INTEGRONS IN PSEUDOMONADS
ARE ASSOCIATED WITH
HOTSPOTS OF GENOMIC

DIVERSITY.

Neil Wilson BSc. (Hons)

Department of Biological Sciences,
Macquarie University, Australia.

1\%/[

YYYYYY

Thesis submitted: August 2007

A thesis submitted for fulfiment of the requirements of the degree
of Doctor of Philosophy



TABLE OF CONTENTS

R 10 L0 Y 1 VII
STATEMENT OF CANDIDATE ......ccoiiimmnmsninissssssssssssssssssssssssassassssssssssssassassassassssssnsssssassns IX
ACKNOWLEDGMENTS .....oitiimiimimssmisnisisssssssssssssssssssssssssssssssssssssssssssssssssssnssassassnsssnssnssnssassnssasns X
ABBREVIATIONS.....ciitimimiminieisiemsssssnisnssssssssssssssssssssssssssssssssss sassssssassnssasssssns snssnssassnssnssnnsns XIII
CHAPTER 1 - LITERATURE REVIEW ....iimnnnsssssssssssnsssssssssssssssssssssssssssssssssssns -1-
1.1 — Bacterial DIVErSity ...ccceeueciiiiiiiiiinnennnnieieieiiiieearansesesssessensssnssssssssssssssssnsnssssssssssssssssnnnsssssssssssssssnnnnnssnns -1-
1.2 - The nature of genetic Organisation .........ccoccveeiiiiiiiiiiiiiiiiiine s aane -2-
1.3 — Origins Of GENELIC NOVEILY....ccciiiiiiiiiiiiiirnrnnnnnnnneneententtetteetiintiieiieeeiessisssssssssssssssssssssssssssssssnssnnsnssansans -3-
1.4 — Genetic MOdUlariSatioN .........ciiiiiiiiieiiiiiiiirrri s e as e e s s e s s nane -6-
Tl o T o o Y -7-
T A 0 oY=l o o T 2Y/o] [V To] s F RS RPRRTR -8-
eIl 143 =T =4 o 4 S -11-
S R = 7= Vol € d o 0 1o Vo PR -11-
1.6.2 — Core Integron Distribution and DIVEISITY ......ccocueiiiiiiiiiiie e see e e s e sree e -16 -
1.6.3 — Integrons and GENOMIC CONTEXLE .....cciiuiieieiieeeeiieeecie e e et e e eete e e ete e e e bt e e estaeeeeaeeeesateeeeateeessaeesnsseeennes -27 -
1.7 — The mobile integron Paradigm ......ccccceiiiiiiiinniiiiiiiiiteiiiiineeeriiessssssssssssssssesssssssssssessssssssnsssssssssses -31-
1.8 — The generalised chromosomal INTEZION ......ccceveiririumuuennnnnninntiineirie s sessssssssssssssssssssssssssssssnns -34-
1.8.1 — Limitations of the generalised Cl CONCEPL.......oviriiriiiinieirtere et s -38-
1.9 - The need for model organisms to characterise CIS.......ccccccvveeriiiiinisneeniisissssnneenisssssssssssssssssnnssssssssses -40 -
1.9.1 — Pseudomonas spp. as @ MOAEl OFZANISIM ......cccveieiiiiieiiiee et eereeeeee e e rre e e sree e sreeeserveeeenbneeenns -40-
1.10 — The BENUS PSEUAOMONGS ........coceerruemiiiiiissinnennisiiisssssesiissssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssss -42 -
1.10.1 — A brief history of EeNUS PSEUAOMONGS............c..eeeccuviiiciie ettt stee e seee e seve s e eaee e -42 -
1.10.2 —The Ps. Stutzeri SPECIES COMPIEX ...ciicuiiiieiereeiiee ettt e ste et e st e s e e e sae e e saeeeessreeesateeessaeesnsseeennns -42 -
1.10.3 — Relationships between Ps. StUtzeri EENOMOVAIS ........cocviriieeiierieeree et -44 -
1.10.4 — Ps. stutzeri distribution and €COI0ZY ......cueiieuiiieiiie ettt e e e e -45 -



1.10.5 - By what mechanisms do g2enomovars diVErZE?........coccveiiiiieieiiei et ee e eere e e vee e eaae e -46 -

1.10.6 - A role for integrons in the diversification of Ps. stutzeri genomMoVars..........ccccevveeeerereeneneeniennn -46 -
1.11 — Aims Of the Present STUAY ....c.cciieiiiiiiiiiiiiiiiiecrrrrrsnennenneeeereeeeeeeeeeeteeteeeteeesessesessssssssssssssssssssssnssnsanans -48 -
CHAPTER 2 - GENERAL MATERIALS AND METHODS.........rnnccesessssssnsnnses -50-
b R = T Tt L= T 4 1T -50 -
b el 0 1N T T A o N -52-
728 T 1 N -52-
2.4 — Agarose Gel EleCtrOphOresiS......ooovvuuumumenmennientiiiiiiiiiiiiiiiiiiiiisiiisiisssssssssssssssssssssesssessesssssssne -53-
2.5 = Southern HybridiSation .........cccovevvcemnnmenneenieniiiniiiiiiiieiiiisiisiiisnssssssssssssssssssssssssesssenes -53-
2.6 — Preparation of PCR Products and plasmid DNA for SEqUeNCiNg......cccccevrrrirrrrrcrrrsneennensnneennesseesseeneens -54 -
2.7 — SEAUENCE ANAIYSIS .. cieeiriierrrerrerrrrsnnnnnnnenenneereeeteeeeeseeeeeeeessaesssssssssssssssssssssssssssssssssnssnsnsssnsessessssssessnnnes -55-
CHAPTER 3 - CHARACTERISATION OF STRAIN COLLECTION......rcrrrreeseenens -57-
20 Al 131 Yo 11t T N -57-
3.2 — Materials and Methods .........ccovvviiiiiiiiiiiiiiiieer e ssssss s ssasssssssssssansasssssssssnnnes -64 -

R Rl =10 ) G = O PP PP PP PP PPN TPPIRE -64 -

3.2.2 — Analysis Of BOX-PCR Profil@S.......cccuiiiiiiiiiiieiciieeciiescsies st et se e e sere e e seree e ssbae e s snaeeesnneessnneaens -64 -

3.2.3—16S rDNA and 16S5-23S IGS PCR.....uutiieeiieeciiie ettt e ettt e ette e e stte e e stt e e e etbeeeeabeeeeabaesesssaeeesaeaeesreaens -65-

3.2.4 — RFLP analysis of 16S rDNA and IGS1 SEQUENCES.....cccuveeeirreeiirreeeiieeeeieeeesireeessreesssseeessseeesnsessenssneas -65-

3.2.5 — SEQUENCE ANAIYSIS..eiiiiiiiiiiie ittt ettt e st e e st e e et e e e s b e e e b e e e ste e e s teeeeerbeeeebeeeernreeeareeeens -66 -
20 Tl 3 1= 13N -69 -

I Tt R 10 ) o O S -69 -

3.3.2 — Analysis of 16S rRNA gene RFLP Profiles........c.coeeiiririiiieniineeseeeeieeeseee et -72-

3.3.3 — Analysis Of IGS1 RFLP Profiles .....ccccueiieiiiiiciiiee ettt ettt eeette e e eabe e e sbae e e sraae e sraeeensaeaens -74 -

3.3.4 — Confirmation of strain independence and ProveNaNCEe ........ccvvevvveieiieieiiieesiee e -76-

3.3.5—16S rRNA ZENE PNYIOZENY ...cocnetiii ittt ettt e et e st e e e s te e e e etaeeeesbeeeebeeeesteeeesreeeenseeaeas -78-

3.3.6 = 165-235 1GS PRYIOZENY ..ervereeeeeeeeeeeeeseeeeeeeeeeeeee e e e e seeeeeses et seessessessesesseeseesesesssseesessesesseeseeseees -82-
3R B 000 T4 T (1T T TN -86 -

CHAPTER 4 - DISTRIBUTION OF INTEGRONS AND GENE CASSETTES IN
PSEUDOMONAS ...coviriisssmmssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssssssssssssassssassssssassssasassnns -89 -



A1 - INTFOTUCTION ceuureeicierereieeeeenereeerereteteeesnsssseeeserererensssssssssssersssssnsssssssssesesssannssssssssesessssnsnnssssssssesesssnnsnnsns -89 -

4.1 - Materials and Methods ..........ciiiiiiiiiiiiiiiirier e aes -95-
4.2.1 - PCR SCreeNINgG fOr INTEEIONS. .. uiiiiiiiieiiee ettt steeeetee e te e e st e s ee e e s e e e st ae e sssaeesassseesssseeesnseeessseesanns -95-
4.2.2 — Probe design for integron deteCtioN ........c.iiiiiiiiireeiereeee ettt s -98-
4.2.3 — Southern hybridiZation ........cee i e et e st e e e stae e sbb e e eeabaeeenraneenns -100 -
4.2.4 — SEOUENCE ANGIYSIS . .uviiieiurieeiiieeiitteeeiteeesieeeestaeeesteeesateeessteeesseeesssseeesssaeesssseesssseessssessnssesensseeennes -101-
4.2.5 — Public Database SEArChES .......ccocuiiiiiiiicie ettt et te s s s s enarae e -101-

e B T U ] 1 N -103 -
4.3.1 — PCR detection Of INTEEIONS .....cciciiiieiiec et ettt e tee e tae e e e ttee e e tae e e atee e sbaeessbeesenbaseesaeeesnsaensns -103 -
4.3.2 — Southern hybridisation integron detection — Core INtegron ........ccccveeeeeeeieiiieecciee e e -106 -
4.3.3 — Southern hybridisation integron detection —59-D€ ........ccccveiiiiiiiiier e -110-
4.3.4 — Analysis Of RECOVEred INTEZIONS .....cevirueiiertieie ettt sttt st s sb e et e b saeesbe et saes -114 -

4.3.4.1 — Analysis Of reCOVEred iNtI GENES.......cccviiiiiee et e e re e e sre e e sta e e e etae e e eraaeeereeas -114 -
4.3.4.2 — Analysis Of recovered Gtt] rEZIONS.....ccuiiiiuiieciiee ettt estee s re et e s stee s e sare e e sreeeereeas -118 -
4.3.4.3 — Putative identifiCation Of Pe.....iccieiieeciecr ettt s -120-
4.3.4.4 - Putative identification of int/ regulatory SEQUENCES.........cccvvveeeiiieeciiiee e -122 -
4.3.4.5 — ANalysis Of GENE CaSSELLES.....uuiiiiiiiieiieeiiieeeriee sttt e st e st e e e see e e sae e e e saaeeessteeestaeeenraneennseeas -124 -
4.3.5 — n silico analysis of Pseudomonas family integron distribution ............ccccceeiiiiiiiie e, -124 -

4.4 — CONCIUSIONS .ciiiiinneeniiiiiiineiiiisiisssseesssssssssssssessssnssesssssssssssessssssssssssssssssssssessssssssssssessssssssnssssssssssnen -126 -

CHAPTER 5 - GENOMIC CONTEXT OF PSEUDOMONAS INTEGRONS..........ccccceunucee -131-

L0 B 1o o (1oL o T -131-

5.2 - Materials and methods

5.2.1 — Summary of cloning, detection and sequencing strategy

5.2.2 - Analysis of gene cassettes

5.2.3 - Sequence Analysis.................

5.2.4 - Phylogenetic Analysis ...........
LR Bl 30T U -139-
5.3.1 — Recovery of addition iNtEGroN SEQUENCES. .......evuiririererie sttt ettt st sae e seees -139-
5.3.1.1 — Extension of existing iNtEZroN SEQUENCES .........ccccueieeiireeiieeeecreeeeieeeeteeeeeireeesaeeeeenreeeeareaean -139-
5.3.1.2 — Characterisation of Ps. stutzeri 19SMN4 (4A) and DNSP21 (5A) integrons.........cccceevvveeenneen. -140 -
5.3.1.3 — Characterisation of Ps. stutzeri GV.2 INtEEIONS ......cccueveerieriereeieneree sttt siee e sree i saees -144 -
5.3.1.4 - Characterisation of additional integrons / cassette arrays........ccccceveeeeeeereeeieeeceeecreceee e, -144 -
5.3.1.5 — Analysis of recovered SeNne CasSEILeS......ccuiiiiiiiriiiicie et ree e are e -148 -
5.3.2 - Recovery and analysis of integron flanking SeNes .......c..cocvveiiiiiinininn e -152 -
5.3.2.1 — Characterisation of integrons at loCUS 1 .......ccceeieiiiiiiiieeiiie et e e eaeee e -158 -



5.3.2.2 — Characterisation of int@grons at lOCUS 2 .......ccueeeeiuiiieiiieeiiee et are e e earee e -159 -

5.3.3 - Phylogenetic analysis of integron flanking genes ........coccociveiiiniininiennee e -164 -
5.3.4 - Phylogenetic analysis of int/ relative t0 2ENOMIC CONTEXL .....cccuveieiiiiieiiie et eeree e - 166 -
5.3.5 - Synteny and ancestry of integron loci across PSeudomonas SPP. .....ceeceeeereveeeevieeesieresseeesseeneenns -172 -
5.3.6 - Analysis of iNteron DOUNTAIIES .....cc..evueriirieiieeetee ettt st sttt ee s -178 -
5.3.7 - Detection of a Cl in the genome sequence of Ps. mendocingd YMP ..........ccccoecvvvenenienenieenennienne -183 -
L o ol [T T T T3 -192 -

CHAPTER 6 - EVOLUTIONARY ANALYSIS OF PSEUDOMONAS SPP. INTEGRONS- 199 -

6.2 - Materials and Methods..........ccovviiiiiiiiiiiiiiiiiiir s aes -202 -
6.2.1 — Genomic Analyses and Codon Usage ANalYSes ........ceeecuiiieiieieeiiiie ettt et et -202 -
6.2.2 — Statistical analysis of COdON USAZE data.......cceeeuiiiiciieiciiec e e e -202 -

6.3 = RESUILS ..eeeriiiiiiineiiiiiiiiieeetiisis e ses s sass e s e s sas e s s s s s ase e s e s s s an e e e s e s s s sannsesssessssnnssesssssssnnnensnesssnen -203 -
L T A R O ol o1 (=T =T g =1 V] RSP PS -203 -
6.3.2 = CoAON USAZE ANQIYSIS ...ueeeiieiiieiie ettt ettt e st e sr e e e ne e saneennee e - 206 -

6.3.2.1 — Analysis of relative codon usage data using PCAand CA........ccccceciieeeiieeeciee et - 208 -
6.3.2.2 — Assessment of Ps. aeruginosa as a surrogate for codon usage in Ps. stutzeri ..................... -209 -
6.3.2.3 — Codon usage of Pseudomonas spp. Cls relative to chromosomal genes ...........cccevverveenenn. -212-

LR 0o T T (7T T N -215-

CHAPTER 7 - FINAL DISCUSSION ......ococunmmmsmsemsmmsnsssissssesssmsssssssssssassassasssssssssassassassasssnss -218 -

7.1 — Integron acquisition and 10ss in PSeudomonas SPP........cceveeeiiiiiiiisiisisssssssssssssssssssssssesssssssssssssssssnens -219-

7.2 — Integrons are associated with hotspots for recombination ........cccccovviiiirrirneeennneennenneeneeeenne, -222 -

7.3 — Implications for the concept of the generalised Cl.........ccccciiiiiiiiiiiiiiniiiicrrnnneennneeeneerreeeeeeeeeeeeenenes -224 -

7.8 = FULUFE WOTK .oeeeeeeiiiiiiiienniiiiinennnninnssannensssssssssss s ssssssssssssssssssnsesssssssssnssessssssssssnsssssssssnsassessssssnes -231-

APPENDIX 1 - FOSMID LIBRARY CONSTRUCTION AND SCREENING .....cccvursansans -233-

W0 R [ o T [ T £ o PN -233-

A.2 - Materials and methods.........cciiiiiiiiiiiiiiiiirrr e -233-
A.2.1 - FOSMId library CONSTIUCTION .....eiieiiieieeiieeteecee ettt st s -233-
A.2.2 - EStimation Of [IDrary COVEIage..... oottt et et e e e ette e s are e e enbae e e aaeeesanaeeea -233-
FAN R T 0] [o) o NV 1V oY g o 171 4 o F PSPPSR -234 -
A.2.4 - FOSMIA PUFTICATION ....eitiiieieetet ettt sttt sttt et eae e b et e sbeeanes -235-

A.2.5 - Sequencing Of FOSMIA CIONES ....c.c.viiiiiec et ae e s erre e s e e e e baeeesaeaee e -236 -



A.2.6 - PCR recovery of additional integron boundary SEQUENCES .......cceeevveeeiiiieeiiiee e -238 -

A.2.7 - Hybridisation screening for integron flanking SENEs........ccveviririirirreneei e -239-
R (T U] PN -241-
A.3.1 - Construction of fosmid libraries and estimation of genomic coverage.........c.ccooceverveneevenieennnne -241 -
A.3.2 - Screening fosmid clone libraries for iNtegron SEQUENCES.........cccueeieieeiiiiieecciee e -244 -
A.3.3 - Recovery of complete integrons and flanking SEQUENCES .......cccvviivieiiiiiii i -248 -
A.3.4 - PCR recovery of additional integron boundary regions ..........coceeveeeereneeninieneeeseee e -249 -
A.3.4.1 - Recovery of 5" bOUNAAry reIONS ......cccviiiiiiiiiiiie et et ere e et e e stre e e tae e e evae e ereeas -249 -
A.3.4.2 - Recovery of 3’ boundary from Ps. stutzeri BAML7 ..........coocviieeiiiieeiiieecciee e - 250 -

A.3.5 - Screening strain collection for integron flanking 8eNnes ..........couevererinieiinieneee e -251-
A.3.6 — Screening fosmid libraries for integron flanking 8eNes ..........cccvviieiie e -254 -
A8 - CONCIUSIONS .ooiiiiinneeniiiiisinniiiiiiisssseesisissssssssssesssssssesssssssssssessssssssssssssssssssssessssssssssssesssssssssssssssssssses - 255 -

Vi



SYNOPSIS

Integrons associated with mobile genetic elements have played a central role in the
emergence and spread of multiple antibiotic resistance in many pathogenic bacteria.
However, the discovery of integrons in the chromosomes of diverse, non-pathogenic
bacteria suggests that integrons have a broader role in bacterial evolution. The
Pseudomonas stutzeri species complex is a well studied model for bacterial diversity.
Members of the complex are genetically closely related, but sub-taxa are not able to be
defined by exclusively shared sets of phenotypic characters. Rather, on the basis of total
DNA:DNA similarity, Ps. sfutzeri strains have been divided into 17 different groups
(termed genomovars). Two Ps. stutzeri strains have been found to contain Chromosomal
Integrons (Cls). This thesis involved exploration of the hypothesis that a Cl was present in
the common ancestor of the Ps. stutzeri species complex and assessed the impact of
integrons on diversity across all Pseudomonads. The history and significance of integrons
is discussed in Chapter 1 as part of a literature review, and general materials and
methods are provided in Chapter 2. Chapters 3 — 6 comprise the sections in which data
generated during my PhD project are presented. A comprehensive analysis of the
relationships between the strains being analysed is presented in Chapter 3. In Chapter 4,
results of PCR and hybridisation screening for integrons across the strain collection are
presented. In Chapter 5 the recovery of additional integrons and in depth sequence
analysis of the recovered integrons are described. Finally, Chapter 6 contains statistical
analyses of integron-associated genes and Chapter 7 contains a final discussion the most
significant findings. Twenty-three Pseudomonas spp. strains were screened for the
presence of integrons. All but three were found to contain integron-like sequences;

however, most integron sequences recovered contained inactivated core integrons.

vii



Despite having a chromosomal locus, integrons in Pseudomonas were found to have
properties indicative of frequent horizontal transfer. Evidence was also obtained which
suggests that integrons have been acquired at the same locus on multiple independent
occasions. This has not been observed in other families of chromosomal integrons and
suggests that the loci at which integrons in Pseudomonas are found are hotspots for

recombination.
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