how NSs 

are districbuted to different cells and how they are spread to different copies of the rRNA 

genes. IVSs with similar nucleotide sequence have been seen in SnlmoneNu and Yersmia 

(Skumik and Toivanen, 1991); SaImoneIIa and Protm; and Salnronella and Ptovtdencio 

(Miller et d., 2000) in a background of low chromosomal homology. This suggests that 

NSs may be recent evolutionary additions as a result of horizontal ~ f e r  by plasmid- 

mediated conjugation or phage-mediated transduction, 

Like introns, IVSs are cleaved out fiom the tramcnbed RNA, thus they disrupt the 

normal continuity of the 23s rRNA gene. IVSs have terminal inverted repeats flanking 

the central region, which is a characteristic of a mobile genetic element In this regard 

NSs resemble introns, however d i k e  introns, after the removal of IVSs the exons are 

not religated In addition most of the NSs do not have known coding open reading 

b e s  (ORFs) or terminal sequences which facilitate the splicing reactions. ORFs 

coding for putative proteins of 121-133 amino acids are present in an IVS from 

Leptospira, however the protein it codes for has not been detected in the cell (Ralph and 

McClelland, 1993). The ability of the fhgmented rRNA to assemble into an a& 

conformation, presumably by RNA-protein interactions, appears to obviate the need for 

exon ligation (BeIfort et aI., 1995). 

The bction of IVSs in the cell is still unclear. A RNase IE-deficient strain with the 

NSs intact in the rRNA is viable, but it has a reduced growth rate¶ prrslrmably because 

RNase III is aIso invohred in other rRElA proassing reactions (Mimatall and Sanderson, 

1998). It has aiso been shown tbat the tmdier of a plasmid with an IVS-contabhg 171 



gene fiom SalnoneIla into E. coli leads to presence of fkgxnenkd 23s rRNA in E. cull, 

but the cell maintains wild type growth rates (Gregory et al., 1996). One function 

attributed to IVSs is evasion of bacteriochs that target the rRNk Due to fhgmentaiion 

of the rRNA, as a result of IVS excision, the rRNA becomes insensitive to the action of 

these bacteriocins (Slcumik and Toivanen, 1991). It has also been shown that rRNA in 

Salmonella is degraded as a regulatory response in the stationary phase; the presence of 

fragmented rRNA is postulated to confir a selective advantage by inmasing the rate of 

rRNA d e w t i o n  (Hsu a al., 1994). 

IVSs are intriguing genetic elements present in the stable rRNA genes without any 

proven hction and thenfore they merit fhther study. It bas not yet been determined if 

rRNA fkagmentation at sites other than bp 550 and bp 1770 is seen either as a result of 

NS excision or random fhgmentation. It would be interesting to determine if the cells 

ensun the removal of aIl NSs indicating that presence of IVSs in the mature rRNA is 

selected against I report expeximents that answer these questions and also investigate the 

specdated hction of IVSs in rWA degradation in the stationary phase. Speculations 

on the transfer and spread of IVSs in the Entetobacteriuceae wi l l  be msde based on the 

experimental results. 



2.1 Prokaryotic ribosomai RNA processing. 

2.1.1 Organization and processing of the rrn operon. 

Seven copies of the m operons are present around the chromosome of Escherichia 

colz aud &lmoneIZa ryphimurjm (Lindabl and Zengel, 1986). They are a l l  organized in a 

similar way: promoter, 16s rRNA, tRNA, 23s rRNA, 5s rRNA and terminator. The fint 

intergenic region separates the 16s and 23s rRNA genes, and may contain one or two 

tRNAs. The second intergenic region separates the 232 and SS rRNAs. Beyond the 5s 

towards the 3' end of the 30s rRNA distal tRNAs may be present (Morgan et al., 1980) 

g . 2 )  Ribosomal RNA is synthesized as a long, primary transcript that must be 

extensively processed to generate the mature, firnctional species. In Escherichia coli, it is 

known that the initiaI 30s precursor is synthesized and subjected to primary processing. 

Primary processing involves cleavage by the endonuclease RNase IlI to generate 

premrsors to the 16S, 23S, and 5s. The product of the primary processing event then 

acts as the substrate for secondary processing. This may be an RNP particle (King et d., 

1986). The overall strategy of processing and the site of action of the pimsry processing 

enzymes are shown in Fig 2.1. 

2.13 E w e s  h v o M  in rRNA prnc-w 

It has been established that t h e  enzymes are involved in the primary processing of 

the nascent rRNA tmsaipt- They are RNase III, RNase P and RNase E (Gegenheimer 



and Apirion, 1981). RNase IlI introduces a double clwage in each of the two stems that 

produce the 16s and 23s rRNAs (Ginsburg and Steitz, 1975) (Gegenheitner and Apirion, 

1980). RNase P introduces cleavages at the S end of all the tRNA molecules in the 

transcript (Altman et al., 1975), and RNase E introduces two cleavages, one before and 

one after the 5s rRNA. These RNA processing events occur on the nascent rRNA 

transcript in association with ribosomal proteins; however, the above mentioned enzymes 

do not require any addi?iod proteins for efficient processing (Apirion and Mic* 

1993). 

Precursor 16s @16) and 23s @23) rRNA are then subjected to secondary 

processing events, which use an RNP particle as a substrate (Hayes and Vasseur, 1976) 

(Meyhack et al., 1974). RNase E and CafA (proposed to be renamed as RNase G) have 

been shown to be responsible for the two step, sequential maturation of p16 to mature 

16s rRNA (Li et aL, 1999b). RNase T participates in the shortening of the 3' end of p23 

along with other exoninucleases to form the mature 23s rRNA &i et al., 1999a). 



Figure 2.1: Stmctnn and cleavage sites of the rRNA primary transcript. 

A 30s rRNA &pt transcribed fiom an rm operon with 16S, 23s and 5s 

rRNAs is shown The spacer tRNA (of which there may be one or two) and the distal 

tRNA (of which there may be none, one or two) are also shown. The p16 (precursor 

16s) and p23 (precursor 23s) are produced as a result of the action of RNase III and are 

indicated by [A] (Dunn, 1976) (Robertson, 1982) (Suryanamyana and Burma, 1975). 

The 5s rRNA is processed by RNase E to release the precursor 5s rRNA p] (Szeberenyi 

et al., 1983). Primary processing o f  the spacer and distal tRNAs uses RNase P at the 5' 

end [C] and an unchamterized 3' endonuclease at [Dl (King et al., 1986). 

The positions of helix-25 NS (indicated as H25) at bps50 and heh-45 IVS 

(indicated as H45) at bp 1170 are also shown as stem-loop structures on the 23s rRNA. 

A staggered nick in the stem of the IVS by RNase III [A] is responsible for their removal 

after transcription. 





2.13 Role of Rhse IU in rRNA proassing. 

Rinuclease III is a double strand-specific endoriicIease coded by the rnc 

gene @rmq 1976) (Robertson, 1982). It fhctions as a dimer and each homologous 

polypeptide has a molecular weight of 25,000 daltons @unn, 1976). It catalyzes the 

hydrolysis of phosphodiester bonds within the processing signals. The presence of a 

double stranded RNA though required is not suf!Ecient to establish RNase III selectivity 

(Gegenheimer and Apirion, 1981) (Robertson, 1982) (iSrmkle and WM, 1990) 

(Chelladurai et al., 1991) (Li et al., 1993) 

RNase III can efficiently degrade polymeric double stranded RNAs of low 

. * sequence complexity such that the involvement of base pair sequences in determuung 

cleavage sites is unclear. An alignment of RNase III substrates reveah the exclusion of 

specific Watson-Crick base pair sequences at defined positions relative to the cleavage 

sites. Inclusion of these "disfkvored" sequences in a model substrate strongly inhibits 

cleavage in vdro by interfering with RNase III binding (Zhang and Nicholson, 1997). 

Presence of 10 to 14 base pairs of double stranded RNA facilitates RNase III cleavage 

(Krinlde and Wulff, 1990). Reduction in the length ofthe double stranded region reduces 

the e5ciency of RNase III cleavage (Chelladurai et aL, 1991). 

RNase III introduces a double cleavage in each of the two stems, thus producing 

the 16s and 23s rRNAs (Ginsburg and Steitz, 1975) (Gegenheimer and Apirioa, 1980). 

The study of mutants deficient in RNase III pfoduction has shown that they accumuhe 

30s and 25s (23s and 5s) precursor rRNA (Gegenheimer et aL, 1977) (King et aL, 

1984) (Apirion et aI., 1976). Mutants deficient in RNase III have longer generation times 

as compared to wild type isogenic controls (Apirion et aL, 1976) @MkUdl and 



Sanderson, 1998). The 16s rRNA in these cells is i l l y  mature as the machinery that 

deals with the precursor produced after the RNase III clewage can recognize larger 

precursors and process them to the normal mature 16s rRNA (Gegenheimer et aL, 1977). 

RNase E, another rRNA processing e q m e ,  can process 25s rRNA to h c t i o d  23s 

rRNA rendering the ribosome fimctiod. RNase III is thus not aa essential enzyme 

(Gegenheimer and Apirion, 198 1) as the products of processing by RNase III are not the 

mature rRNA but rather precursors that require firher processing to complete the 

maturation process (Kxng et al., 1984). 

2.2 Intervening Sequences. 

2.2.1 Diversity of distribution and general properties. 

The 23s rRNA of several prokaryotes is hgmented as a result of the post- 

transcriptional removal of sequences called IVSs by the rRNA processing enyme RNase 

III (Fig. 2.1) (Burgin et al., 1990). The NSs replace a t d o o p  on a short stem in the 

putative secondary strumre of the 23rRNA (Fig. 2.2). These NSs largely occur around 

base pairs 550 and 1170, which corresponds to helix-25 and helix-45 in the putative 

secondary structure of the rRNA (NoIIer, 1984)( Fig. 2.2). IVSs have also been found at 

other Locations, at bp 135 and bp 400 of the ml gene in W b i a c e a e  (Selenska-Pobell 

and Evguenieva-Ehckemkg, 1995) as we11 as in the 16s rRNA of Campyiobacter 

kZvetfczu (Linton et d., 1994b), Helcobacter mnis (Linton et aL, 1994a) (Redbum and 

Pat& I993), CIom'dium spp. wey et al, 1996), Rhiz06cian tropici (Willems and 

C o k ,  1993), and Caedilmcter caryophila (Springer et ai., 1993). IVSs are unevenly 



distributed among the bacterial genera, being found in Agobacterium (Hsu et al., 1992), 

Brz~ceZIo (Hsu et ai., 1992), Rhhobirmr(Se1enska-PobeU and Evguenieva-Hackenberg, 

1995) (Alpha proteobacteria); Caxiella (meth et aL, 1995), Hemophilur (song et al., 

1999). Salmonella (Winkler, 1979) (Burgin et al., 1990) (Mattatall and Sanderson, 1996), 

Yersmzu ( S k u d k  and Toivanen,l99 I), Proteus (Miller d al., 2000), Providencia (Miller 

et al., 2000) (Gamma proteobacterh); Cmygdobacteer (Konkel et al., 1994) (Linton et al., 

1994) (Trust a al., 1994), Helicobucter (Hurtado et al., 197) (Epsilon proteabacteria) and 

Leptospira (Ralph and McCleUand, 1993) (Spirochetes). They disrupt the normal 

continuity of the 23s rRNA gene and the mature n'bosome thus contains fsagmented 

rRNA. Most IVSs are about 90-150 bp in l a &  and do not contain Oms, except in 

Leptospira; however the putative protein coded for in Leptospira has not been detected in 

the cell (Ralph and McClelland, 1994). 



Figure 2.2: 23s rRNA structural rnodei. 

The 23 S rRNA model of E.coli (Egebjerg et al., 1990) is shown Bases 1 to 1647 

with the primary domains I, II, and III and the positions of helix-25 and helix45 

tetraloops me indicated The domains are defied on the basis of long-range double 

helices. The structure is based on phylogenetic comparisons and the base pairs are 

supported by compensating base changes (Leffea et al., 1988). Base pain within a 

putative double helix for which there is no negative evidence are joined by a line or dot; 

the latter represent guanosine-uridine pairings. Helices have been numbered according to 

the Desulfiaococc2ls nrobilb 23s rRNA model (Leffm et al., 1987). Every loh 

nucleotide £?om the 5' end is indicated by a short line and every 50th aucleotide is 

indicated by a longer line. The figure was created using EDSTRUC (Egebjerg et al., 

1990). 





2.23 Intervening Sequen- in SalmoneUa. 

The 23s rRNA of Slrlmonella typhimurium is hgmented while that of E. coli is 

present as an intact 2900bp fragment (Winkler, 1979). The basis for this fragmentation is 

the removal of novel sequences called IVSs by the rRNA processing e v e  RNase III 

(Burgin et al., 1990). The NSs are present at base pair 550 (helix-25) and bp 1170 

(helix-45) in the 23s rRNA of S. ryphimtaium and S urkonue. The districblrtion of the 

number of NSs at the helix-25 and helix-45 positions in Salmonella is heterogenous in 

the seven copies of the rrl genes distributed around the genome (Mattatall and Sandenon, 

1996). Most of the strains of Salmonella studied have NSs identical in sequence in the 

different copies of the rrl gene, including S. typhbnwium LT2 where 6 identical helix45 

IVSs are present, however S.typhinwivm LT2 has 2 helix-25 IVSs, which were only 

56% identical (Mattatall and Sanderson, 1996). 

2.2.3 Intervening sequences and iatrona 

Group I and Group 11 introns are mobile genetic elements which function as 

ribzymes and catalyze their own splicing (Lambowitz and Belfort, 1993) (Belfort et d., 

1995). Group I introns catalyze splicing via a series of guaaosine-initiated 

transesterification reactions. In some cases the excised Group I intron cyclizes by an 

additional transestedication and can be daectcd in the cell after cleavage (Cech and 

Bass, 1986) (Cech, 1990) (Sddanah et aL, 1993). Group II introw splice when the 2' OH 

of a bulged nucleotide attacks the 5' splice site, thus generating a characteristic lariat 

structlne (Saldanah a aL, 1993) (PeebIes a d, 1986) (van der Veen et aL, 1986). The 

mobility of Group I and Group II htrons is also mediated by d i f f t  types of *on- 



encoded proteins (Saldanah a al., 1993) (Michel et al., 1989). Group I and Group II 

introns are capable of "Homing" i.e. transfer fiom intron-containing to introdess alleles 

of the same gene. This proceeds via intronencoded site-specific endonucleases in Group 

I introm and using intron-encoded reverse transniptaselike proteins in Group II introns 

(Dujon et al., 1989) (Belfort et aI., 1995). Horizontal transmission of Group I and Group 

II introns, although unproven, has been invoked to explain cases where closely related 

introlls are present at different locations in different orgaaisms or when introns at the 

same site are more strongly consewed than the exon sequences (Colleaw et al., 1990) 

(Lang, 1984) (Hardy and Clark-Walker, 199 1). 

IVSs are comparable to introns as they disrupt the continuity of the rRNA gene 

without a f f i g  its hction (Burgin et al., 1990). However, NSs cannot be classified 

as true introm because the rRNA fragments are not religated after removal of IVSs. Most 

iVSs do not have ORFs or terminal consensus sequences to fxilitate their excision or 

mobiIization. The mechanism of excision of IVSs is different &om that of introns, for it 

is mediated by RNase ID. The recognition sites for RNase III are consewed secondary 

structures; terminal consensus sequences have not been identified (Robertson, 1982) 

(Gegenheimer et aL, 1977) (Dunn, 1976) (Eidcle and WuW, 1990) (Chelladurai et al., 

199 1). 

2.2.4 Horiu,ntrrl transfer of intervening sequences. 

On the basis of the sporadic nature of the occurrence of fhgmented rRNAs m 

baaaia  and substantial sequence divergence among homoIogous IVSs in closely related 

organisms it was suggested that such fhgmentation is a derived state and not a primitive 



one (Burgin et aL, 1990). The NSs that occur in the 23s rRNA genes of S ryphimzuim 

and S m i z o ~ e  in helix-2.5 are 94% identical and indicate common ancestry. In contrast 

the two helix-25 IVSs that occur in different rrl genes of a single strain ofx ryphimurim 

LT2 are only 56% identical. This suggests that the helix-25 N S  was horizontally 

transferred between S. zyphimwium and S. arizoMe and the two helix-25 NSs in S. 

lVphmwium arose independently (Burgin et al., 1990) (Mattatall and Sanderson, 1996). 

Horizontal tm&er is transfer of genetic material between stfains and is mediated by 

methods like transformation, tmmduction and conjugation; this is d i k e  vertical transfer 

by replication from parent cells. 

Comparison of nucleotide sequences of the IVSs of Y. enterocoiitzca and 

SaZmonelZu spp. reveals that the NSs of highly virulent Y. enterocolitica are more 

identical to Solnonella WSs than to the NSs of poorly virulent P. entemcolitica 

(Shrmik and Toivanen, 1991). This is not consistent with the overall chromosomal DNA 

homology as the DNA homology (determined by DNA-DNA reassociation) between 

different I? enterocoZitzm strains is 60% whereas that between Y. enterocolzticu and 

calmoneke is about 20% (Bermvier et al., 1980). Similar discrepancies in nucleotide 

identities of helix-25 rVSs fiom different rrl genes of Proteus YUIgaris suggest horizontal 

transfa of IVSs between Proteas and SalmotleZZa (JMiUer et d., 2000). This indicates that 

the NSs have been iatrcxbced by horizontal transmission into the becteria late in 

evolution, SimiIar observations of recent horizontal transfm of IVSs have been made 

between the chromosomes of the spirochete species, Leptospim mgtcchi and Leptosrpia 

weiZ'ii W p h  and McClelland, 1994). The NSs sequenced from Coxiello bmetti  



contain a single ORF that is 70% identical to the ORFs from Leptospira IVSs (Afseth et 

aL, 1995). These similarities have been explained on the basis of horizontal transfer. 

2.2.5 Speculated fbnctions for intervening sequences. 

IVSs lead to the fragmentation of the 23s rRNA; the resulting fiagmentr are not 

religated and are inco~p~rated into the mature firnctional ribosome. It has been suggested 

that the rRNA fhgments are held together by RNA-protein intmaaions (Burgin et al., 

1990). The function of NSs in the cell is still unclear. An RNase III-deficient strain with 

the NSs intact in the rRNA is viabie in culture, howwa it has a reduced growth rate, 

presumably because RNase III is also involved in other rRNA processing reactions 

(Mattatall and Sanderson, 1998). It has also been shown that the transfer of a plasmid 

with an IVS-containhg wl gene from Salmonella into E- cdi leads to presence of 

fhpented 23s rRNA in E- coli, but the cell maintains wild type growth rates (Gregory 

a al., 1996). Thus the removal of IVSs from the mature rRNA is not essential in mutant 

strains maintained in culture, but it is not clear if NSs are ever retained in wild type 

strains. 

The NSs have not been proven to paform any fcunction except the fhgmentation 

of 23s rRNA, however their maintenance in some genera suggests the existence of a 

positive selective pressure- Two of the hctions proposed for IVSs are as follows: 1) 

NSs with consaved sequence identity are found in the enterobacterid species of 

Yersiniu and Wmoneell. It was suggested that NSs play a role in resistance to 

bacteriocins elaborated by the n o d  flora of the gut Bacteriocins wIicin E3 and DF 13 

attack and cIeave the 16s rRNA, thus inhibiting protein synthesis. Shrmik and Toivanell, 



(1991) specdated the presence of an unknown bacteriocin which uses the native 23s 

rRNA loop at the sites of IVS insertion as a target. Altering the target by IVSs would 

make the site resistant to the action of bacteriocins. 2) It has also been shown that rRNA 

in Salmonella is degraded as the cells enter the statiomq phase. This degradation is a 

mechanism for the regulation of the bacterial 23s rRNA and ribsome concentration. 

This degradaton might provide a selective advantage to the ceUs as the degraded rRNA 

and nisomes ere used as a source of nucleotides and amino acids for subsequent re- 

synthesis (Kapian and Apirion, 1975a) (Kaplan and Apirion, 197%). Expenrnents 

showing faster degradation of stationary phase rRNA containing IVSs as compared to 

rRNA without IVSs have been reported (Hsu et al., 1994). The presence of hgmented 

rRNA resulting from the excision of NSs  was postdated to coder a selective advantage 

by increasing the rate of rRNA degmhbon, helping the cell respond more efficiently to 

the onset of adverse conditions (Hsu et al., 1994). 

2.3 Ribosomal RNA in the stationary phase. 

2.3.1 BacteriaI responses to starvation in the stationary phase. 

B-al strains have a remkable capacity for growth when nutrients are 

avdable mder appropriate conditions. Sixnilarly; they also very efficiently enter a 

starvatiotl-induced program that results in a metabolically less active and more resistant 

state. 

In the phase, cells mdexgo physical and morphological adaptation 

concomitantly with the acquisition of a donnant state and resisbmce against physical and 



chemical stresses. Morphological changes include reduction in size and becoming more 

spherical as a result of the induction of the 60ZA gene in E. colz (Loewen and Hengge- 

Atonis, 1996) (Lange and Hengge-Aronis, 1991). The cytoplasm becomes condensed 

(Reeve et d., 1984), the membrane hydrophobicity increases making it less fluid, htty 

acid composition of cell membranes changes (Kjellebag et aL, 1987), and the nucleoid 

becomes condensed by replacement of some DNA-binding proteins (Spassky et al., 

1984). The o v e d  metabolic ratt decreases to a low level. It has been suggested that 

bacteria have a general starvation response under conditions of starvation and stnss. 

Subtle fluctuations in the ATP levels and proton motive force across the membrane may 

provide a common signal that regulatory sensors can tmsduce to the cell's machinery, 

signifying stmawation (Kolter et aL, 1993). 

The stationary phase adaptation is accompanied by marked changes in the pattern 

of global gene expression, which is mainly mediated by modulation of the specificity of 

RNA polymerase by replacement of the promotor recognition subunit a '* by a '. The 

stationary phase-specific a subunit is encoded by the rpoS gene and was origkdy 

identified as the product of a regulatory gene krnF (Mulvey and Loewen, 1989) (Tanaka 

a at, 1993) (Tanaka d al., 1995). Other regulatory molecules controlling the induction 

of transcription in the d o n a r y  phase depend on a " . Many genes induced in response 

to g3ucose stmation depend on CAMP and are induced in an rpoS-independent manner 

(Schdk and Matin, 1988). Approxhate~y 100 genes which are highly expressed in the 

exponentially growing E. wli cells are mostly turned off or markedly repressed in the 

stationary phase cells and a set of 50-100 genes that are repressed in the growing cells 

begin to be expressed upon entq into the stationary phase (Ishihama, 1997). 



In summary, the changes occurring in nondifferentiating bacteria in response to 

nutrient deprivation and onset of stationary phase are: 1) synthesis of new proteins which 

make cells effective scavengers of scarce nutrients and confer on them a more resistant 

phenotype to escape mation (Matin et d., 1989), 2) increase in the salvage metabolism 

rate @awes, 1976), and 3) utilization of storage polymers for SUNivd (Kjellekg et aL, 

1987). 

2.3.2 E f f a  of starvation on n'bosomes and rRNG, 

D e m o n  of nisomes and rRNA is a well known major response of bacteria to 

mation and stress (Mandeistam and Halvorson, 1960) (Ben-Hamida and Schlessinger, 

1966). This process provides nucleotides and amino acids fkom the degradation of rRNA 

and nisomes (Kaplan and Apirion, 1975a) (Kaplan and Apirion, 197%). In E. coli 20- 

30% of the cellular RNA is lost within the first 4 hours of stamation for phosphate, 

degradation then proceeds at a slower rate and 10% more is lost in the next 20 hours 

(Mimyarna and Mizuno, 1966). Riisomal RNA is preferentially degraded and the loss 

of viability of starving E. coli can be directly correlated with the degradation of 

nisomes. It has been suggested that riisomal degradation is initially an adaptive 

response to stawation but UItimateIy becomes suicidal @avis et al., 1986). 

With the onset of stamation, polysomes are broken down to 70s monosomes, 

which are degraded by RNaseI into their 30 and 50s subunits. I6S rRNA is cleaved by 

RNaseII and PNPase and 5s W A  is cleaved by an unidentified endonuciease. Afkr 

hther nuclease and PNPase attack, the ribosomal submits are dissociated into proteins 

and nuc1eotides; the proteins become attached to the cell membrane and the nucleotides 



are used in the synthesis of new RNA @erhcularIy -A) (Matin et aL, 1989). A 

multicomponent ribonucleolytic degradosorne complex formed around RNase E has been 

shown to be the major site of degradation of 16s and 23s rRNAs Pessarab et aL, 1998). 

Some of the 70s ri~somes associate with the Ribosome Modulation Factor (RMF) to 

form 100s ribosome dimers in the stationary phase. It has been suggested that RMF is a 

statiomy-phasespecific inhliitor of ribsome fimctions and that 100s dimes are stored 

forms of niosomes (Wada et al., 1990) (Wada et al., 1995). 

2.4.1 The genus Spl~onelk 

The genus SuImonelZa belongs to the large eubacterid family Enterobczcteriuceae. 

It was orighUy classified into 2200 serotypes by use of somatic and flagellar antigens to 

develop the Kaufhann-White classification, but more recently all strains have been 

proven to belong to the same DNA reassociation group (over 70% DNA reassociation) 

repenting two species, S. enterica (for almost all strains) and S. bongori (for subgenus 

V) (Crosa et al., 1973) (Le Minor, 1984). The salmonellae have been sepated by 

electrophoretic typing into numerous clones (Selander et aL, 1991). Studies on the 

celldar and molecular biology of S r ) l ~ h i m ~ u m  have been summarized (Neidhardt et 

aL, 1987). The use of the name SzImonena enterica serovar Typhimurium rather than the 

name S. &phimutitan is gaining amqtmce, as it is a bater indicator of relationships 

within this p u p .  However, the tndtionai species names have been used in this report 



2.42 Construction of SARB and SARC sets of str8ins. 

Serotyping of the flagek @&antigen) and lipopolysaccafide (0-antigen) has been 

traditionally used for epidemiologically categorizing isolates of Salmonella spp. 

However serotyping does not provide a basis for estimating evolutionary genetic 

relatedness among strains. Studies of electrophoreticaUy-demonstrable allelic variation at 

multiple enzyme loci have demonstrated that isolates of the same serovar may be 

distantly related in chromosomal genotype and that conversely strains of different 

serovars may be virtually identical in overall genetic character (Beltran et aL, 1991) 

(Selander et al., 199 1). The Salmonella Refaence Collection B (SARB) set is a collection 

of 72 strains representing 37 serovan of Salmonella subspecies. The isoiates were 

characterized by enzyme electrophoresis for allelic vananation in 25 chromosomal genes 

and represent 71 distinctive multilocus genotypes, i.e., electrophoretic types (Boyd et al., 

1993). In the present study, the SolmonelZu Reference Collection B (SARB) set of 72 

(Boyd et al., 1993) and the Salmonella Reference Collection C (SARC) set of 16 strains 

representing seven subspecies of SalmoneZh and also S. bongori (subspecies V) (Boyd 

et d., 1996) were analyzed, These sets of strains were established by MLEE in the 

laboratory of R K. Selander, and are avW1Ie fiom the Salmonella Genetic Stock Centre 

(SGSC). 

2.5 Rese-archobjectives. 

The objectives of the study are as follows: to daermine if NSs in &Imo~telZu are 

always present at the previously reported helix-25 and helix-45 locations, or ifthey could 

be p e n t  at 0th sites; to detmnine if mentation of rRNA can occur without the 



presence of NSs; to determine if any IVSs ~IE present which are not excised by RNase 

ID; to study the paaem of distri%ution and nucleotide sequence of IVSs among 72 SARB 

and 16 SARC strains to determine the extent of v a t i d  and horizontal traasmission; and 

to determine the role of NSs in the degradation of stationary phase rRNk 



CHAPTER 3: MATERIAL!3 AND METHODS 

3.1 Bacterial strains and caltivation conditions, 

The Salmonella Reference Collection B (SARB) (Boyd et aL, 1993) and 

Salmonella Reference Collection C (SARC) (Boyd et al., 1996) sets of strains were 

obtained originally from RICSeIander and are mintained at the SaImoneiZa Genetic 

Stock Centre (SGSC, University of Calgary, Calgary; www.ucalgasy.ca/-kesander). AU 

strains used in this study are available fiom the SGSC and are listed in Table 3.1 for the 

SARB strains and Table 3.2 for tbe SARC strains. Strains are stored at -70°C in 15% 

glycerol. Single colonies isolated from the stocks were used in all experiments. All 

cultures were grown in Luria Broth Base (LB broth) (tryptone l o g ,  yeast extract SgA, 

NaCl lOg/l, adjusted to pH 7.0 with 10M NaOH). 1.5% B-agar (Difico) was added 

when solid medium was used The ECOR set of 72 E. coli serotypes (Ochman and 

Selander, 1984) was used for a thorough analysis of a l l  E. coli. The wild type strain of 

SalnoneIZa used was S. ryphzmuriunt LT2 (SGSC 1412). Thirteen S. bongori strains 

(obtained from RK Selander), which represent subgroup V of Saimonellrr and are the 

most divergent SaimneIZu serovars were usad (SGSC 3098, 3099, 3 100, 3 101, 3 102, 

3103,3104,3105,3106,3107,3108,3109 and3110). 



Table 3.1: Strains of S a l m d a  from the S r r l m o d  Reference Collection B 

(SARB) a. 

Elmo- 
phoretic 
Type (ET) 

SARB 
N a b  

RKS 
Strain 
No. C 

. Agl 1 1  
An1 12 
Ba2 13 
Csl. 14 

SolmoneIZa sp. 

1701 
2403 
423 1 
1280 
1239 
3169 
4640 
4647 
246 
24 1 
243 
151 8 
4717 
1550 
4239 
53 
76 1 
69 
1208 

1 1216 

Cs6 

S.  ago^ 

S. a n a m  
S bramienburg 
S. choleraesuis 
" 
" 
" 

S. decan~r 
S derby 
66 

66 

S. dublin 
" 
" 

S. duzsbwg 
S enteritidis 'I 

#* 

I* t 
" 

S emek 

5 

Ga2 
Hal 
He1 
He3 
Id1 
In1 
In3 
Mil 
Mi5 

C~ll 16 

21 
22 
23 
24 
25 
26 
27 
28 
29 

Cs13 
Dtl 
Del 
De13 
De3 1 
Dul 
Du3 
Du2 

L 

I Dil 
En1 
En2 
En3 

Mo1 1 30 

7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

2962 1 S. gall* manan 
4241 
539 
1391 
4250 
1490 
1452 
2833 

1762 

En7 
Em1 

S hugs 
S. heideiberg 
" 

S. indiana 
S* m f r i s  
" 

S, miami 

S montevideo 

19 
20 

4381 " 



Mo6 
Mu1 
Mu2 
Mu3 
M A  

" 

Smuenchen 
31 
32 

r 

1740 
3121 

, N P ~  
Npl 1 
Npl5 
Pnl 
Pn2 

33 
34 
35 

2016 
1915 
1956 
1793 
1776 

36 
37 
38 
39 
40 

Snewport 
" 
" 

S-panama 
" 
" 

SpararyphiA 
S paratyphi B 
" 
" 

" 
" 

SpmatyphiC 

4288 
4300 
4272 

Pn12 
Pal 
Pb1 
Pb3 
Pb4 
PbS 

" 

" 

" 

41 
42 
43 
44 
45 
46 

1779 
4993 
3222 
3202 
3201 
3274 

Pc2 
Pc4 

3215 
4587 

49 
50 

Pb7 
Pcl 

4594 
4620 

47 
48 

Pu3 
Pu4 
Re1 
Rul 

S P ~  
s@ 
Swl 
Sel 
S fl 
St1 

" 
" 

S pullorum 
" 

S. reading 
S. rubislaw 
Ss saiqatd 
" 

51 
52 
53 

2266 
2246 
4256 

Sv2 1 61 

57 
58 
59 
60 

4267 
1767 Th1 

, T P ~  
T P ~  
Tml 
Tm7 
TmI2 

54 
55 
56 

S stanleyville 
S. thompson 62 

63 
64 
65 
66 
67 

1 

4938 
1690 
1686 
426 1 1 S. s c h w d z e n m  
2866 
2358 
4264 

3333 
3320 

Tm23 
Tsl 
Ts3 

S. s e h i  
Ssenjfenberg 
S stanley 

S ryphi 
" 

68 
69 
70 

284 S ryphimraitan 
1 

203 
837 

4s 

CL 

4535 
3134 
3133 

" 

S whimis 
" 



a The SARB set of strains was obtained from RK. Seiander (Boyd et al., 1993) and is 

circulated by the ~ZmonelZiz Genetic Stock Centre. 

The SARB No. is the Salmonella Reference Collection B number for a sa of 72 strains 

of Salmonella representing sub-genus I. 

' The RKS No. is the R K. Selander number assigned to stock strains. 



Table 3.2: Strains of SolmoneUa from the Salmoda Reference Collection C 

(SARC) .. 

'The SARC sets of seains was obtained fiom R K. Selander @oyd et al., 1996) and is 

circulated by the Salmonella Genetic Stock Center, University of Calgary. 

The SARC No. is the Sa~moneZZu Refmnce ColIection C number for a set of 16 strains 

of Saimonefla rrpnsaaing sub-genus L 

" The RKS No. is the R K Selander number assigned to stock strains. 

VII 

i 
15 
16 

S30 13 1 
S3014 I 



3 3  Enzymes and Chemicals 

Taq polymerase, (INTPs and DNaseI wae  purchased fiom Pharmacia RNasin 

(placental RNase inhiitor) was purchased from Promega DEPC (Di Ethyl Pyro 

Carbonaie) and N-laurosyl sarcosine fiom Sigma. Endonuclease ECeuI was purchased 

from New England Biolabs. Proteinase K was from Roche Molecular Biochemicals. 

Most other chemicals including PMSF (Phenyl Methyl Sulfonyl Flouride) and agarose 

were purchased firom Gibco-BRL. 

3 3  Primers. 

The region of the ribsomai DNA containing helix-25 was amplified using primers 

P1 and P2 and the region containing helix-45 was amplified using primers P3 and P4 

(See Fig.4.1 for location of primers). Primers n16 and rr17 were the nested primers used 

for sequencing the helix-25 region and rr18 and rrl9 were wd for sequencing the helix- 

45 region AU primers were synthesized by the University Core DNA Sewices (Health 

Science Centre, University of Calgary): P1 (S'gcgtcggtaaggtgatatg3'), P2 

(S7gctatctcccggUtgattg3'), P3 ( 5 ' c c g a t g ~ g ~ ' ) ,  P4 ( 5 ' ~ g a c c a c c t g 3 ' ) ,  

rrl6: (5'tactcc@c@ccgatag3'), ~ 1 7 :  ( S ' g g ~ c g g g t t t ~ g 3 ~ ) ,  n18: 

( S 1 c c t g c g c g g ~ g 3 ' ) ,  rr19: (5'gcatlcgacttQatacc3'). The PCR primers are Located 

at E coli rrlB base (NoDer, 1984) 74-92,786805,901-920 and 16161634, respectively 

and the sequencing primers are located at base 430450,675-695,1119-1139, 1240-1259 

respectively. 



3.4 RNAisolation. 

Cells fkom a single colony were grown with shaking in 3 ml of LB to obtain an 

overnight culture. 1 ml of the ovemight culture was inoculated in 20 ml fresh LB and 

grown for 4 hours to an OD. of about 200-250 KIett units. Cells fiom 10 ml of this 

culture were isolated by centrifbgation at 5000 X g for 15 minutes at 4°C. These cek 

wwe suspended into 3 ml extraction b&r (1OmM sodium acetate and 0.15 M sucrose 

(pH 4.8)) at 4OC, SDS was added to a final concentration of 1% and the solution was 

vortexed. 3 ml of phenol (sodium acetate buffered (pH 4.8)) was added and the solution 

was vortexed, incubated at 65OC for 5 minutes, incubated at O°C for 5 minutes and 

ce-ed at 5000 x g for 15 minutes at 4'C. The phenol extracton was repeated thrice 

with the aqueous phase, followed by a final extraction with 3 ml of chloroform. 2.5 

volumes of 100% ethanol was added and the RNA was precipitated ovemight at -20°C. 

The RNA was centrifbged at 5000 x g for 15 mi. to obtain a pellet and the pellet was 

washed with lml of 75% ethanol and resuspended in 9 1 pl of DNase buffer (50 mM Tris- 

Cl 10 mM MgCh (pH 7.5)) with dithiothreitoi to a final concentration of 5 nM. To this 

solution, 7 Uipl of DNaseI and 36 U/pl of RNasin were added, and the solution was 

incubated for 30 minutes at 37OC, then extraaed with an equal volume of chloroform, 

precipitated with 2.5 voiumes of ethanol, and stored at -70°C in DEPC (Di Ethyl Py~o 

Carbonate) treated ddHZO. DEPC is an RNase &%itor and all equipment and solutions 

were treated with 0.1% DEPC at 37OC overnight before use. 

33 Denaturing RNA dectmphoresis. 



The RNA was quantitated s p e m o p h o t o d d y  at 260 nm and 10 - 20 pg of 

RNA was electmphoresed in a 1.5% agarose gel using glyoxal-DMSO denahmation 

(Sambrook et al., 1989). A final concentca!ion of 10 nM sodium iodoacetate was added 

to the gel to inactivate the RNases. RNA can be denatured by heating a sampIe with a 

mixture of LM gIyoxai and 50% DMSO for 1 hour at 50°C. Glyoxylation introduces an 

additional ring into the guaaosine residues, which in tun causes steric hindrance of 

gurnosine+cytosine base-pairings. The denatured RNA is then electrophoresed using 10 

mM sodium phosphate buffer (pH 6.8) at 5 V/cm with constant recirculation fiom anode 

to cathode* 

3.6 Northern blotting. 

The RNA was blotted to a Hybond-N+ membrane (Amersham) by capillary action 

for 18-20 hrs in 10 X SSC (Stock solution of 20 X SSC contains 3M NaCl 300mM 

sodium citrate (pH 7.0)). After transfer the membrane was fixed in 200 ml of 5% acetic 

acid and stained using 0.04% methylene blue in 0.5 M sodium acetate (pH 

S.Z)(Sambrook et aL, 1989). The blot was then washed several times with water, and 

photographed using the DIAMED photodocum~tion system or scanned using Scan let 

6 10OC (Hewlett-Packard). 

3.7 Polymeme Chain Reaction and Agaroae gel elcctrophoresb. 

PCR reactions were out according to the instructions accompanying the Taq 

polymerase on a Techne Gene E Thermal Cycler. Templates were prepared by boiling 

bacterial cells (obtained on the tip of a toothpick from a single colony) m 500 pl of water 



for 5 min and then rapidly cooling on ice. 2 pl of the template was used for each 

d o &  The t h d  profile consisted of thirty cycles of 1 min d e m o n  (94'C), 1 

min annealing (56OC), and 1 min extension (72OC). A final extension step for 10 min at 

72OC was performed. All PCR products were electrophoresed in 1.5% agarose gels in 0.5 

X TBE b* (1 X TBE buffer contains 90 mM Tris-HCl, 90 m M  boric acid, 2 mM 

EDTA, pH 8.0) at 8 V/cm in the presence of 0.5 pg/d of ethidium bromide. 

3.8 Sequencing strategies. 

TempIates for sequencing were prepared by PCR and purified using the Wizard 

PCR preps DNA pdwtion kit (Promega). Cycle sequencing of PCR products was 

performed by the University Core DNA Services (Health Science Centre, University of 

Calgary), using Automated Applied Biosystems (ABI) Sequencing and Taq Dye Deoxy 

Terminator Cycle Sequencing Kit (ABI). Nested sequencing primers were used for this 

PWse- 

3*8*1 Preparation of template from strains in which only one of the seven rrl 

genea has m insertion in helix-25 or helix-45. 

PCR d o n  was paformed using the appropriate primers to mplifL the 

helix with a single insertion and electrophomed in a 2% agarose gel. The slow 

Mming single band containing the IVS was excised under U V  light and the band 

was stored in 50 pI of cklH20 overnight for the DNA to diffuse out of the band 

This band was again PCR amplified using the water with DNA as the template, 



purified and seqgnced Four to five cycles were r e c p d  to achieve a pure h d  

for sequencing. 

3.8.2 Preparation of template from strains with more than one insertion in 

helix-25 and/or helix-45. 

3.8.2.1 Reparation of genomic DNA embedded in agarose and 

enzymatic digestion (Liu et al., 1993): Cells grown overnight at 37°C in LB broth 

were m a t e d  by centrifbgation and resuspended in 0.5 ml of Cell Suspension 

Solution (lo mM Tris-HCl, 20 mM NaCl, 100 mM EDTA @H 7.2)). The cells 

were then mixed in 0.5 ml of 1.4% agarose. The cell-agarose mixture was drawn 

into 1 ml syringes from which the needle had been removed. Mer solid@hg, the 

agarose was cut into discs about 1 mm thick and placed in Lysing Buff= (10 mM 

Tris-HCI (pH 72), 50 mM NaCl, 100 mM EDTA, 0.2% SDS, 0.5% N-laurosyi 

sarcusine) and heated in a water bath at 6S°C for 4560 min. After lysing the cells, 

the disks were washed in Wash Solution (20 mM Tris-HC1,SO mM EDTA (pH 

8.0)) and treated with 31x11 of Roteiuase K Solution (100 mM EDTA, 0.2% SDS, 

I%N-laurosyl sarcosine, with 0.66 mg of Ptoteinase K per mL). The disks were 

incubated at 42OC with gentle agitation for 18-24 hours. A f k  protein digestion the 

disks were rinsed twice in Wash Solution and incubated in 5 ml of PMSF Solution 

(PhenyhethyWonyl Fluoride) (1 mM PMSF in Wash solution) for 2 hours with 

gentle shaldng at room tempemlure to remove remaining Proteinase a&@. After 

rinsing the disk twice in Wash Solution and in Storage Solution they were used for 



endonmiease digestiox~ The genornic DNA embedded in agarose disks was 

digested by equikiiriating a singIe disk in 2 X concentration of ECed NE buffer 

(20 mM Tris HCI, 20 rnM M a ,  2 mM DTT, pH 8.5 @ 37OC) for 15 min at room 

t e m p e m .  Digestion was then done using 0.4 wits of I-CeuI enzyme in 1X I- 

Ced buffer and 1X BSA for 2-3 hours at 37°C. 

3 -8.2.2 Puised Field Gel Electrophoresis (PFGE): A single disk digested 

with I-Cevl was inserted in each of the wells of a 0.7% agarose gel and 

electrophoresed in 1X TBE bu&r with 1 pg of ethidium bromide added per mI. The 

electrophoresis profile for the initial separation of the I-Ced hgments consisted of 

pulse times of 30-60s, an angle of 120°, cunent of 300V and a run time of 23 

hours. For the separation of fragments B and G (in cases where the band length of 

B and G was sufliciently different and allows their separation) the gel was M e r  

run for 10 horn with pulse times of 70-80s, angle of 150" and a current of 300V. 

The electrophoresis was performed with either a Bio-Rad CHEF Mapper, or Bio- 

Rad D M  PFGE apparatus. 

3.8.3 Amplification of WSs from individual rrl genes. 

Individual IVSs wcre isolated h m  the L C 4  m e n &  and used for 

sequencing- The agarose band containing the I-Cd hgment was dissolved by 

immersing the tube containing the band in boiling water for 2-5 min The band was 

diluted to a 1 in 10 and 1 m I00 concentration and the diluted DNA was used as the 

template for ECR ampMica!ion ofthe IVS fkom the band. 



3.8.4 Paritication of PCB products. 

The PCR products were purified using the Wizard PCR preps DNA 

purification system. 200-300 pl o f  the aqueous phase of the PCR reaction was 

transferred to a microfbge tube and 100 pl of the direct purification buffer was 

added. To this 1 ml of the resin was added and vortexed briefly. The DNA1resi.n 

mix was pip- into a syringe with a minicolumn at the tip. Vacuum was applied 

to draw the DNAiresin mix into the minicolumn, the column was washed with 2 rnl 

of 80% isopropanol and the DNA was eluted out in 50 pl of sterile distilled water. 

3 9  Cell lysis, RNA isolation and gel electrophoresis. 

Cells from a single colony were grown with shaking for 8 horn and 500 pl of this 

culture was inoculated into 50 mI of fresh medium for growth curves, viability studies 

and RNA degradation experiments. Growth was monitored with a Klett-Summefson 

calorimeter at 540 nm every hour coinciding with the RNA extmtions. 5 ml of the 

culture was used for RNA artractoq the cells were pelleted by centrifbgation at 5000 X 

g for 15 min at 4'C, resuspended in 3 ml of -011 bdEr (IOmM sodium acetate, 

0.15 M sucrose, pH 4.8), sodium dodecyI sulfste (SDS) was added to a final 

concentmion of 1%, and the cells were incubated at 65OC for 5 min to ensure complete 

cdl breakage- h addition to this, to test the most efficient method of cell breakage, the 

cells wae lysed by sonidon using 5-7 25s pulses, or by passing the cell suspension 

through a French press (2 x 90001b/ia2; 2 x 62 MPa). 3 rnl of p h d  (sodium acetate 

buffered (pH 4.8)) was added to the lysed cells and the solution was vortated, incubated 



at 65°C for 5 min, incubated at 0°C for 5 min, and centrifbged at 5000Xg for 15 min at 

4°C. The phenol extraction was repeated thrice and after the final extraction, the aqueous 

layer was stored at -20°C. 

10 pJ of the RNA extract was electrophoresed in 1% agarose gels in 0.5 X TBE 

buffer (1 X TBE buffer contains 90 rnM Tris-HCl, 90 mM boric acid, 2 mM EDTA, pH 

8.0) at 8 V/cm in the presence of 0.5 pg/ml of ethidium bromide. 

3,10 Viable cellcounts. 

Viable cells counts were detemhed by making 10-fold serial dilutions in LB broth, 

spreading the cell suspension with a glass spreader in duplicate on LB agar plates, and 

incubating the plates at 37OC overnight 

3 a l l  Computer analysis. 

Sequence alignments were done using CLUSTALX version 1.6 for Macintosh. The 

rRNA structure was @cted by free energy rnlnlml.mtt 
. .  . 

*on using the algorithm of Zuker 

as implemented in the dold program (Zuker et al., 1999). Percent nucleotide identity 

wm@sons were done using DNASIS version 2.0 for Macintosh (Hitachi). The 

GenBank, EMBL, and DDBJ databases were searched for similar sequences using the 

BLASTn service available at the NCBI (National Center for Biotechn010gy Information). 

Advanced BLAST searches with decreased e values were done to search for IVSs 

substantially diverged &om the Wmonellla NSs which could not be de&cted by a Basic 

BLAST search (Altschd et aI., 1997). 
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CHAPTER 4: RESULTS- Analysis of IVSs in the S A R B  and SARC seb 

4.1 Divenity of distribution of IVSs in the SARB and SARC sets on the basis of 

PCR analysis. 

Using whole genomic DNA of the bacterial strains as template, primers P1 and P2 

were used for the amplification of the region of DNA including helix-25 of the rrl gene 

(amplicon A). Primers P3 and P4 were used for the amplification of the helix45 region 

in the DNA (amplicon B) (Fig. 4.1). The PCR products were subjected to gel 

electrophoresis to determine the number of ml genes with NS insertions (Fig.4.2). The 

PCR products represent the helix-25 and helix-45 regions amplified fkom seven copies of 

the rrl genes. The PCR amplicon is smaller (faster migrating) and is expected to be 

731bp (helix-25) or 733bp (helix-45) when there is no IVS present (based on E. coli rrl 

gene numbering) (Noller, 1984). The presence of an IVS yields a PCR product that is 

larger (slower migrating). On the basis of relative intensities of the slow and fast 

'migrating bands the number of wi genes with IVSs out of the total seven ml genes was 

determined; this anaiysis is dependent on the assumption that amplification of aIl rrl 

genes is equivalent, 

A comparison of the PCK amplicons fiom E. coli (lanes 1 and 2 of Fig. 4.2, panel 

A) and SuImoneZIa (Ianes 3 and 4 of Fig. 4.2, pane1 A) shows the absence of IVSs in E. 

cori and presence in typhhurium LT2. Both amplicons A and B in E. coli K12 (Ec) 

are fast migxating, showing that E coli does not have any IVSs. In S. lyphirmcritan LT2 

(Stm) the band intensity of the slow migrating band for mplicon A (helix-25) 

corresponds to 5 copies of ml genes without IVSs and the band intensity of the fast 



migrating band corresponds to 2 copies of rrl genes with IVSs. Similarly amplimn B 

indicates 6 ml genes with IVSs in helix-45, and one without; these data are consistent 

with the earlier report (Mattatall and Sanderson, 1996). This reveals the presence of 2 

helix-25 and 6 helix45 NSs. Similar analysis of fig. 4.2 panel A leads to the conclusion 

that Lane 13 representing the PCR amplicons from Pb 1 (S. par-hi B, ETl) shows that 

the amplified helix-25 region does not have any slow migrating ( N S  containing) bands. 

The amplification products fiom all seven ml genes are represented by the fast migrating 

(non-IVS containing) bands in lane 14 of Fig 4.2. This suggests that Pbl has no 

insertions in helix-25 and has 7 insertions in helix-45. On the basis of similar 

comparative analysis Pb3 (S. pwa~yphi B, ET3) has one insextion in helix-25 and no 

insertions in helix-45 (Fig. 4.2, lanes 11 and 12). Pb4 (S. p a r q h z  B, ET4) has 2 helix- 

25 and 4 helix-45 IVSs (Fig 4.2, lanes 9 and lo), while Pb5 @ parawhi B, ET5) and 

Pb7 (S. patyphi B, ET7) have 0: 1 and 2:4 helix-25 and helix-45 IVSs, respectively (Fig 

4.2, lanes 5,6,  7, 8). An interpretation of the number of IVSs for which the PCR data is 

shown in Fig. 4.2, penel A, is shown in Fig. 4.2, panel B. AU the strains in the SARB and 

SARC sets and the S. bongori stmh were d y z e d  similarly by PCR to evaluate the 

number of IVSs in both helices. In some cases (e-g., Pbl) the assignment of numbers of 

IVSs is clear, but in others it is more dif5cult; to achieve this, several independent PCR 

reactions were done. QuanWon of PCR products on the basis of the relative intensities 

ofthe bands fkom the w e n  rrl genes may help in the accurate analysis of genes with and 

without NSs. The amount of DNA in each baad can be analyzed on the basis of band 

intensity, which can the.  be used for conversion to molar ratios of the DNA present in 

eachband. 



Figure dl: Diagrammatic representation of the PCR strategy. 

A single rRNA operon is comprised of one 16s rRNA (ms gene), one or two 

tRNAs, and one 23s rRNA (rrl gene). The 171 gene may include intervening sequences 

at H25 (heIix-25 of the proposed secondary structure of the rRNA, at bp 550) and/or at 

H45 (helix-45, at bp 1170). Primers P1 and P2 were used for amplification of a 73 1 bp 

region containing helix-25 (amplicon A), and primers P3 and P4 for amplification of a 

733 bp region containing helix-45 (amplicon B). When these amplicons contain NSs, 

they result in PCR products larger by about 100-15Obp. 



PCR Fragments I Amelicon A I I Amplicon B 
(733 ba +/- IVS) I 



Figure 4.2: 

Panel A. PCR amplieoos from selected SARB strains. 

PCR products obtained by amplification of the helix-25 (A) and helix-45 (B) 

regions of the 23s rRJYA using templates fiom the following strains: Stm, S. ryphrinwium 

Ln; Ec, E- coli K-12; Pb7, S- p o t p h i  B, En (=Electrophoretic type 7); Pb5, S. 

puratyphi B, ET5; Pb4, S. parutyphi B ET4; Pb3, S. paratyphi B,  ET3; Pbl, S. paratyphi 

B, ET1. "A" indicates amplicoa A; "B* indicates amphcon B. Each strain has seven 

copies of the rrl gene. The lower band in each lane (approximately 730 bp) represents 

PCR product fiom an rrl gene which has no IVS; the upper band results fiom an 171 gene 

which has an IVS. 

Panel B. Interpretation of the number of rrl genes with IVSs in each strain. 

The number of NSs in helix-25 and helix45 for strains whose PCR products are 

shown in PanelA. The strains and their electrophoretic types are shown and the number 

of rrl genes out of seven containing helix-25 and helix45 IVSs are indicated, 



Stm Ec Pb7 PbS PbO Pb3 Pbl 

Straial Electrophoretic 
type 

S,typhimurium LT2 (Stm) 
E.coli (Ec) 

, S. parutyphi B ET=7 (Pb 7 )  
S. parutyphi B ET=7 (Pb 5 )  
S. paratyphi B ET=7 (Pb 4 )  
S. paratyphi B ET=7 (Pb 3) 
S. parutyphi B ET=7 (Pb 1 ) 

Insertions 
in helix-25 

2 
0 
2 
0 
2 
I 
0 

Insertions 
in helix45 

6 
0 
5 
1 
4 
0 
7 



4.2 Diversity of distribution of IVSs in the SARB and $ARC strains by RNA 

analysis. 

The extent of fiqpentation of the 23s rRNA was examined in order to determine 

the site(s) of cleavage in the rRNA, the proportion of the rRNA molecules in which 

cleavage has occurred, aad thus to infer the number of rrl genes containing IVSs. Fig.4.3 

shows the known sites of the IVSs previously determined in Sdmonela rrl genes, and 

the sizes of the rRNA fhgments which would result if cleavage occun at these sites. 

Fig.4.4, panel A shows the rRNA fhgmentation patterns for the same strajns for which 

PCR data reveals the presence of IVSs in Fig.4.2, panel A. 

The extent and pattern of wentation produced m the rRNA was studied by 

analyzing the different band sizes and the intensity of individual bands produced by the 

seven copies of the rrl gene. The different band lengths add up to reflect the cleavage 

products resulting Erom 7 wpies of rrl genes after the removal of the IVSs. The band 

intensity resulting fiom seven copies of the 16s rRNA (1.5kb band) was used as a 

standard for comparison to the other band intensities to determine the number of copies 

of a band present, An intact 23s rRNA fiqpent is 2.9 kb in length. 23s rRNA 

fragments of 2.4 and 0.5 kb indicate that one rrl gene carries an IVS in helix-25, resulting 

in cleavage of the rRNA without religation. 23 S rRNA fhgments of 1.7 and 1.2 indicate 

that one rrl gene carries an IVS in helix-45. 23s rRNA m e n &  of 1.7,0.7 and 0.5 kb 

indicate that one rrl gene carries IVSs in both helices (Fig-4.3). 

E. colz K12 gives an intact 2.9kb band representing the 23s rRNA as well as an 

intact 1.5kb band qmsenting the 16s rRNA pig. 4.4, p e l  A, lane 2). This shows that 

there is no mentation of the 23s rRNA, confirming earlier reports that it has no IVSs 



(Burgh et d., 1990); as expected, sequencing the whole genome of E. coli K12 reveals 

no IVSs in all seven rrl genes (Blattner et aL, 1997). In the case of Pbl (S. para~yphi B, 

ET1) (Fig. 4.4, lane 7) the 2.9kb band is completely absent and all  seven rrl gene 

fragments are present as 1.7 kb and 1.2 kb bands. The fragmentation pattern and the 

band lengths indicate the excision of helix-45 IVSs fiom all the seven rrl genes. Lane 6 

of Fig. 4.4 representing rRNA from Pb3 (S. puratyphi B, Em) shows the presence of a 

2.4 kb band and a 0.5 kb band (barely visible in this picture), indicating that the 

hgmentation results fiom the excision of one helix-25 IVS. A large amount of the 2.9kb 

band (uncleaved) rRNA and the absence of Ukb,  1.2kb and 0.7kb bands indicates that 

the strain has no NSs in helix-45. On the basis of similar analysis it can be interpreted 

that Pb5 (S. paratphi B, ET5) (Fig. 4.4, lane 4) has no heIix-25 NSs and one helix-45 

IVS. In the case of S. ryphntwium LT2 (Fig. 4.4, lane I), the absence of an intact 2.9kb 

band demonstrates that all the seven rrl genes have either a helix-25 or a heIix-45 IVS or 

both The presence of a 2.4kb band with one of the two 0.5kb bands suggests that one of 

the seven mi genes has a helix-25 IVS only. The presence of five out of the six 1.7kb and 

five 1.2kb bends suggests that five of the seven rrl genes have helix-45 IVSs. One ofthe 

1.7kb band, one 0.7kb bands, and one 0.5kb band add up to suggest that one rr[ gene has 

both heIix-25 and helix-45 WSs. Pb3. Pb4 and other SARB and SARC strains were 

similarly analyzed. Fig. 4.4 panel B shows the inteqmtation of the rRNA fhgments 

lengths to analyze the number ofIVS cleaved out for the strains whose rRNA is shown in 

Fig. 4.4 pane1 A. In some cases (e.g., Pbl) the assignment of numbers of NSs is clear, 

but in others it is more dBicuIlt; to achieve this, s e v d  independent northem blots were 



done at different c o n ~ t i o m  ofthe product to be able to visualize the different bands 

clearly. 



Figure 43: Schematic representation of U S  rRNA fragmentation on excision of 

Ivss. 

23s rRNA fhgments of 2.4 and 0.5 kb indicate that one rrl gene carries an IVS in 

helix-25. 23s rRNA fragments of 1.7 and 1.2 indicate that one rrl gene carries an NS in 

helix-45. 23s rRNA fragments of 1.7,0.7 and 0.5 kb indicate that one rrl gene &es 

NSs in both helices. 
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Figare 4.k 

Pane1 A. 23s rRNA frrrgmentation from selected SARB strains. 

R i b s o d  RNA from bacterial strains, detected by electrophoresis, Northern 

blotting, and methylene blue stain@. See Table 3.1 for listing of the strains tested 

Normal rRNA sizes are indicated on the right (23S, and 16s). The sizes in kb shown on 

the left indicate Merited rRNA. 

Panel B. Interpretation of rRNA fngmentation pattern. 

On the basis of the wenta t ion  pattern redting fiom the excision of NSs (if 

went)  from the seven copies of the rrl genes, the number of helix-25 and helix-45 NSs 

in all strains for which rRNA data is shown in panel A is represented The conclusions 

column shows that the number of number of NSs determined fiom the PCR data and the 

rWA fhgmentaton pattern is in complete agreement 
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4.3 Analysis of IVSs in the 72 st ra ins  from the SARB set md 16 strains from the 

SARC set of Sdwnella. 

The SARB set is a colIection of 72 strains representing 37 serovars of Salmonella 

subspecies I. The isolates were characterized by enzyme electrophoresis for allelic 

variation in 25 chromosomal genes and represent 71 different electrophoretic types (ETs) 

(Boyd et aL, 1993). Estimates of genetic relationships among the ETs is indicated in the 

evolutionary tree in Fig. 4.5. The tm was generated by the neighbour joining method 

(Saitou and Nei, 1987) fiom a paimise matrix of Nei's standard genetic distance for the 

25 loci assayed (Saitou and Nei, 1987). The SARC set is a collection of 96 strains of 

&Irnonelkz representing 80 electrophoretic types and eight subgenera (Fig. 4.6). 16 of 

these strains representing all eight subgenera weze additionally d y z e d  for variation in 

the nucleotide sequence of five housekeeping genes. These 16 firom the SARC set were 

used for the analysis of IVSs in this study. 

The number of rrl genes containing IVSs in helix-25 andlor helix-45 regions were 

determined by PCR as described above (Fig. 4.1) for all the SARB and SARC strains, 

and the data are recorded in Fig. 4.5 and 4.6. Similarly the rRNA of all 88 strains was 

examined as previously shown in Figs. 4.3 and 4.4, and the pattern of -entation was 

used to determine the number, out of seven, ofthe mi genes that produced rRNA that was 

cleaved at helix-25 andlor helix-45; these data are also recorded in Fig.4.5 and 4.6. The 

number of IVSs detected by PCR corresponded to the number of NSs calculated fiom 

the hgnentation of rRNA (detemhed fiom Northem blots of the rRNA) in aII 72 

strains of the SARB set and all 16 strains of the SARC set The strains portray extensive 

diversity in the possession of IVSs, leading to the following conclusions: 



a) Possession of NSs is common, but there are some strains (8 of  72 in SARB and 0 

of 16 in SARC) that have no IVSs. 

b) No strains are saturated with the presence of IVSs in all the helix-25 and helix-45 

~ ~ O D S ,  the maximum number of IVSs present in a strain was a 7:4 distniution in 

helix-35 and helix-45, respectively, in the case of SARC 10 and SARC 16. 

c) Closely related strains (according to MLEE) often show identical or very similar 

pattern of distri'bution of IVSs for example Pal and Sel; Pcl, Pc2 and Tsl (shown in 

blue in Fig 4.5). 

d) In spite of this, there is no strong overall pattern of possession of IVSs on the trees 

in either the helix-25 or helix-45, for example Pn 1, Fh 2, and PC 4, Ru 1 (shown in red in 

Fig. 4.5). 



Figure 4.5: Pattern of possession of IVSs for the SARB strains. 

Evolutionary tree showing relationships determined by multi-10cus enzyme 

electrophoresis, among the 71 ETs represented by 72 SARB strains of Sdmoneilu 

subgenus I (Boyd et al., 1993). The SaImonellu species, eIectrophoretic types, and SARB 

numbers are listed in Table 3.1. The total numbers of IVS insertions in H25 (helix-25) 

and H45 (helix-45) in the seven rrl genes for these strains were determined through PCR 

aad also through rRNA cleavage; the i n f e d  numbers of IVSs, which were the same for 

both methods in all 72 strains, are shown. Closely related strains showing identical 

pattern of distn%ution of IVSs are shown in blue. Closely related strains showing a very 

different panan of distriiution of IVSs are shown in red. 
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Figure 4.6: Pattern of possession of IVSs for the SARC strains. 

Evolutionary tree for 80 ETs of the eight subgenera ofsalmoneiia based on MLEE 

(only the 16 SARC strains which were analyzed are shown) (Boyd et al., 1996). The 

SARC number and strains are listed in Table 3.2. The total number of IVSs in helix-25 

(H25) and helix-45 (H45) were determined through PCR and through analysis of rRNA 

mentat ion patterns; the inferred number of NSs fiom both methods were the same 

for all strains. The number of IVSs for the analyzed strains is indicated 



Genetic distance 



4.4 Analysis of the nucleotide sequences in helix-25 IVSs. 

To obtain IVSs from individual rrl genes, two approaches were used. In cases where 

a single NS was p e n t ,  it was isolated by cutting the agarose band and using the DNA 

to reamplify the IVS until a pure band was achieved (see Material and Methods, section 

3.8). In cases where more than one NS was present, PFGE kgments of I-Cd-digested 

genomic DNA were used as templates for PCR amplification of NSs. The reasons to use 

ECeuI are as follows. I-CeuI is an &on-encoded endonuclease which recognizes and 

cuts a 19 bp svence  that occurs only at bp 2200 in the rrl genes for 23s rRNA of 

Salmonella (Liu et al., 1993). The rRNA operons are oriented away from the origin of 

replication, which is present in the ECddigested w e n t  A (Fig. 4.7). Hence 

digestion of genomic DNA with I-CeuI (at bp 2200 in every rrl gene) results in the 

absence of the helix-25 and helix-45 regions of the mi gene fiom I-CeuI A, and the 

presence of two of these regions in I -Cd C (Fig. 4.7). As a result, IVSs amplified fiom 

I-CeuI C could be present in rrlD or mlC. Among the products of 'CeuI  digested 

genomic DNA Corn Salnonelh, fhgments B and G which contain the helix-25 and 

helix45 regions o f  mrG and rmH r e s m e i y  are approximateIy of the same length in 

several strains of Salmonella. This restricts the separation of bands B & G and thus it 

cannot be unambiguously stated ftom which rrn operon the TVS is derived, However the 

identities of the foliowing helix-25 and heIix-45 regions can be inf- I-Carl D 

contains regions h m  rrnA, I -Cd  E fbm rmB and I -Cd F from mrE. I -Cd digested 

DNA of 10 strains of Salmonella was separated by PFGE (Fig. 4.8); these Sagments were 

excised and used as templates for PCR, as d e s c r i i  in M a l s  and Methods. 



Cycle sequencing of the purified PCR products was done by the University Core 

DNA Sequencing Centre fiom both strands using nested primers. A sample of strains in 

the SARB set was tested The number of nucleotides in the IVSs ranged fiom 1 13 to 15 1 

bases. Analysis of the sequences for percent nucleotide identity was done using DNASIS 

version 2 for Macintosh IVSs having 90% or greater sequence identity were placed in 

the same family. The sequenced helix-25 rVSs from SolnoneUa were thus divided into 

three filmilies, A to C (Table 4.1). Helix-25 NSs from different n1 genes of a particular 

strain belonged to the same family with the sole exception of S. typhimurium LT2, in 

which the two helix-25 IVSs represent families A and B, as previously reported 

(Mattatall and Sanderson, 1996). The IVS from S. enteritidis (Enl), the sole 

representative of family C, is lslbp, about 37 bp longer than the other helix-25 IVSs 

which iae 113-1 l5bp and it bears only about 57-63% nucleotide identity to the family A 

and B IVSs (Table 4.1). 

The helix-25 IVSs fiom Proteus have been reported as belonging to 3 families (D, E 

and G) and those of Providencia rengeri have been assigned to family F (Miller et al., 

2000). The percent nucleotide identities of helix-25 NSs fiom Protacs and Providencza 

with those fimn Shimonella are shown in Table 4.2. Family D from Protetcs is 74% 

identical to family A fiom Solnonello. however it is only 50% identical to the other 

helix-25 fkdies fiom Profew (E and G). The M y  D N S  fkom Profew is only 115 

bp in length thus resembling the Wmonellrr fhmiIies A and B, while the other helix-25 

IVSs fiom Protacs are up to 185 bp in length (section 4.6). Family F fiom Providencia is 

80-85% similar to f d e s  E and G fiom Proteus, but is only 49% similar to M y  D. 



Figure 4.7: rm operons in the S d m d  genome. 

Orientation and position of each Salmonella rm operon on the chromosome is 

shown as reported earlier (Liu et aL, 1993). The positions in the rrl genes for 23s rRNA 

of helix-25 (h25) at bp 550, helix45 @45) at bp 1170, and the I-CeuI cleavage site at bp 

2200 are shown for all the operons. The approximate locations for the origin of 

replication (OciC) and terminus (Ter) are indicated The letters A to G in bold indicate 

the I-Ced cleavage fhgment and the wl genes present at its boundaries is also indicated. 

Most I-CeuI frdgments should contain one helix-25 and one helix-45 region (e.g., I -Cd  

F should have these segments for nlE ,  w e n t  E for mlB, etc.). Fragment C should 

contain helix-25 and helix-45 segments for nlC and D; fhgmeut A shouid contain no 

helix-25 and helix-45 regions. An mr operon is represented in a linear fsshion at the 

bottom and shows the 16S, 23s and 5s rRNA in addition to h25, h45 and I-CeuI site. 





P i r e  4.8: Pulsed-field gel electrophoresis of I -Cd digested genomic DNA from 

strains of S h d  from the SARB set. 

Genomic DNA from Su~monella strains was digested with I-CeuI and separated by 

PFGE, using a 0.7% agarose gel containing ethidium bromide; the fragments were 

visualized by W light. The I-CeuI merits are indicated A lambda ladder was ruu 

aiongside so that the w e n t  sizes could be determined; the size of the h multimers is 

indicated on the right. The following strains of Salmonella were tested: Lane 1, ' 
de- ETI; 2, S dublm ET3; 3, S. enteritidis ETI; 4, S. enteritidis ET7; 5, S. ernek 

ETI; 6, S. indiam ETI; 7, S. m i m i  ET1; 8, S pmurma ET12; 9, S. puIZo~z0n ET3; 10, S. 

typhisuis ET3. 





Table4.1 :Separation of the Helix-25 IVSs of Salmonella into families based on nucleotide idea tity. 

Strain(ET)c/rrl gene 

Tml (H) 
Tp 1 (at I) 

Dt l(G,A) 
Dt I(B,E) 
Id I (D/C) * 
Mi I(D/C,H)~ 

Du 3(H,B) 
Ts 3(D/C,A,B) 

Ts 3(G,E) 
Ba 2 "  
De 1" 
Mu4" 

En 7(A,H) 
En 1 (ON)  

' DNASIS was used to al 
"The lVSs are said to bell 
"0 strain studied is ide 
The letters in brackets show the rrl gene inferred from their presence on specific 1-Ceu 1 fragments fiom PFGE (see section 4.4). 
" lVSs fiom rrl Glrrl H and those from rrl Wrrl C cannot be distinguished as described in section 4.4. 

- 

" These strains contain only one rrl gene with an IVS; the DNA with the gene for the one IVS-containing rrl gene was purified. 
as described in Materials and Methods under sequencing strategies. 

C 
Enl  
58 
58 
59 
58 
57 
59 
59 
58 
59 
58 
58 
58 

4 

65 
63 
63 
63 
100 

% nucleotide identity a with Helix-25 LVS of: 
A 

T m l  T p l  D t l  Dt1 Id1 M i l  Du3 Ts3 Ts3 Ba2 De l  
100 96 98 97 96 98 97 97 98 97 96 96 
96 100 98 98 95 98 97 98 98 96 98 97 
98 98 100 99 96 100 99 99 100 98 98 99 
97 98 99 100 95 99 98 100 99 100 97 98 

96 95 96 95 100 96 95 95 96 94 94 95 

98 98 100 99 96 100 99 99 100 98 98 99 

97 97 99 98 95 99 100 98 99 97 97 98 
97 98 99 100 95 99 98 100 99 97 98 98 

98 98 100 99 96 100 99 99 100 98 98 99 
97 96 98 100 94 98 97 97 98 100 98 99 

96 98 98 97 94 98 97 98 98 98 100 99 

96 97 99 98 95 99 98 98 99 99 99 100 

65 66 65 65 66 65 65 65 65 64 64 64 
65 66 65 66 67 65 65 66 65 64 65 65 
66 66 65 66 66 65 65 66 65 64 64 65 

66 66 65 66 67 65 65 66 65 64 65 65 
58 58 $9 58 57 59 59 58 59 58 58 58 

p sequences for identity comparisons. 
ng to the same fmily when they are 90% or more identical. 
ltified by the Electrophoretic type (ET), the species i s  listed in Table 3. 1; e.g. ,  TI^ 1 is S. typhitnnurium ET 1. 

B 
M u 4 T m l  Csl  M u 3  En7 

65 65 66 66 
66 66 66 66 
65 65 65 65 
65 66 66 66 
66 67 66 67 
65 65 65 65 
65 65 65 65 
65 66 66 66 
65 65 65 65 
64 64 64 64 
64 65 64 65 
64 65 65 65 
100 99 96 99 
99 100 97 100 
96 97 100 97 
99 100 97 100 
65 63 63 63 



Table 4.2: Comparison of percent nuekotide i d e n w  between rVSe from helix-25 of the 

23s rRNA of ~ d h m e ~ a ~ ,  ploteus md 

"Percent identity wmparisons were done using DNASIS Version 2 for Macintosh 

"he Salmonella strains used for sequencing are listed in Table 1. 

'The Proteus and Providencia f d i e s  are reported in Milier et aI., 2000. 

d~ f d y  consists of IVS sequences with more than 90% nucleotide identity. 

'Represent the diffaent fsmiles fiorn Salmonella. 

'~epresent the &rent fiudies fiom Proteus (Accession numbers for the sequences are 

mentioned in Fig. 4.10). 

Represent the family fkom Prov&cia (Accession number for the sequence is 

mentioned in Fig. 4.10). 

'The numerator of the fracton in parentheses indicates the number of sequenced IVSs, 

each isolated fiom an individual rrl gene and the denomhaor represents the number of 

strains fkom which these lVSs wae sequenced. 



4.5 Analysis of nucleotide sequences in helix45 IVSs. 

Nucleotide sequence analysis was done for helix45 IVSs as described in section 4.4 

for helix-25 NSs. Sequence analysis of the helix45 NSs revealed the presence of two 

f d e s ,  M and 0 which are 90% or more identical within the families and 80-84% 

identical between familes (Table 4.3). Fourteen different WS sequences from 4 different 

strains were analyzed in family M and 25 IVS sequences fiom 8 strains were analyzed in 

f b l y  0. 

The helix-45 NSs determined in this study in SaIrnonelIa were compared with 

previously determined IVS sequences. The helix-45 IVS from Ywsinia entwocoliticu 

group 11 (renamed family N in this study) was about 86% identical to fiunily M and 80% 

identical to f d y  0 but only 60% identical to Yetsblia enterocolitica group I IVS 

(renamed family P) (Table 4.4). The helix45 WSs h m  Providencia rettgeri are 

assigned to family Q and those from Protezu wlgmis to M y  R The two families 

share 78% nucleotide shdarity. Families Q and R are 65.73% similar to families M and 

0 tkom Salmonella. 

The sequences of helix-25 and helix-45 NSs were determined in 22 strains &om the 

SARB sa to analyze if closely related strains possess IVSs kom the same family, and to 

study if all NSs fkom the seven rrl genes of a strain are similar. Presence of the same 

IVS M y  in closely related strains is suggestive of vertical transfer during clonal 

propagation. The presence of distantly related familes of NSs in closely related strains 

indicates horizontal transfer of IVSs. The IVS fimdies are shown for the strains where 

they were determined (Fig. 4.9). For both helix-25 and heIix-45 IVSs, closely related 

strains were seen to possess IVSs fkom the same M y  in most of the cases, however 



closely related strains in some cases had NSs from different f d e s .  AU the 

SaImonelZu strains &om which NSs were sequenced showed the presence of similar 

sequences in the Werent nrrl genes of a specific strain The maximum sequence 

divergence seen between the different NSs from a strain was 3 bases. The only 

exception to this is seen in S. typhimwium where the two helix-25 IVSs from nZG 

( M y  A) and rrlH (family B) are only 56% identical (Mattatall and Sanderson, 1996). 



Table 4.3: Stparation of Helix45 lV& of Salmonela and Yersiniu into families based on nucleotide identity. 

' DNASIS was used to align sequences for identity comparisons. 
The lVSs are said to belong to the same fmily when they are 90% or more identical. 

a The strain studied is identified by electrophoretic type (ET), the species is listed in Table 3.1 ; e.g., Tml is Styphimvium ETI . The letters 
in brackets show the ml gene inferred from their presence on specific I-Ceu I fiagrnents from PFGE (see section 4.4). 
IVSB horn rrl Wrrl H and those fiom rrl D/wl C cannot be distinguished as described in section 4.4. 
' These strains contain only one rrl gene with an IVS; and was purified as described in Materials and Methods under sequencing strategies. 
' All the lVSs fiom the seven rrl genes were identical in these strains. 

witb Helix45 IVSs of: 
0 

Pbl Ga2 Pu3 Pu4 Du3 Em1 Em1 Pnl En7 
84 84 84 84 84 83 84 84 83 
84 84 84 84 84 83 84 84 83 
83 83 83 83 83 82 83 83 82 
82 82 82 82 82 80 82 82 80 
84 84 84 84 84 83 84 84 83 
83 83 83 83 83 82 83 83 82 
100 100 100 100 100 99 100 100 99 
100 100 100 100 100 99 100 100 99 
100 100 100 100 100 99 100 100 99 
100 100 100 100 100 99 100 100 99 
100 100 100 100 100 99 100 100 99 
99 99 99 99 99 100 99 99 94 
100 100 100 100 100 99 100 100 99 
100 100 100 100 100 99 100 100 99 
99 99 99 99 99 94 99 99 100 

%nucleotide identity 
WS Fmmily ' M 
Straia@T)c/rrl gene 

r 

Tm 1 (A) 
Cs13(B) 

Cs 13(G,H,E) 
Csl3(D,C,A) 
IdI(B,D/C) 

Pb5 a 

Pbl(al1) ' 
Gd(al1) ' 
Pu3(ell) ' 
Pu4(all) ' 
Du3(A) 

Eml(G/H) * 
Em1 (B) 

Pnl" 
En7(G) 

Tml Cs13 Cs13 Cs13 Id1 Pb5 
100 100 99 98 99 98 
100 100 99 98 99 98 
99 99 100 99 98 97 
98 98 99 100 97 96 
99 99 98 97 100 99 
98 98 97 96 99 100 
84 84 83 82 84 83 
84 84 83 82 84 83 
84 84 83 82 84 83 
84 84 83 82 84 83 
84 84 83 82 84 83 
83 83 82 80 83 82 
84 84 83 82 84 83 
84 84 83 82 84 83 
83 83 82 80 83 82 



Table 4.4: Cornparboa of percent nucleotide identi@ between IVSs from helir-45 of 

the 23s rRNA of SalmneICa ', Yersroru'a ', Profeus and Plovidcnch d. 

"Percent identity comparisons were done using DNASIS Version 2 for Macintosh. 

  he Salmonella strains used for sequencing are listed in Table 1. 

" The squences fiom Yershza are reported by Skumik and Toivanen, 199 1. 

 he ~roteur and Providenciu fbdies are reported by MiUer et al., 2000. 

'A f e y  consists of IVS sequences with more than 90% nucleotide identity. 

'~epresent the diffefent f d e s  from Solnonelfa. 

Represents the IVS family fiom Yersinia enterocolitico GroupII (Accession number for 

the sequence is mentioned in Fig. 4.1 l), 

Represents the IVS family fiom Yetsinto enterocolitica Group1 (Accession number for 

the sequence is mentioned in Fig. 4.1 1). 

kepresents the M y  fiom Providencia (Accession number for the sequence is 

mentioned in Fig. 4.1 1). 

j Represents the f d y  fkom Protacs (Accession numbers for the q e n c e s  are 

mentioned in Fig 4.1 1). 

IVS Family 

M(14/4) * 
N(1/1) 

0(25/8) 

P(II1) Ic 

~ 1 )  * 
v 

R(7/2) ' 

The numerator of the M o n  in parentheses indicates the number of sequenced NSs, 

each isolated fiom an individuai mi gene and the denominator represents the number of 

strains fiom which these NSs were seqyenced. 

M' 
~ o n e I G a  
96-100 

85-87 

80-84 

6 1-62 

65-66 

68-69 

Ng 
YemhaiaD 
85-87 

100 

78-80 

60 

67 

66 

0' 
SabnoneIIa 

80-84 

78-80 

94-100 

65-67 

69-70 

70-73 

p h  
Ymsinial 
6 1-62 

60 

65-67 

Q' 
h v i ~ u  

65-66 

67 

69-70 

R J  
Protetrs 
68-69 

66 

70-73 

64 

77-78 

99-100 

100 

62 

64 

62 

100 

77-78 



Figure 43: Distribution of helir-25 and helix45 IVS fmilies among the SARB 

strains, 

The relationships of 72 Srrlmonellu strains of the S A R B  set determined by MLEE 

(Boyd et aL, 1993) and the distribution of helix-25 (K25) and helix-45 (H45) IVSs is 

shown, as previously illustrated in Fig. 4.8. The SaZnzonelIu species, electrophoretic 

types and SARB numbers are listed in Table 3.1. The f d e s  of the IVSs are indicated 

for the strains fiom which IVSs were sequenced (tables 4.1,4.2,4.3,4.4). The presence 

ofthe same f&y as well as different fbdies in closely related strains is seen. 





4.6 Sequence alignment studies. 

All sequences fiom the differeot helix025 and helix-45 families of SalmoneiIa, 

Protw,  Ptovzdencia and Yersmiu were aligned using CLUSTAL X as shown in Fig 4.10 

and Fig 4.1 1. All the seqyences possess an imperfect terminal inverted repeat which 

forms the primary stem in the secondary structure and the rest of the Sequence folds into 

secondary stems and loops (see section 4.7). An alignment of sequences belonging to the 

same family shows tbat the sequence conservation within a family is strong (90% or more 

as shown in Tables 4.1 and 4.3) and the sequence conservation between different f d e s  

resides mainly in the primary stem rather than in the secondary stems and loops (Fig. 

4.10 and Fig.4.11). With the exception of a few base changes in the =@on of the 

primary stem discussed in section 4.7, this region is largely conserved as seen in the 

alignments in Figs. 4.10 and 4.11. Indel (insertions and deletions) type of mutations are 

not seen in this region. However, in the secondary stems and loops, indek as well as base 

pair changes define the differences m e e n  the families; for example f d e s  A and B 

(sizes vary from 1 13-1 14 bp) dEa from family C (total size 15 1 bp) by 8 deletions 

which vary fkom 1 to 16 bases in length (Fig 4.10a). CLUSTAL alignments of family A 

of Sulmonel~a and family D of Proteus (Fig 4.10b) indicate a high degree of identity 

between these sequences fkom different genera Family D of Protew has many deletions 

compared with W y  G of Proteur (Fig. 4.10~). An aiignment of helix-25 familes of 

SbImomflu (A, B, C), Protew (D, E, G) and of Providettcia (F) (Fig 4.10d) reveals that 

the only sequence conservation seen resides in the region of the primary aem. 

Sequence similarity based on CLUSTALX alignments between the helhr-45 IVSs 

fiom Salmonella, Pruteus, Providencia and Yenina is shown in Fig. 4.1 1. F d e s  M 



and 0 of Salmonella di&r onty by a few base changes and indels (Fig. 4.1 la). Fig. 4.1 1 b 

shows a high degree of sequence identity for heh-45 W e s  fiom Salmonella (M) and 

Yersinia (N) and the hck of identity between NSs of Yersmiu Group1 (family P) and 

Group11 ( f d y  N) is shown in Fig. 4.1 1c. CLUSTAL alignments for &IrnoneIZa (M), 

Providencia (Q) and Protem (R) (Fig. 4.11d) indicate a high degree of sequence 

conservation. The difference between the three fitmilies is characterized by two 

segments, both of which are deleted fiom &ImotteIIa (fitmily M), one of the deleted 

sequences is also absent in Proteur, family R Fig. 4.11e indicates the well conserved 

stem region in the 6 different helix-45 f d e s  identified in ?he Enterobacteriaceae. The 

primary stem has been proven to be the region which is recognized and cleaved by RNase 

III (Burgh et al., 1990) and hence its conservation is suggestive of a positive selective 

pressure for IVS excision 



Figure 4.10: !Sequence alignments for h a - 2 s  WSs &om individual rrl genes for 

Srrlnao- h ~ a r r ,  and M n c e h .  

Sequences from individual rrl genes were obtained as &mi in Fig. 4.7 and Fig. 

4.8 and aligned using CLUSTAL X Each sequence is identified by the electrophoretic 

type for SrJmonella and by the strain number for Proteus and Providencia. The letters in 

pafentheses indicate the ml gene fiom which the IVS was isolated for Salmonella. For 

Protew and Providencia the ICeuI fragment is shown in parentheses. Asterisks above 

the sequence indicate absolutely conserved bases, and numben at the end of each row 

indicate the number of bases in each NS. The M y  of the NS was determined as 

descnied in section 4.4 and is shown at the end of the sequence. a) All helix-25 NSs 

fiom Salmonella; b) Family A of Saimonefla and f d y  D of Protew; c) Families D and 

G of Proteus; d) helix-25 WSs from representatives of family A, B and C of Wmonella, 

families D, E & G of Proteus and family F of Pmidencia; 

The GenBank Accession numbers for the Proteus aud Providencia sequences are as 

follows; AF176794: SA5564 (G, C, D, F); AF176790: SA5474 @,G); AF176785: 

SA546 1 (C, D); AF 17679 1: SA5473 (B); these sequences were previousIy determined in 

this laboratory (MiUer et al., 2000) 





b. 
*****t******* ***+******** tt* t ** ***** **+ **** *** ***** ***** 

W 5 6 4  (G,C, D, F) 
8A5474 (D. 0 )  





Figure 4.11: Sequence rlignments for helir-45 IVSs from i n d ~ d u d  rrl genes for 

Sdm- Ploteus, Prmdhtcia, and P d k  

Sequences fnna individual vf genes we= obtained as descriied in Fig. 4.7 and Fig. 

4.8 and aligned using CLUSTAL X Each sexpence is identified by the electrophoretic 

type for SuImoneUa, by the strain number for Proteza and Providencia and as YerGrpI & 

YerGrpII for Yersinia en~erocuZzitico. me letters in parentheses indicate the RZ gene fiom 

which the ZVS was isoIated for &imnella. For Proteus and Ptovidenciiz the I-CeuI 

fiagment is shown in parentheses. Asterisks above the sequence indicate absolutely 

conserved bases, and numbers at the end of each row indicate number of bases in the 

sequence. The famiiy of the IVS was demmined as d e s m i  in section 4.5 and is 

shown at the end of the sequence. a) All helix45 IVSs from &Imonello; b) Family M of 

SuImonelIa and M y  N of Y'inia GrpII; c) Families N and 0 of Yersinia; d) Family 

M of &ImonelZa, Q of Providencia and family R of Proteus e) Heiix-45 IVSs fkom 

representatives of family M and 0 of Wmonella, f d e s  N and P of Yersririu, Q of 

Providencia and M y  R of Proteus. 

The GenBank Accession numbers for the Protew and ProvicEencia sequences are as 

folIows; AF 17679 1 : SA5473(B); AF 176787: SA5474(E) (Miller et al., 2000). The 

GenBank accession number for P. e~eroco~itica Group1 helix-45 IVS is M35805 and 

Group 11 is M35811 (Skumik and Toivanen, 199 1). 







. .. .. 

127 P d l y  Q ( m d m d r )  
113 P d l y  R (Profaus) 
99 Family W (8-allr) 



99 I d l y  Y (Satm6nuUrl 
101 r d l y  a ( Y u 8 M r  Tf J 
95 F d l y  0 (Su&mao.Zla) 
127 r d l y  Q (Prorfd-ir) 
1 U  ?.rLly R (Ptotrpr) 
113 ? d l y  P (Yusim.fr I) 



4.7 Secondary stroctures of IVSa 

The r . A  secondary structure for all the sequences was predicted by f k e  energy 

minkhation using the algorithm of Zuker as implemented in the &old program (Zuker 

et al., 1999). The extended stem-loop structure of the NS replaces a tetraloop at the 

helix-25 and helix-45 locations from E-coli; a similar tetraloop is seen at these locations 

in the 23s rRNA of SaImonelZla when an IVS not present (fig. 4.12). Figs. 4.13 and 4.14 

show the secondary strucmes of one representative of each of the helix-25 and helix-45 

families. The RNA secondary structure reveals a primary stem composed of at least 16bp 

in both helix-25 and heiix-45 which results from an imperfect inverted repeat at the DNA 

level. The sequences in the stem region are highly conserved; this conservation is also 

seen in the CLUSTAL alignment (Fig 4.10 for helix-25 IVSs and Fig 4.11 for helix-45 

IVSs). The base pair changes between the families in the region of the primary stem are 

largely compensatory in nature wherein a base change at the DNA level resdting in a 

rRNA change which would disrupt pairing between two bases of the stem is usually 

associated with a corresponding change at the DNA level resuiting in a change at the 

RNA level in the base it pairs with, restoring the Watson-Crick pairing between the 

bases. The difference between the primary stems of the helix-25 NSs (Fig. 4.13) is 

c-ed by 3 changes, 2 of which are compensatory in nature (a base pair change 

and a base pair deIetion). One ofthe changes is a single base deletion leading to a pucker 

in the stem; chaages of this type have been shown to enhance RN8seIU cleavage 

(Nichokon, 1999). Similarly wmpensatory muations are common in helix45 (Fig. 

4.14); the difference between the primaq stems of the helix45 IVSs is chamxized by 



6 changes, 4 of which are compensatory base pair changes, one is a single base change 

and one is a multiple base change. 



Figan 4.12: Proposed secondary structures for the helix-25 and helix-45 tetraloops 

from the 23s rRNA of E. coll and 1 igpkirnrt&nz. 

The region of the helix-25 and helix-45 tetraloops at bp 550 and bp 1170 

respectively is shorn The sequences for this region of the rRNA were obtained from the 

study of NSs in S typhimurizun @&tatall and Sanderson, 1996), and were confinned in 

this study. The tetraloops are replaced by the extended stem-Imp structure of the IVS 

when present The h e  energy of folding is shown in kcaVmoL The horizontal linc 

indicates tht position where the tetraloop is replaced by the NS. 
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Figure 4.13: Proposed aea~ndary structures for representatives of helix-25 WS 

famjIies from Salnwneik and Rotetcs. 

Secondary structure predictions were made using the d o l d  program (Zuker et al., 

1999). One representative fiom each of f W e s  A, B and C of Salmonella and family D 

of Protew are shown The free energy of folding is shown in kcahol and the length of 

the sequence in bases is i n d i d  The rrl gene fiom which the NS was isolated is 

shown for NSs &om Salmonella and the I-CeuI fragment is indicated for Proteus. The 

horizontal line on the IVS at the base of the stem indicates the position where the 

tetraloops shown in Fig. 4.12 are replaced by the extended stem-loop structure of the 

NS. In an analysis of the base pair changes in the stem rrgion of different familes, the 

altered base pairs are shown and the type of mutation leading to the change are indicated 

to illustrate their compensatory or non-compensatory nature. AU other base pairs in the 

region of the primary stem were conserved. 



A0 = -72,SkcaVmol 
Family A( 129 bases) 
S,decatur (rrlG,A) 

AG = -66,6kcal/mol 
Family B ( 130 bases) 
S. enteri, idis (rrlA , H) 

b 

A 0  = -88. I kcaVmol AG = -46~8kcaVmol 
Family C ( 167 bases) Family D (13 1 bases) & 
S,en~eritidiis ( rrE or H )  evuk4ris (I-Ceul OVCVD & F) 



Fire 4.14: Proposed secondary structures for representatives of heh-45 IVS 

h i l i e s  from S r r l m o ~  PIohws and Y d d k  

Secondary structure predictions were made using the mfold program (Zuker et al., 

1999). One representative fiom each of families M and 0 of Salnonella, f d y  N and P 

of Persinia and family R of Protarr are shown The fke energy of folding is shown in 

kcaVmol and the length of the sequence in bases is indicated The rrl gene fiom which 

the IVS was isolated is shown for IVSs fiom Suimmella and the I-Cad fragment is 

indicated for Proteus. A base pair comparison of the stem region was made for the IVSs 

shown. The altered base pairs are shown and the type of mutation leading to the change 

are indicated to illustrate their c o m t o r y  or non-compensatory nature. AU other base 

pairs in the region of the primary stem were conserved The horizontal line on the NS at 

the base of the stem indicates the position where the tetraloops shown in Fig. 4.12 are 

replaced by the extended stem-loop stn~cture of the IVS. 





CHAPTER 5: aESULTS Role of IVSs in rRNA degradation 

5.1 Growth curves and viability counts of S d m w  spp. and E codl. 

Cells of E. coli, Salmonella agom (SARB I), S. ryphimzaiz~tn and SARC 10 

(SufmoneZZu of subspecies IV) were used in this study, the Salmonella strains used have a 

varying degree of IVS-facilitated rRNA fbgmentatioa 50ml of LB broth was inoculated 

with 0.5% inoculum and incubated at 37OC with aeration for 25 hours. The optical 

density of the culture was detemined at 540nm using the Klett-Summerson calorimeter. 

The cells multiplied exponentially for 3 hours, after that the increase in opticai density 

was slower and reached a amcimum of 380-405 IUett units after about 9-1 t hours of 

growth for the Salmonella spp. and E. cofz used This optical density was maintained for 

15-17 hours of continued growth af&r which there was a Nady but not sharp decline to 

365-380 Klett units (Fig. 5.1) till 25 hours. Viable counts for the same cultures are 

shown in Fig.5.2 for a 25 hour period, wherein the total viable counts were determined on 

LB plates. For every time point 2 independent di1ution series were done and 1OOpl of the 

dilution was plated on LB plates. Averages fiom these two dilution series is reported 

h m .  All the strains studied reached a maximum cell density of 6.2 x 10' CFUfml to 9.2 

x 10' CFU/ml after 13 hours of growth; on M e r  growth there was a decline in the 

viability of ?he cells to 1 x 10 CFU/ml to 3 x 10 CNfd at 25 hours. 



F i r e  5.1: Growth curves for E coli, S: 480- S @phimriun and SARC 10. 

0.5% inodum from a 12 hour old culture obtained from a single colony isolate 

was inoculated into 50 ml of f b h  LB broth in a IUett flask. 

Panel A: Growth was monitored by measuring the OD. every two hours at 540nm 

for 25 hours. The 01) units are plotted on a log scale on the Y-axis. 

Panel B: To kilitate comparisons, the data recorded in panel A are shown in 

numbers. 



Time (hours) 
B* 



Figure 5.2: Total viable counts for E. coil, S 4 g 4 ~ ,  S. @pMltll&m and SARC 10. 

0.5% inoculum fiom a 12 hour old culture obtained tiom a single colony isolate 

was inoculated into 50 ml of fiesh LB broth. Viable counts were monitored by plating 

appropriate dilutiom in duplicate on LB plates and incubatkg the plates at 37OC 

overnight. 

Panel A: The counts an represented as average CFU x 10 cells /ml on a log scale 

on the Y-axis. 

Panel B: To ficilitate comparisons, the data recorded in section A is shown in 

numben. 
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5.2 Degradation of rRNA during the ditierent phases of growth. 

Variation in rRNA content in strains of Saimoneiia arid E. coli during growth in LB 

broth over a 25 hour period was monitored. 0.5% inoculurn fiom a 12 hour culture was 

used and rRNA content was monitored every 2 hours at the same time points when the 

Klea readings were taken and viability counts were done. Fig. 5.3a represents the rRNA 

extmted fiom E. coli. The RNA was exeacted by lysing cells fiom 5 ml of the culture 

using 1% SDS + heat (at 65°C for 5 min) and repeated phenol extractions. After three 

phenol txtractons 2nd of the crude RNA extract was recovered as the aqueous phase. 

Each lane was loaded with 10 pl of the rRNA extract for the hours indicated on the 

figure. Figure 5.3b represents rRNA fiom S. agom extmted at the same time periods. S. 

agom has fragmented rRNA as a result of excision of a helix-25 NS fiom one n l  gene 

and helix-45 IVSs fkom two mi genes out of the seven rrl genes present in Suimoneila. 

Figure 5.3~ shows the rRNA extracted from ' typhimtaium LT2 which has been shown 

to have 2 helix-25 and 6 helix-45 IVSs resulting in greater fhpentation of the rRNA as 

compared to S. agom. Figure 5.3d shows RNA isolated fiom SARC 10 (Scrlmonella 

Refesence Collection C )  representing &lmoneika of subspecies IV, SARC 10 possesses 

the maximum number of rVSs detected in Salmonella with 7 helix-25 and 4 helix-45 

insertions. The RNA was extract& fiom the same stages of growth for all the analyzed 

strains. 10 pI of the extract containing RNA isolated fiom 5 ml of cells h m  different 

stages in growth was used in gel electrophoresis. 

Figure 5.3 indicates that the dZNA content in E. coli and the Salmoneila strains 

gown for one hour is low, this increases steadily, reaching the maximum level at I I 

horn of growth which coincides with the late stationary phase as shown in Fig. 5.1. The 



maximum number of viable counts were attained at 13 hours of hours, after which a 

decline in viability was seen. On fiather growth of these cultuns at 37OC, a decline in 

the concentration ofrRNA is obsexved till 19 hours of growth aftex which the decline was 

steep till 24 hours. No difference in the decline of rRNA concentration was seen when 

degradation of rRNA fiom E. coli was compared to that fiom the Salmonella strains 

which have varying degree of fkagmentation of the 23s rRNA as a result o f  excision of 

NSs. No difference was noted between the degradation of the 16s and 23s rRNk In 

addition, the kgments from 23s rRNA degrade at the same rate as 16s or intact 23s 

rRNA. 



Figure 5.3: rICNA from E coU and SalmoneUa over a 25 how period. 

0.5% inOCUIum from a 12 hour culture of a single colony isolate was inoculated in 

h s h  LB and the rRNA content during the different phases of growth in LB broth at 3TC 

with shaking. The hours at which the rRNA was extracted are indicated on the figure. 

The intact 23s and 16s dZNA which give 2.9b and 1.6kb bands are indicated a) rRNA 

from Ecoli, which contains no IVSs; b) rRNA from ' typhimwitan LT2, which has two 

IVSs in helix-25 and 6 NSs in helix45 (Mattatall and Sanderson, 1996). This leads to 

the fhgmentation of the 23s rRNA (2.9kb band). The excision of IVSs fiom the seven 

copies of rRNA yields fhgments of 2.4kb, l.%, 1.2kb, 0.7kb, and 0.5kb; c) rRNA fiom 

S. agonu, which possesses two NSs in helix45 and one in helix-45, this leads to the 

f'ragmentation ofthe 23s (Fig. 4.5); d) rRNA fiom SARC 10, which has seven IVSs in 

helix-25 and four NSs in helix-45, leading to extensive fhgmenta!ion of the 23s rRNA 

(Fig. 4.6). 





5 Stationary phase lyis of c ek  

There is evidence that in some situations the breakage of stationary phase cells is 

difficult (Kolter et al., 1993), therefore the apparent decline in rRNA content after 13 hrs 

(Fig. 4.3) could be a result of failure to lyse the cells and not due to decrease in rRNA 

content in the stationary phase. This explanation seemed unlikely, because no CFU were 

detected on LB agar after extraction of RNA by SDS + heat However, this idea was 

m e r  Med by various methods of lysis, testing RNA in the extcact and plating the 

lysed cells on LB plates to check for viable intact cells. 24 hour old cells of 

ryphrinwizan LT2 were lysed by the methods shown in Fig. 5.4, ie., by SDS + heat, by 

the French press and by sonication. The rRNA extmted fiom these c e h  is shown in Fig. 

5.4, panel A; laae 1 represents the rRNA fiom cells lysed by SDS + heat, lane 2 fiom 

cells lysed by sonidon and lane 3 fiom ceils lysed using a French press. The CFU/ml 

was determined by dilution and plating on LB medium (Panel B) The origind cuIhne 

had 6 x 10' CN/ml, rRNA extnrcted fkom cells lysed using SDS and heat treatment was 

maximum and no viable ceUs were detected on the LB plates. The cells lysed using 

sonication showed a lower conwatration of rRNA and retained 1 x lo8 CFUfml. The 

rRNA extracted fiom cells lysed using a French press showed the lowest concentration 

and the number of viable ceils retained was 8 3  x 10' CFUimL The concentration of 

rRNA fiom the cells Lysed using a French press was less than expected. The reason for 

this codd be that the recovery of cells from a French press after lysis was poor. 



Figure 5.4: Lysis of stationary phase cells using various methods. 

Panel A. Riisomal RNA extracted fiom 5 d of 24 hour old cells of S. 

lyphbmriirm was lysed using the various methods indicated in the figure. The 16s rRNA 

and the mentation products ofthe 23s rRNA are i n d i d  The 0.5 and 0.7 kb bands 

are not visualized due to low concentration, 

Panel B. The number of CFU/ml in the original culture and in the aliquot of cells 

lysed using the various methods is shown 
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5.4 Degradation of rRNA after extraction. 

There is a possibility that the apparent reduction in the rRNA content in the 

stationary phase cells (Fig. 5.3) may be due to the action of RNA degrading enzymes 

which are released &om staliomy-phase cells which are not present in Log phase cek. 

Ribomal RNA extmcted fiom stationary phase cells may also be subjected to the lytic 

action of enzymes that it would be subjected to in a cell extract, but would not be exposed 

to in an intact cell. To test if stationary phase cells contain a high concentration of such 

degradatlve enzymes, rRNA was extmted &om 4 hour old eels mixed with cells fiom a 

28 hour culture. Lane 1 of Fig. 5.5 represents 10 pl of the rRNA extract fiom lOml of a 4 

hour culture, lane 2 represents 10 pl of the rRNA extract fiom 10 ml of a 28 hour culture. 

Ribsomal RNA in lane 3 was exbracted fiom a mixture of 5 ml of4 hour and 5 ml of 28 

hour old culture. No rRNA was detected h m  the 28 hour cultwe. The concentration of 

rRNA in lane 3 is close to 50% of the rRNA in lane 1, indicating that rRNA extracted 

fiom the four hour culture was not degraded by the action of degradative enzymes, 

present m the 28 hour culture. Therefore basis for rapid decline in the level of rRNA in 

the older cultures does not appear to be degradative enzymes in the extract 



Fire 5.5: Action of degradative enzymes on stationary phase rRNA 

Lane 1 represents rRNA from a 4 hour cultme, lane 2 fiom a 28 hour culture 

and lane 3 represents rRNA from a mixture of 4 and 28 hour cUrtures. 





CHAPTER 6= DISCUSSION 

The number of IVSs in the 7 rrl genes (detected by PCR) and the number of 

cleavage sites in the rRNA (detected by the fkagmentation panem of the rRNA) from 72 

SolmoneZZu strains of the SARB set (representing sub-genus I) and 16 strains of the 

SARC set (representing all 8 sub-genera of Salmonella) were determined. The following 

important conclusions were derived from the above analysis. 

6.1 Occurrence of IVSs at the conserved helix-25 and hek-45 Iocations in 

Sallldonella. 

AIl lVSs in &ImoneNa occur in or close to heliu-25 (bp 550) or helix45 (bp 1 170) 

regions of the 23s rRNA The PCR and RNA fhgmentation data indicate that the site of 

IVS insertion is indistinguishable &om the expected sites. NSs in both helix-25 and 

helix-45 have been previously reported in Helicobucter (Hurtado et aL, 1997), 

Haemophzius (Xh-Ming-Song et al., 1999), Protew and Providencza (Miller et d., 

2000). IVSs around bp 1170 have been reported in AczinobuciZItcs; (Haraszthy et al., 

1992), Campylobacter (Konkel et al., 1994), Leptospita (Ralph and McClehd, 1993). 

Persriria (Skmnik and Toivanen, 1991), Rhodobacter (Konkel et aL, 1994) and Caxiella 

(Afbeth et aL, 1995). NSs have also been found at other Iocations, at bp 135 and bp 400 

of the rrl gene in Wbiaceae (Seienske-Pobell and Evguenieva-Hakenberg, 1995) as 

well as in the 16s rRNA of Cimgylobacter helveticus (Linton et aL, 1994b), 

fIercobacfe~ crmb (Linton et aL, 1994a) medbum and P d ,  1993). Clomblizmt spp. 



(Rahey et al., 19961 Rhizobieon tropici(WiIIem aud Collins, 1993), and Caedibactrer 

cmyophila (Springer et al., 1993). Thus the positions where NSs can occur are diverse 

but by no means random, and in Salnronella all the NSs an at the two most common 

sites. Insertion of IVSs and excision of these elements after transcription are thus 

tolerated at certain conserved locations in the rRNA suggesting that continuity of the rr2 

gene in this region of the 23s rRNA is not required for ribosome hctioning. It is 

interesting that NSs in SaImoneIZa occur at positions in the 23s rRNA gene that are 

homologous to two of the positions in which expansion elements occur in eukaryotes, as 

reviewed by (Burgin et d., 1990). Expansion elements in eukaryotes are extremely 

variable in sequence and position and are present in Drosophila and several other 

eukaryotes (Lanversin and J a q  1989). Some have acquired fimctions and some of them 

are removed during rRNA processing, these have been called tnmai'bed spacers or 

firagmemation spacers (Lanvenin and Jacq, 1989). 

6 Ribosomal RNA fhgmentation is always a result of IVS excision. 

Fragmentation of the rRNA in Salmonella is always due to the excision of an NS 

w e n t  at bp 550 andlor bp 1170 in all the strains of &Imonella tested (Fig. 4.3 and Fig. 

4.6). The fhpentation pattern of the rRNA in al l  86 strains tested did not show any 

bands that could not be attributed to excision of NSs. Fragmentation of the rRNA in 

some genera is the result of other causes; in the central region of the 23s rRNA, at sites 

where no NSs were present, hgmentation was seen in several Agro6acterium strains as 

well as most strains of Rhizobf2un leguminosrmmr and Rhiro6itan erli as wefI as other 

Rhtzobiran spp. (Seleaska-Pobell and Doring, 1998). Nonrandom mentation of the 



rRNA, that could not be attniuted to excision of IVSs was seen in Heiicobucter pyZori 

during conversion from baciUary to coccoid forms. Both 16s and 23s rRNA show 

distinct highly specific mentation patterns at conserved sites (Selenska-Pobell and 

Doring, 1998). However, in Salmonella our data indicate that all hgmentatin of rRNA 

can be dirrctly attributed to the presence of IVSs. 

6.3 Selective pressare for IVS removal. 

63.1 IVSs are not retained in the mature 23s rRNA. 

The number of IVSs at the helix-25 and helix45 locations for all strains was 

detected by PCR Independently the rRNA fkom these strains was analyzed to detemine 

the number of IVSs excised fiom the 23s rRNA to give the fhgmentation pattern 

characteristic of the strain. The number of IVSs detected by PCR and the number of 

WSs determined on the basis of analysis of the rRNA fbpentation pattern were 

identical for dl sbaim suggesting that IVSs when present are always excised out &om the 

mature U S  r m  W I y  by RNase III. Uncleaved IVSs were not detected in any 

of the strains tested RNase III-deficient mutants of S. ~ i i i m w i m ,  which retain IVSs in 

all their nisomes, are known to be viable in culture! (Mattatall and Sanderson, 1998), yet 

mcieaved IVSs were not detected in 86 wild type strains of ~lmoneiZu in the present 

study (Fig. 4.5, Fig. 4.6). This indicates that these strains must have a strong selective 

pressure for maintenance of s w c e s  which form a basspajred stem at the site of the 

NS in the rRNA transcript (this stem is the substrate for RNase III excision of the NS), 

othemise mexcised IVSs would occasionaUy be Mected This mggestJ thet the 



continued presence of the IVS in the rREA might hinder optimal functioning of the 

riibosome. It has been shown that the regions at the end of the 23s rRNA form a stable 

stem which is essential for RNase III-mediated 23s rRNA maturation (Liiv and Remme, 

1998); it is seen that there is a similar conservation of the a m  region of the N S  

(discussed later) to ensure their removal. This suggests that though strains with intact 

IVSs are viable in culture (Mattatall and Sanderson, 1998), they would not survive in 

nature and removal of NSs confers selective advantage. 

6.3.2 Compensatory mutations in NSs. 

Comparative sequence analysis in other organisms has revealed positional 

covariance (also called, and here r e f d  to as compensatory mutations). Compensatory 

mutations in the DNA occur when nucleotide substitutions at one position are associated 

with substitutions at another location, which restores canonid base-pairing of the RNA 

product of the DNA The occurrence of compensatory mutations indicates that the pair 

of altered bases in the RNA interact through secondary structure (Gutell et al., 1994). For 

example, comparative analysis of 16s rRNA sequences fiom the ECOR set of E. coli 

strains has revealed compensatory mutations in specific regions, which confirm 

previously predicted secondary structure (Mutbez-Mucia et aL, 1999). The importance 

of secondary structure in the spacer region for mase III processing (which brackets the 

23s rRNA gene of E. colz) was proven through comtmction of compensatory mutations 

in this region (Noller, 1984). SimiIarly, my comparative analysis ofthe IVS sequences in 

the pairnary stem in Wmonella, Proterrs, Providencio and Yersinia contirms the 

importance of secondary stIucnne in the primary stem region as a substrate for the RNase 



III. In the primary stem region of helix-25 (Fig. 4.13) and helix45 (Fig. 4.14) the base 

changes are largely compensatory in nature. The high frequency of these compensatory 

mutations confirms that physical interactions occur at the sites predicted by the fke 

energy mhhhtion program (Zuker et aL, 1999). The existence of these compensatory 

mutations strongly suggests that there is selective pressure to maintain the RNase III 

cleavage sites; it also confjrms the importance of removal of the IVSs. This indicates that 

the continued presence of the IVS in the rRNA might hinder optimal functioning of the 

ribosome; RNase Ill deficient mutants of S. ryphimurim LT2 in which all niosornes 

retain IVSs are viable in culture, but may not survive in nature. Even in wild type strains 

which have many IVSs, uncleaved NSs are never detected (Fig. 4.5, Fig. 4.6) even 

though mutation of the primary stem region is seen between the enterobacterial IVSs 

(Fig. 4.10d and 4. I le); these facts, and the compensatory mutations, reveal the 

importance of removal of the IVSs fiom wild types strains. 

6.4 Traasfer of IVSs. 

6.4-1 Trsnsfer o f  NSs in salmonellae involves both verticai and horizontal 

transfer. 

EvoIutionaq trees showing relatiomhips of 72 seains of the SARB set (Boyd et al., 

1993) and 16 shahs ofthe SARC set (Boyd et aL, 1996) of  SxImoneZla were previously 

constructed, b e d  on multi-locus enzyme electrophoresis. The number of NSs in the 

seven rrl genes for each strain was determined The data show that very closely related 

strains o h  show identical or very similar pettffIls of disbnibution of IVSs (Fig. 4.5 and 



Fig. 4.6); for example, of eight streins with no IVSs, seven are members of three groups 

found at different locations on the SARB tree (Fig- 4.5) (Pal and Sel; Pcl, Pc2 and Tsl; 

Mol and M06). This indicates some d e p  of stability of NSs, indicating vertical 

bansmission However, there is also much evidence for horizontal transfer of NSs. IVSs 

are often found in Straias which are unrelated according to MLEE criteria; NSs seem 

randomly distniuted through the various divisions of the S A R B  set, and are usually 

present in each of the eight subgenera ofthe SARC set (Fig. 4.6). Thus there is no strong 

overall pattern of possession of IVSs on the tree either in helix-25 or in heliX-45. An 

apparent exception to this is sub-genus V (S. bongori) which has no helix-45 IVSs in the 

two strains tested (Fig*4.6), suggesting the possibility that helix45 entered after the 

divergence of the other SaImonella fiom S bongori, but this apparent exception is not 

real, for NSs were daemd by PCR in helix-45 in 2 of the 13 strains of S. bongort which 

were tested (data not shown). It was earlier reported that E. colt strains do not have 

IVSs(Burgin et d., 1990). I confirmed this; a l l  72 strains fiom the ECOR set (Ochman 

and Selander, 1984) were tested by PCR for the possession of NSs at the helix-25 and 

helix-45 regions, and none were detected (data not shown). It can be suggested that 

SulmoneZIa acquirrd NSs, pcesumabIy due to a horizontal transfa event fiom an external 

source, after the divergence of SaImoneIlu fiom Ekcherichza, estimated to be over 100 

million yean ago (Ochman and Wilson, 1987). Representatives of the different fbiIies 

of helix-25 (A to C) and helix-45 (M & 0) are distriiuted rather randomly among the 

strains of the SARB set (Fig. 4.11). The absence of a strong o v d  pattern in terms of 

possession of NSs and distri.ution of fiimiles on the SARB and SARC trees indicates 

that the possession of NSs is a random phenomenon and that the process of accpisition 



through horizontal traasfer and spread among the scven m1 genes accompanied by 

s p o d c  loss of IVSs is continuous among the ScrlmonelZa spp. It can thus be postdated 

that SuZmonella spp. acquired IVSs by genetic transfer fiom an external source after the 

divergence of Salmonella f?om Escherichia, presumably due to a horizontal transfer 

event into Salmonella 

6.4.2 Horizontal transfer of IVSs in Entembaczkrkeae, 

Helix-25 IVSs from family D of Proteus vulgaris show 74% nucleotide identity to 

helix-25 NS from the rrlH operon of S. ryphimurium (Mattatall and Sanderson, 1996; 

Miller et id., 2000). Nucleotide identity of f d y  D of Proteus VUIgatis to the other 

helix-25 families of Proteus mimbilir and Proteus penneri is 50% (Table 4.2). This is 

suggestive of a horizontal transfer event beween ScrImonella and Proteus vulgmis. 

Blocks of similar sequences are shared between the helix-45 IVSs from Proteur and 

Providencza (Fig. 4.1 id) (Miller et al., 2000), and the difference between these families is 

characterized by two large insertions. It has been reported that the helix-45 NS fiom 

Ymsmza enterocoiirca group I1 is more related to the helix-45 fiom SuLmonella 

tphimutizcm (89% nucleotide identity) and Salmonella enterica (84% nucleotide 

identity) (SlnrmiL and Toivanen, 1991) than to the helix45 N S  fiom Yersinia 

enterocolittico group 1 (60%). The conservation in the stem region of helix-25 (Fig. 

4.106) and helix-45 (Fig. 4.1 1e) is shown The discrepancies in nucleotide idemities of 

NSs firom the different enterobactaiai genera in which they have been detected as 

compered to the overall chromosod homology indicate extensive horizontal transfer of 

KVSs within the W y .  Advanced BLAST searches, with increased E values, against the 



non-redundant nucleotide database at the National Centre for Biotecbnology Infomation 

(Altschul a al, 1997) do not reveal homology between the enterobacterial IVSs and NSs 

tiom other genera of bacteria Thus there is evidence for horizontal transfer of NSs 

between the four different enterobacterial genera, but there is no evidence for horizontal 

transfa between the enterobacterial genera and other bacterial groups. Yet it is sbiLing 

to note, as discussed above, that even when there is no homology, the IVSs in different 

bacterial genera occur at relatively conserved locations, usually in helix-25 and helix-45. 

The primary stem regions of families A, B, C (SaImuneIla) and D (Proteus) are 

very s m ,  so are placed in superfamily I. The diffaences between the families are 

characterized by changes in the secondary regions. Primary stems of familes E, F and G 

fiom Proteus and Providencia resemble each other, but are not similar to superfamily I in 

this region, so are postulated to originate fiom a different ancestor and to belong to 

superfgmily I1 All the previously reported helix45 NSs in families Q and R (Pruteus 

and Providencia), f d e s  N and P (Yersinu), and frmilies M and 0 (SalmoneNa) 

(present study) show a well ~ 1 1 s e ~ e d  primary stem and thus belong to the same 

superfamily III indicating origin fiom a common ancestor. The secondary region of most 

M e s  are also related, though there has been many base pair changes and indels, but P 

(Yersmza), in spite of well wuswed identity in the primary stem, is so different in the 

secondary region, that it appears to have an independent origin- 

6.4.3 Entry and spread of IVSB in S o l m e  

The above observations lend support to the speculation that IVSs are t r a o s f d  

among the bactaial species by horizontaf transfer using phage-mediated transduction, or 



other methods like transformation or conjugatio~~ Spread between the different ml genes 

of an individual cell could be a result of reciprocal recombination (RecA mediated) or by 

gene conversion (non-reciprocal) (Mattatall and Sanderson, 1998). However, an 

altemdve hypothesis rather than a continuous process of IVS-transfer between the 

species of Salmonellla, is that the progenitor SaZmonelIu obtained an IVS (probably by 

horizontal transfer) but that subsequent variation between different spesies was simply 

due to loss ofrVSs fiom some strains, 

The presence of three! familes of helix-25 IVSs might be explained in two ways. 

First, the WSs might have entered Salmonella in thret independent horizontal transfer 

events; however this seems unlikely since nucleotide identity between the different 

f d e s  in the region of the primary stem is almost complete. A second explanation is 

that there was only a single horizontal transfer event of a helix-25 IVS into SizImoneIIa 

and this sequence underwent random mutations. Many of these mutations in the region 

of the primary stem wen seiected against or compensatory due to the f'uactional 

importance of this region for excision by RNase III; however mutations in the regions of 

the secondary stem and loops were not selected against and led to the sequence 

divergence. This however should have led to IVSs diverged randomly with the similarity 

residing mainly in the region of the primary stem and does not explain the tight 

nucIeotide conservation within the different familes. It can be speculated that NSs 

entend Sa[nonelZa by a horizontal transfer event and the spread among the different 

serovars of Salmon& i s  a result of a combination of vertical and horizontal transfer. 

IVSs could not successfully establish in Escherichkz and in other enternbacterial genera 

in which they are ab- as these elemeats do not perform any hction in the cell, or 



these elements entered SalmonelZu after the divergence of SaImoneZZa from Escherichia 

which is estimated to have been 100 million years ago (Ochrrmn and Wilson, 1987). 

6.5 Function of NSs and their role in the breakdown of rRNA in SdmoneUa and 

E. cot& 

The random dktnicbution of IVSs in the different bacterial genera, as shown by their 

presence in Salmonella and absence in Escherichiiz, and the random dktriiution of the 

number of IVSs in the 7 rrl genes of the diffaent Salmltella species, indicates that they 

are not essential elements for survival. Ribosomes with fkgmentcd 2.3s rRNA are 

functional, but firagmentation of Suimonello rRNA is not necessary since 8 out of 72 

SzImonella strains in the SARB set have no IVSs and hence no hgmentation, yet they 

are viable. It is hence not clear if the IVSs have been recently acquired in evolution or if 

they have been present in all bacteria and some may have lost them in the course of 

evohtion. 

One of the proposed functions of NSs is that they play a role in the degradation of 

stationary phase rRNA (Hsu et aL, 1994). The degradation of ri'bosomes and rRNA in the 

statiomy phase has been previously reported as an adaptive response by celk to the 

onset of adverse conditions (Mandelstam and Halvorson, 1960) (Ben-Hamida and 

Schlessinger, 1966). This process provides nucleotides and amino acids for cell 

metabolism (KapIan and Apirion, 1975a) (KapIan and Apirion, 1975b). It has been 

reported that the degradation of rRNA in strains of ShZmonella with IVSs is m o n  rapid as 

cornpared to the rRNA degradation in Vibrio spp. and E. coli, which do not have 



hgmented rRNA (Hsu et al., 1994). RiLbosomal RNA in E. colz cells grown in LB broth 

was undetectable on an agarose gel after 8 hours of growth while the rRNA in SalntoneZZu 

ohio with IVSs was shown to be undetectable after only 6 hours of growth suggesting 

that the degradation in Wmoneilu is faster (Hsu et al., 1994). This could be a selective 

advantage to the cells which helps the cells respond more efficiently to the depletion of 

nutrients. A less rapid degradation of 16s rRNA (without IVSs) than of 23s rRNA (with 

NSs) in Salmonella was also noted in this study mu a d, 1994). 

In the present study, with a better understanding of the distnibution of the number 

of IVSs among Salmonella strains of the SARB and SARC sets, the role of NSs in the 

degradation of stationary phase rRNA was reexamined. The rRNA content in E. colz 

and in the &ZrnonelZu strains with varying degrees of IVS-faciltated fkgmentation, is 

low after one hour (Fig. 5.3); it increases steadily, reaching the rmcimum level at 12 

hours of growth which coincides with the late stationary phase (based on optical density 

as shown in Fig. 5.1) and with maximum CFU/mf (Fig. 5.2). On fhther growth of these 

cultures at 3?C, a smooth decline in the concentration of rRNA is seen till 20 hours of 

growth, after which the decline was steep till 24 hours. No diffennce in the rate of 

decline of rRNA concentration was seen when degradation of rRNA from E. coli was 

compared to that fiom the Salmonella strains which have varying degree of f'ragrnentdon 

of the 23s rRNk No merence was noted between the degradation of the 16s and 23s 

rRNk In addition, the loss of rRNA in the stationq phase was not dependent on the 

number of IVS insertions. The extent and pattern of rRNA degradation observed was 

thus in contrast to that obse~ed by IIsu et d., 1994. It is thus wncluded that WSs do not 

play a role in the degradation of stationary phsse rRNA 



Most experiments on the degradation of ribosomes and H A  in E. coli ham been 

conducted under conditions of carbon, nitrogen or phosphate mation.  A comparison of 

the degradation of nisomes shows that degradation is more rapid in cells grown in L- 

broth as compared to ceUs grown in phosphate medium, and suggests that the catabolic 

ePymes for nibowme degradation are induced differently in the two media (Ramagopal, 

1984). Experiments where the nucleic acid content in the cell was monitored &ou@ 

[%I-uridine labelling by growing E. coli cells in media Iimited for nitrogen, carbon or 

phosphate show that the rRNA content began to decrease at 12-21 hrs with the onset of 

loss of viability. The 16s and 23s rRNAs decreased 30-40% in the early stationary phase 

and to 10-15% following 21-29 hours (Davis et aL, 1986). It has been suggested that the 

loss of ribosomes and rRNA begins with the onset of loss of viability and once begun, 

proceeds rapidly to completion (Ramagopal, 1984) (Kaplan and Apirion, 1975a) (Kaplan 

and Apirion, 197%). 

In summary, intervening sequences are tramfared between the e n t e r o w  

strains by horizontal transfer. The primery stem of IVSs, which is the RNaseIU cleavage 

site is well conswed, however, the region of the secondary stem and loops can undergo 

extensive sequence divergence. No wild typc strains were detected with uncleaved IVSs 

in the mature rRNA suggesting that there is a positive selection pressure for the removal 

of IVSs. IVSs were detected onIy at the helix-25 and helix-45 locations indicating that 

discontinuity in other regions of the Z S  rRNA is not toIerated 

6.k Futnre studies. 

Some interesting aspects of IVSs that can be studied are: 



1. Analysis of unclaved IVSs in RNaseIlI mutants to study if they are located on the 

surface of the ribosome, such that they do not disrupt ribosome strucane. Cells carryiag 

uncleaved rVSs in the 23s nbosome are viable (Mattatall and Sanderson, 1996) which 

indicates that the NSs must be arranged in a way that prevents them tiom interfering 

with the stmtmt and function of the ribosome. The location of IVSs in the mature 

riisome can be determined by testing the binding efficiency of bulky groups to the 

surface structures of the ribosome and using primer extension analysis to determine the 

location of the bulky groups (Egebjerg et al., 1990). 

2. IVSs have been reported in the enterobacterid species of Salmonella (Winkler, 

1979) (Burgin et aL, 1990) (Mattatall and Sanderson, 1996), Yersinia (Skrrmrk and 

Toivanen, 1991), Protew (Miller et al., 2000), and Providencia (Miller et al., 2000). 

Other enterobacterial genera tested, including Ci~robacter, Entererobacter, Klebsiella, and 

MorganeiIa do not possess IVSs (Miller et al., 2000). Further anaIysis of other genera 

&om Enterobacteriaceae for the possesion of NSs is being conducted in our laboratory. 

This will shed light on the extent of horizontal txansfa of IVSs in Ekterobucteriiaceae. 
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