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Summary

The non-genealogical transfer of genetic information between prokaryotes is a frequent
and omnipresent event. The acquisition of foreign genomic segments may aid organisms
in adaptation to novel or extreme habitats with these rapid evolution events pheno-
typically beneficial to the recipient. These regions of atypical and foreign origin are
vernacularly termed islands and are identified by their unique local genomic signature
or composition which differs from the global host genomic signature. The SeqWord Ge-
nomic Island Sniffer program utilizes tetranucleotide frequency patterns and statistics to
identify regions of probable horizontal transfer. Optimum parameter values were deter-
mined for this compositional-based island identifier to ensure acceptable levels of false
negative and false positive occurrence. Post-identification island analysis is demonstrated
with the aid of the LingvoCom package available from the SeqWord project. This island
identifier was furthermore compared with other existing transfer detection packages to
indicate relevance and reliability. The continued identification of islands in prokary-
otic genomes requires a novel and functional repository with the ability to expand as
newly sequenced archaeal/bacterial genomes are available. The amalgamation of a ro-
bust database, convenient interface and island analysis tools presents a novel avenue in
prokaryotic island research. The Predicted Genomic Islands database currently houses
26,744 islands identified in 2,407 archaeal /bacterial genomes and is freely available from
http://pregi.bi.up.ac.za/. The database serves as an island information hub and collec-
tion of analytical tools allowing users the ability to address a myriad of horizontal transfer
and island ontology research questions. Inclusion of various novel island information cri-
teria and analytical tools may distinguish this platform from extant island databases and
tools. Novel island comparison against the current content enables a rapid yet reliable
tool set in the age of brisk and economically efficient genome sequencing. The collec-
tion of all island information in a single set allows for various avenues of research and
stratigraphy of islands by allowing for the deconstruction and inspection of layers in ar-
chaeal /bacterial island communities and exchange between island hosts. The capability
of this island garage was previewed with novel island identification results and research
directions in an attempt to convey the future potential. This collection of island informa-
tion and tools may prove a reliable and innovative approach in variable fields of horizontal

transfer and island research with numerous applications and associations.

4

© University of Pretoria



poat
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Quf) YUNIBESITHI YA PRETORIA

Contents
1 Chapter 1: Introduction 20
1.1 The Original Horizontal Transfer Event . . . . . . .. ... ... ... .. 20
1.1.1  Symbiogenesis or Endosymbiotic Theory . . . . . . .. .. .. .. 20
1.1.2  Alternate Endosymbiotic Theory: The Third Wheel . . . . . . .. 24
1.1.3 Secondary and Tertiary Endosymbiosis: Matryoshka dolls . . . . . 26
1.2 Prokaryote Horizontal Transfer . . . . . .. . .. .. .. ... ... ... 27

1.3 Mechanisms, Incorporation and Barriers of Prokaryotic Horizontal Transfer 28

1.4 Interdomain Horizontal Transfer . . . . . . . . .. .. .. ... ... .. 35
1.4.1  Methods of Interdomain Transfer . . . . . .. .. ... ... ... 35
1.4.2  Endosymbiont Bacteria to Eukaryote Horizontal Transfer . . . . . 36
1.4.3  Free-living Bacteria to Eukaryote Horizontal Transfer . . . . . . . 38

1.5 Transfer, transfer everywhere . . . . . . .. ... oL 42

1.6 Identification of Horizontal Transfer Events and Islands . . . . . . .. .. 43

1.7 Current Island Databases. . . . . .. .. .. ... .. .. ... 45
1.71 HGT-DB (http://www.fut.es/“debb/HGT/) . . . . .. ... ... 45
1.7.2  ACLAME (http://aclame.ulb.ac.be) . . . . . . .. ... ... L. 45
1.7.3  PAIDB (http://www.paidb.re.kr) . . . . ... ... 46
1.7.4  IslandViewer (http://pathogenomics.sfu.ca/islandviewer) . . . . . 46

1.8 Need for a Novel Database? . . . .. .. .. ... .. .. ... ..., 46

1.9 Ontology and Stratigraphy . . . . . . . . . .. ... L. 47

1.10 Aims and Objectives . . . . . . . . . .. ... 47

1.11 Discussion . . . . . . . . o e e e e e 48

2 Chapter 2: Optimization of composition-based island prediction and

collection 49
2.1 SWGIS overview . . . . . .. L 49
2.2  SWGIS parametric optimization . . . . . . . . . ... ... ... ... .. 50
2.3 SWGIS failures and problem resolving strategies . . . . . . .. ... ... 52
2.3.1 False positives . . . . . . . . ... 593

5

© University of Pretoria



2.3.2

poat
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Quf) YUNIBESITHI YA PRETORIA

False negatives . . . . . . .. .. ... ... ..

2.4 Continued analysis after prediction . . . . ... .. ... ... ... ...

2.5 SWGIS comparison . . . . . . . ...

2.6 DiIScusSsion . . . . . ...,

Chapter 3: Database construction, maintenance and expansion

3.1 Database Blueprint . . . . . . . . .. ... .

3.2 A Tableinevery Room . . . . . ... ... ... ... ... ...

3.2.1
3.2.2
3.2.3
3.2.4
3.2.5
3.2.6
3.2.7
3.2.8
3.2.9
3.2.10
3.2.11
3.2.12

Table: host . . . . . . ... o
Table: host information . . . . . . ... ... .. .. ... ....
Table: host taxonomy . . . . . . ... ... .. ... .......
Table: island . . . . . .. ..o
Table: paidb and islandviewer . . . . . . . .. ... ... .....
Table: blast _island . . . . . . .. . ... Lo oo
Table: swgis _parameters . . . . . . . . . . .. ... ... ...
Table: swgis parameters . . . . . . . . . . .. ... ... ...
Table: neighbours . . . . . .. .. ... . oo
Table: cluster . . . . . .. .. .o
Table: island _eds . . . . . .. .. ... o
Table: blast island ecds . . . . . . . ... .. oo

3.3 Floating foundation . . . . . . ... ... Lo

3.4 Maintenance and Expansion of Database . . . . . ... ... ... ....

3.4.1
3.4.2
3.4.3
3.4.4
3.4.5
3.4.6
3.4.7
3.4.8

Novel island collection . . . . . . . . ... .. ... L.
SWGIS island identification . . . . . .. .. ... .00
Island file dissection . . . . . . . . .. .. ... L.
Island and cds information . . . . . . . .. ..o
Island and cds sequences . . . . . . . ... ... ... .. ... ..
Island and protein sequence comparisons . . . . . .. .. .. ...
Island compositional comparison . . . . . . ... ... ... ...

Island clustering and representatives . . . . . . ... .. .. ...

3.5  GUI development - open house for viewing . . . . . . .. ... ... ...

3.6 Discussion . . . . . . ..,

© University of Pretoria



poat
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Quf) YUNIBESITHI YA PRETORIA

4 Chapter 4: Pre GI 78
4.1 Current Content . . . . . . . . . .. 79
4.1.1 Browse . . . . ..o L e 79
4.1.2 Browsingexample . . . . . .. ... Lo 0oL 83
4.2 Cluster representative example . . . . . . . . . . ... .. ... ... ... 93
4.3 Gene annotation example . . . .. ..o oL 95
4.4 Locational search example . . . . . . .. . ... ... ... ... .. .. 97
4.5 Novel island(s) search and analysis . . . . ... ... ... ... ..... 99
4.6 Discussion . . . . .. ... e 101
5 Chapter 5: Analysis of Current Pre GI Content - Islandomics 103
5.1 Database introspection . . . . . . . ... ... Lo 103
5.2 Island ebband flow . . . . . . .. ... oo 108
5.3 Omnipresent island proteins . . . . . . . ... .. ... 110
5.4 Relatedness versus Habitat . . . . . . ... .. ... ... ... ..., 112
5.5 TIslands of Resistance . . . . . . . . . .. .. ... .. ... 120
5.5.1 Flow detection . . . . .. ... ... ... L. 120
5.5.2 Island Groupings . . . . . . . . . . ... 121
5.5.3 Protein Groupings . . . . . . . .. .. ..o 128
5.6 Discussion . . . . . . .. 138
6 Chater 6: Case Studies and Applications 139
6.1 Testing Hypotheses in Literature . . . . ... .. ... ... ... .... 139
6.1.1  Staphylococcus . . . . . . . . . 139
6.1.2  Streptococcus . . . . . . .. 139
6.1.3  FEnterobacleriaceae . . . . . . . ... . oL 140
6.1.4  Streptococcaceae . . . . . . . ... 142
6.1.5 Proteobacteria. . . . . . . .. ..o 142
6.1.6 Remarks . . . .. .. .. 144

6.2 Identification and analysis of islands in newly sequenced genomes including

simple eukaryotes . . . . . . . ... 144

© University of Pretoria



poat
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Q= YUNIBESITHI YA PRETORIA

6.2.1 Brucella canis . . . . . . ... 144
6.2.2 Bacillus sp. BHO72 . . . . .. ..o 146
6.2.3  Staphylococcus aureus . . . . . . .. .o 146
6.2.4  Galdieria sulphuraria . . . . . . . . . ... . 150
6.2.5 Remarks . . . . . . .. 152
6.3 Exchange in extreme communities - too hot to handle . . . . . .. .. .. 152
6.3.1 Strains . . . . . . .. 153
6.3.2 Protein clustering and distribution . . . . .. .. ... ... .. 153
6.3.3 Clusters content and analysis . . . . .. ... ... ... ..... 154
6.3.4 Islands in the soil/earth bacteria . . . . ... . ... ... .... 159
6.3.0 Remarks . . . . . .. .. 163

6.4 Reconstruction of large inserts through their fragments - divide and conquer163

6.4.1 Islands reassembly . . . . . . ... ... o L. 163

6.4.2 Fragmented islands donors . . . . .. .. .. oL 163

6.4.3 Remarks . . . . . . . ... 167

6.5 Discussion . . . . .. ... 167

7 Chapter 7: Discussion 168
8

© University of Pretoria



poat
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Quf) YUNIBESITHI YA PRETORIA

List of Figures

10

11

Evolution of eukaryotic cells by a series of discrete endosymbiotic events:
1. Mitochondria evolve; 2. Nucleus evolves from simpler DNA molecule; 3.
Flagella evolve from spirochetes; 4. Chloroplasts from free-living cyanobac-

teria. Cell walls evolve independently [57]. . . . . .. .. ... ... ...
The ‘ménage & trois’” hypothesis and diverse chlamydial hosts [31]. . . . .
Primary, secondary and tertiary endosymbiosis [5].. . . . . . .. ... ..
DNA conversion during Transformation and Conjunction [52]. . . . . . .

Replacing and Additive Transfer. A) Integration may follow replacing
or additive transfer. B) Phylogenetic analysis reveals a clear distinction
between replacing and additive transfers. Replacing transfers lead to loss

events whereas in additive transfers no loss event is evident [85]. . . . . .

5 Steps leading to the HT and durable incorporation of foreign genetic
material [143]. . . . . ..o

Pathways for HT from Prokaryotes to Eukaryotes [139]. . . . . . . . . ..

Fluorescence microscopy of chromosome 2L of Drosophila ananassae. DNA
of Drosophila ananassae stained red with propidium iodide. Probe for a

Wolbachia gene bound to a unique location, indicated in green [60]. . . .

Endosymbiont HT ratchet. A gene (red) is transferred from the genome
of the endosymbiont (green circular chromosome) to the nuclear genome
(gray linear chromosome) in low frequency. (a) At even lower frequency
transfers will occur that allows for the gene to be functional in the nuclear
chromosome. As such either the nuclear or the endosymbiont version will
be lost, with the loss of the system version nearly irreversible with the
gene becoming fixed in the nuclear genome. (b) The loss of the nuclear
version returns the endosymbiont to its original state and the process may
be repeated. (c) Over time all genes that can be inserted in the nuclear
genome will be inserted. (d) If maintenance of the endosymbiotic structure
is no longer needed and HT has fulfilled all the needs of the host the
endosymbiont may be lost [113]. . . .. ... ... oL

Set of potential genes transferred from bacteria to humans with overlaps

and exclusions [108]. . . . . . ... Lo

Distribution of islands identified by SWGIS in Fscherichia coli strains.

9

© University of Pretoria

24
25
27
30

32

34

36

37

38

42
45



12

13

14

15

16

17

18

19

20
21

poat
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Quf) YUNIBESITHI YA PRETORIA

Parts A and B show FNR and FPR calculated for different combinations
of D and V, respectively; and their sum in the part C. Parts D, E and
F represent the expected specificity and sensitivity (S/S) for variable D
thresholds depicted on the horizontal axis and fixed V thresholds. Vertical

axes represent specificity and sensitivity values. . . . .. .. ... .. ..

Genomes in which numbers of islands predicted by SWGIS were signifi-
cantly over-ranged regarding to predictions by other programs that may

indicate large FNR (red columns) or large FPR (blue columns). . . . . .
Multiple islands predicted by SWGIS in Bacillus cereus ATCC 14579 in-

cluding falsely selected rrn operons. . . . . . . . ... .. ... ... ...

An insertion of a giant viral gene in the chromosome of Thioalkalimicro-
bium cyclicum ALMI1 is highlighted on the atlas and was overlooked by
SWGIS. . . e

OUP comparison 3D projection of the two Nitrosomonas genomes, their
islands and the three outgroup genomes of Salmonella enterica, Clostrid-
wm thermocellum and Acidovorar ebreus. Islands are depicted by red
(hosted by Nitrosomonas europaea ATCC 19718) and blue (hosted by Ni-
trosomonas eutropha C91) circles; whereas the chromosomes are depicted
by squares. Two groups of Nitrosomonas islands with similar patterns are

outlined and encircled. . . . . . . . . ...

A dendrogram representation of two groups of Nitrosomonas islands with

Salmonella enterica subsp. enterica Typhi Ty2 as an outgroup. . . . . .

2D projection of islands and their possible donor organisms as determined
by calculating distances between their OUP. This method is used to de-
termine donor-recipient relations between islands and groups of organisms
which share a common OUP. Top) Depicts that Acidovoraz is a possible
donor of one island found in Nitrosomonas eutropha ATCC 19718; Bot-
tom) Depicts Nitrosomonas eutropha C91’s possibly ameliorated islands
(blue circles), and an island (red circle) of Geobacter sulfurreducens, which

is possibly of Nitrosomonas eutropha C91 origin. . . . . . . . . . ... ..

A Venn diagram of the overlapping predictions by SWGIS, SIGI-HMM,
IslandPick and IslandPath. . . . . . . ... ... ... ... .. ...

Re-identification of known PATs by IslandViewer programs and SWGIS. .

A graphical output of SWGIS in SVG format displaying positions of pre-
dicted islands in Bacillus cereus ATCC 14579 [NC_004722|. Pink blocks
depict islands, whereas grey blocks depict genomic regions which comprise

genes of 16S rRNA and segments that are falsely predicted. . . . . . . . .

10

© University of Pretoria

ol

23

o4

26

o7

28

29

60
61



22

23
24
25

26

27

28

29

30
31

32

33

34

35
36
37

38

poat
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Quf) YUNIBESITHI YA PRETORIA

Counts of islands predicted only by one of four programs (unconfirmed)
and confirmed by the others. Confirmation is obtained when two or more

islands predicted by different programs at least partly overlapped. . . . .

Schematic representation of MySQL database structure.. . . . . . . . ..

Schematic representation of database expansion with newly identified islands.

Novel island inclusion in the database aided by precomputed island cluster

representatives. . . . . . . .. L.

Pre GI island host. Elements in the host list were filtered for a host
description “Escherichia coli”, host lineage “Proteobacteria” and host infor-

mation “Japan” to obtain the desired host organism. . . . . . . . ... ..

SVG genome representation with islands indicated by pink blocks in the

periphery. The legend below the atlas describes the SWGIS parameter lines.

Host taxonomy and general information is freely available in combination

with a hyperlink to the NCBI regarding host organism. . . . . ... ...

Pre Gl islands page displaying a section of the list containing 29 identified
islands in Escherichia coli O157:H7 str. Sakai [NC_002695]. . . . . . ..

Island#21 in Escherichia coli O157:H7 str. Sakai [NC 002695] gene content.

BLASTP results for a putative enterotoxin contained in island#21 residing
in Escherichia coli O15T:H7 str. Sakai [NC_002695]. . . ... ... ...

Similar valued D parameter islands with reference to island#21 in FEs-
cherichia colv O157:H7 str. Sakai. . . . . .. ... .. ... ... .....

Compositional similarity hit to island#21 of FEscherichia coli O157:HT str.
Sakai adhering to filters for host subject phylum, host subject information

and proposed movement from a subject to the query. . . . . ... .. ..

Sequence similarity (BLASTP) visualization as available in Pre GI be-
tween query island#21 in Escherichia coli O157:H7 str. Sakai and subject
island#17 in Escherichia coli O103:H2 str. 12009. . . . . . . .. . .. ..

Cluster representative search result with various filters included. . . . . .
Cluster 2 subcluster 1 phylum composition statistics. . . . . . . ... ..

Gene annotation search for islands containing proteins with an annotation

adhering to the filters “resistant ” and “Vancomycin”. . . . . . ... ...

Gene content of an Enterococcus faecalis V583 island containing a van-

comycin resistance gene. . . . . . .. .. ...

11

© University of Pretoria

63
67
73

76

84

85

86

87
88

89

90

91

93
94
95

96

97



39

40

41

42

43

44

45

poat
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Quf) YUNIBESITHI YA PRETORIA

Locational query of a PAIDB identified resistance island (REI) in Burkholde-
ria cenocepacia J2315 chromosome 2 located at position 290,274 - 334,395
against the Pre Gl database. . . . . .. .. ... ... ... .......

Island#3 contents in host Burkholderia cenocepacia J2315 chromosome 2
available in Pre GI that displayed a locational overlap with a REI identi-
fied in PAIDB. . . . . . . . ...

Novel island BLASTN high scoring hit against Pre GI visualization. The
query or novel island sequence is depicted by the upper red line and the
subject hit island sequence by the lower red line. Green boxes indicate

genes with blue lines representing high scoring sequence pairs. . . . . . .

8 Novel Spiroplasma apis B31T (ATCC 33834) islands uploaded and com-
pared to content of Pre  GI. . . . .. .. ... ... oL

Dissemination of number of islands and causative transfer events. Data
points indicate prokaryotic host genomes with amount of predicted islands
per genome on the vertical axis. The number of non-overlapping acquisi-

tions of the islands for a genome is depicted on the horizontal axis.

Distribution of compositional similarity (vertical axis) and sequence sim-
ilarity (horizontal axis) per island in a hexagonal binning plot. Islands
are binned in a hexagon according to the number of compositional simi-

larity links and sequence similarity links. Distinct groupings are related to

islands poor in sequence similarity links and islands rich in BLASTN links.

OUP similarity box plots from distinct taxonomic levels. OUP similarity
divided into 8 categories: Genome - compositional similarity links between
islands hosted by the same genome; Strain - links between islands of dif-
ferent strains of the same species; Species - different species of the same
genus; Genus - distinct genera of the same family; Family - contrasting
families of the same order; Order - different orders of the same phylum;
Phylum - different phyla of the same domain; and Domain - OUP links
for separate domains. Amount of OUP links for each grouping indicated
above the box plot for the group with mean values of group displayed as

dashed lines. . . . . . . . . .

12

© University of Pretoria

98

99

100

102

104

106



46

47

48
49

50
o1

52
23

o4

%)
26
57
58
29
60
61
62

poat
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Quf) YUNIBESITHI YA PRETORIA

Proposed donor-recipient movement in collaboration with the LingvoCom
2D projection tool. The 2 dark green spots on the figure represent OUP of
Xylella fastidiosa 9abc (center) and Pseudonocardia dioxanivorans CB1190
(first principle axis) chromosomes. Light green circles announce i of
the distance between OUP calculated for the chromosomes. The island
of Xylella fastidiosa is displayed as a small red circle and the island of
Pseudonocardia diozanivorans as a blue circle. Islands are plotted along
the second principle axis in relation to the distance between OUP of the

island and of the host chromosome. . . . . . . . . . . . . . .. ... ... 109

Word cloud of cds descriptions found in all islands. Color and size is
related to number of occurrence. Red, large indicates a high frequency
with yellow, medium representing an intermediate count and blue, small

indicative of a low occurrence. . . . . . . . . . ... ..., 110
Bar chart of top 10 represented words in island gene annotations. . . . . 111

High scoring sequence similarity between an island hosted by Geobacillus
sp. Y412MC52 and an Alicyclobacillus acidocaldarius subsp. acidocaldar-
wus DSM 446 island. These organisms were isolated in the Yellowstone

National Park, an extreme and explicit environment. . . . . . .. .. .. 113
Sequence similarity links between islands from different genera.. . . . . . 114

Environmental information for islands from different genera displaying high

sequence similarity. . . . . .. ..o L Lo 115
Grouping 2 taxonomic information for islands with high sequence similarity.116

Environmental information for hosts of islands displaying high sequence

similarity in grouping 2. . . . . .. ... oL 117

Taxonomic information for islands identified as sharing high sequence sim-

larity. . . . L 118
Host habitat information for islands displaying high sequence similarity. . 119
Movement of resistant genes between different phylums. . . . . . . . . .. 120
Group 1 movement and description of proteins. . . . .. .. ... .. .. 122
Group 1 movement of resistance genes between different species. . . . . . 123
Grouping 2 movement and description of resistance proteins. . . . . . . . 124
Group 2 movement of resistant genes between different genera. . . . . . . 124
Movement of arsenic resistance proteins in group 3. . . . . . . . . .. .. 125
Group 3 movement of arsenic resistance related proteins between phyla. . 125
13

© University of Pretoria



63

64
65
66
67
68
69

70

71

72

73

74

7
76
7

78

79
80
81

82

83

poat
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Quf) YUNIBESITHI YA PRETORIA

Group 4 displays singular flow of resistance related genes in non-overlapping

CENETA. .« v v v e e e e e e e e e

Group 4 movement of resistance related proteins between different species.

Dendrogram of proteins contained in grouping 1 with specie description.
Dendrogram of proteins contained in grouping 1 with gene annotation.
Group 2 protein descriptions and flow. . . . . ... ... ... L.
Group 2 proposed movement between different species. . . . . .. .. ..

Dendrogram of group 2 proteins multiple sequence alignment with specie

descriptions. . . . . . . . ...

Dendrogram of group 2 proteins multiple sequence alignment with gene

annotabions. . . . . . . . L e e s

Proposed movement from a small multidrug resistant protein to multiple

ethidium bromide resistance proteins. . . . . . . . . ... ... ..
Group 3 probable movement between different phylums. . . . . .. . ..

Multiple alignment of a multidrug resistant protein found in Desulfurispir-
lum indicum S5 3 and ethidium bromide resistance proteins in Acineto-

bacter baumannii AYE. . . . . . . . .

Multiple alignment of a multidrug resistant protein found in Desulfurispir-
Wllum indicum S5 3 and ethidium bromide resistance proteins in Acineto-

bacter baumannii AYE with gene annotations. . . . . . . . .. .. .. ..
Group 4 movement of arsenic resistance. . . . . . .. .. ... ... ...
Group 4 movement between different species. . . . . . . .. ...

Multiple sequence alignment of arsenic related resistance proteins with

specie description. . . . . . . . ... e

Multiple sequence alignment of arsenic related resistance proteins with cds

descriptions. . . . . . . . ...
Movement of copper resistance proteins in group 5. . . . . . . ... ...
Movement of copper resistance between genera. . . . . . ... ... ...

Multiple sequence alignment dendrogram of group 5 copper resistance pro-

teins with specie descriptions. . . . . .. ..o Lo

Multiple sequence alignment dendrogram of group 5 copper resistance pro-

teins with gene annotations. . . . . . . . .. ... ... ... ... ..

Numerous HT events related to resistance proteins. . . . . . . . . . ...

14

© University of Pretoria

126
127
129
129
131
131

132

132

132

133

133

133
134
134

135

135
136
136

137

137
137



84
85

86

87

88

89

90

91

92

93

94
95

poat
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Quf) YUNIBESITHI YA PRETORIA

Movement of resistant genes between various species. . . . . . .. .. .. 138

Highest scoring sequence similarity for Enterobacter cloacae subsp. cloacae
ATCC 13047 island#30 against Fscherichia coli 55989 island#19. . . . . 141

Alitvibrio salmonicide LFI11238 island displayed various possible donor re-

lationships to Shewanella species. . . . . . . . . . ... ... ... .. .. 143

Graphical representation of 6 candidate islands predicted in Brucella canis
strain SVA13, chromosome 1. . . . . . . . . ... ... ... ... .... 145

Highest scoring BLASTN hit for Bacillus sp. BHO72 against Pre_ GI. The
red line at the top of the diagram indicates the query sequences of island
19 predicted in the genome of Bacillus sp. BHO072. The red line at the
bottom of the diagram is of the highest scoring hit which is located in
Bacillus amyloliquefaciens subsp. plantarum UCMB5036. . . . . . . . .. 146

Islands found in Staphylococcus aureus subsp. aureus Rosenbach 1884
(DSM 202317) chromosome. . . . . . . . . . . .. .. 147

High scoring sequence similarity between islands in Staphylococcus aureus
subsp. aureus Rosenbach 1884 (DSM 202317) and Bacillus thuringiensis
BMBI171. . . . 148

High sequence similarity between Staphylococcus aureus subsp. aureus
Rosenbach 1884 (DSM 202317) query island#7 and Staphylococcus haemolyti-
cus JCSC1435 island#6. . . . . . . . . . .o 149

23 Islands predicted in the eukaryotic extremophilic red alga Galdieria
sulphuraria by SWGIS. . . . . .. . oo 151

Word cloud representation of subject genera determined by BLASTP to
each Geobacillus protein cluster. Core in the top left and softcore in the
top right. Shell in the bottom left with cloud to the right. High frequency
genera are displayed in red and a large font with intermediate frequency in
yellow and an intermediate font. Lower frequency genera are represented
by blue and a small font. . . . . . .. .. ... o000 156

Bar charts of the top 5 genera in each cluster. . . . . . . ... ... ... 157

Word clouds on subject host information, habitat and general lifestyle
for clusters. Core and softcore clusters are displayed in the top left and
right respectively with shell and cloud in the bottom left and right. Red,
large sized words indicate a high frequency with yellow, medium sized
representing an intermediate frequency and blue, small sized relating to

low frequency words. . . . . . . . ... 158

15

© University of Pretoria



96
97

98

99

100

101

102

103

104

105

106

poat
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Quf) YUNIBESITHI YA PRETORIA

Bar charts of the top 5 words regarding host information in each cluster.

Genera composition of proteins from the core and softcore available in
geo islands and absent from geo islands. The top row represents the core
with elements in the set of geo islands on the the left and elements absent
to the right. The bottom row describes the inclusion in the softcore to the
left and exclusion on the right. Large, red displayed genus indicate a high
frequency with intermediate, yellow genus conveying a medium frequency

and small, blue genus indicating a low frequency. . ... .. ... .. ..

Bar chart of the top 5 genera in a geo island and not in a geo_island for

the core and softcore clusters. . . . . . . . . . .. ... ... ... ..

158

161

Genera composition of proteins from the shell and cloud available in geo _islands

and absent from geo islands. The top row represents the shell with ele-
ments in the set of geo islands on the the left and elements absent to the
right. The bottom row describes the inclusion in the cloud to the left and
exclusion on the right. Red and large font genus indicates a high frequency

with blue, smaller font genus indicating a lower frequency. . . . ... ..

Bar charts of the top 5 genera in a geo island and not in a geo island for

the shell and cloud clusters. . . . . . . . . . . . . .. ... ...

Megablast results for assembled Methanocaldococcus jannaschii DSM 2661,
complete genome islands. The highest hit was found against Methanocal-
dococcus sp. FS406-22; complete genome [NC_013887]. . . . . . ... ..

Reassembly of Lactococcus lactis subsp. lactis 111403 islands compared to
NCBIL. . . . e e

Bordetella parapertussis 12822, complete genome islands reassembly hits
against NCBL. . . . . . .. ..

6 Agrobacterium tumefaciens str. C58 chromosome linear, complete were
assembled and compared to the NCBI by means of Megablast with se-

quence similarity hits displayed . . . . . .. ... .. . L.

High scoring hits with islands of Sinorhizobium melilot: 1021 plasmid

pSymB, complete sequence as the query. . . . . . . ... ... ... ...

High scoring sequence similarity of assembled islands to various Listeria
mnocua and Listeria monocytogenes strains. These hits include similarity

to Listeria phage B054, complete genome in row 4 of subject hits. . . . .

16

© University of Pretoria

162

162

164

164

165

165

166



poat
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Quf) YUNIBESITHI YA PRETORIA

List of Tables

10

11

12
13
14
15
16
17

Estimated FPR and FNR for islands predicted by SWGIS with different

parameters. . . . .. .o e e e e e e e e e e e 64
General statistics with regards to island host domain content of Pre GI. 82
General statistics with regards to island host phylum content of Pre GI. 83

Islands identified as containing a putative enterotoxin through a gene an-

notation search. . . . . . . . L L, 8

Representatives for cluster 4 subcluster 1 in which island#21 of Escherichia

coli O157:HT str. Sakai was placed. . . . . . . .. ... ... ....... 92
Highest scoring hits of PAIDB resistance proteins and a virulent protein

compared against Pre Gl by BLASTP. . . . . . . ... ... ... .... 98
Genomes with islands of diverse origins. . . . . . .. ... ... . 105
High frequency sequence similarity island genes. . . . . . . . ... .. .. 112
Resistance related protein grouping 1. . . . . . . . .. .. ... ... ... 130

29 Draft and complete genomes of Geobacillus used in geo islands identi-

fication and comparison. . . . . . . ... ... oo 153

Sequence similarity of cluster elements against the Pre GI database and
includes counts on zero similarity identified at less stringent BLASTP com-

PATISONS. . .« v v v v v e e e e e e e e e e 154
Top 10 highest scoring genera against the Geobacillus protein core cluster. 155
Top 10 highest scoring genera against the Geobacillus protein softcore cluster.155
Top 10 highest scoring genera against the Geobacillus protein shell cluster. 155

Top 10 highest scoring genera against the Geobacillus protein cloud cluster. 156

Number of geo islands identified in the set of Geobacillus genomes. . . . 159
Frequency of elements in a protein cluster present in geo islands. . . . . 160
17

© University of Pretoria



poat
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Q= YUNIBESITHI YA PRETORIA

List of Abbreviations

ABC - ATP-binding cassette

BLAST - Blast Local Alignment Search Tool
BLASTN - Nucleotide BLAST

BLASTP - Protein BLAST

BLASTX - Protein BLAST with translated nucleotide query
bp - Nucleotide base pair

BV'Ts - Bacteria to vertebrate transfers

CDS - Coding sequence

CU - Codon usage

D - Distance

DNA - Deoxyribonucleic acid

DUS - DNA uptake sequences

EST - Expressed sequence tags

FASTA - Text-based format for representing either nucleotide or peptide sequences, where

nucleotides or amino acids are represented by single-letter codes
FNR - False negative rate

FPR - False positive rate

FTP - File transfer protocol

G+C - Guanine and cytosine nucleotide bases

GenBank - Rich format for storing sequences and associated annotations
GI(s) - Genomic island(s)

GRYV - Global relative variance

GUI - Graphical user interface

HGT - Horizontal gene transfer

HMM - Hidden Markov Models

HT - Horizontal transfer

HUS - Hemolytic uremic syndrome

ICE - Integrative and conjugative elements

[HGSC - International Human Genome Sequencing Consortium

18

© University of Pretoria



poat
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Q= YUNIBESITHI YA PRETORIA

I[VOMs - Interpolated Variable Order Motifs
kbp - Nucleotide kilobase pair

k-mer - Word size of length &

MCL - Markov clustering algorithm

MDS - Multidimensional scaling

MGE - Mobile genetic element

MpF - Mating-pair formation

NCBI - National Center for Biotechnology Information
NGS - Next-generation sequencing

OU - Oligonucleotide usage

OUP - Oligonucleotide usage pattern

OUYV - Oligonucleotide usage variance

PAT - Pathogenicity island

PS - Pattern skew

RDMS - Relational database management system
REI - Resistance island

RNA - Ribonucleic acid

rrn - Ribosomal RNA operon

rRNA - Ribosomal ribonucleic acid

RV - Relative variance

SET - Serial Endosymbiotic Theory

SVG - Scalable vector graphics

SWGIS - SeqWord Genomic Island Sniffer
T-DNA - Transfer DNA

tRNA - Transfer RNA

tmRNA - Transfer messenger RNA

Ti - Tumor inducing

V - Variance

19

© University of Pretoria



poat
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Quf) YUNIBESITHI YA PRETORIA

1 Chapter 1: Introduction

If you don’t like bacteria, you're on the wrong planet. Stewart Brand

Horizontal (lateral) transfer (HT) is the non-genealogical transfer of genetic material
from one organism to another which may cross specie and domain borders. HT is an
evolutionary event that allows recipient organisms to adapt to fluctuating environments
and ecological pressures [3, 39]. Prokaryotes reproduce asexually and as such lack genetic
recombination and rapid alteration to sustain in demanding and wavering environments.
The insertion of mobile genetic elements (MGE) vernacularly termed genomic islands (is-
lands, GIs) are essential in the evolution of prokaryotes. Persistence and fixation of these
islands in prokaryotic genomes suggest an advantage was conferred to the recipient host
[137]. The majority of horizontally acquired genetic material may cause a detrimental
effect on the chromosome of the recipient organism and therefore be discarded in a similar
fashion than deleterious mutations with the neutral acquisitions survival dependent on
chance events [149]. Recent pan-genomics studies infer the continuous sampling and /or
shuffling of microbial genetic material in contrast to slow, progressive changes [69]. This
is evident in the uprising of drug resistant and pathogenic bacterial strains [78]. The
advent of a single HT event may alter the phenotype and virulence aspect of a microbe
leading to a cascade of further accumulation of virulence elements. This reconciles with
the hypothesis of genetic capitalism, which profess that a successful integration and se-
lection of foreign genetic material increases the extent of possible HT events in the future
[17]. The existence of HT events and islands is now known and accepted, still this was
not always the case. HT was deemed an oddity and of no consequence to evolution with
the only acceptance of HT being the flow of genetic material between an endosymbi-
otic organelle (mitochondria, chloroplast) and the nuclear genome [39]. Ironically the
endosymbiotic theory would entail the genesis of eukaryotes and HT between organisms

due to environmental dependencies.

1.1 The Original Horizontal Transfer Event
1.1.1 Symbiogenesis or Endosymbiotic Theory

The genesis of eukaryotic cells from prokaryotic cells is a principle step in the understand-
ing of life and evolution. The formation of complex entities by means of addition of less
complex entities is a cornerstone in evolution and advance of life. In its most primitive
form the endosymbiotic theory proposes that mitochondria, plastids and other organelles
are previously free-living bacteria that were engulfed by a cell as endosymbionts. This

event is postulated as roughly 1,5 billion years ago with the SAR11 clade of Rickettsiales,
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a member of the o-proteobacteria, the mitochondria and cyanobacteria as chloroplasts
[86].

Currently the theory of symbiogenesis and origin of plastids is widely accepted and un-
challenged due to the vast amount of comparative data, yet this was not always the case.
Symbiogenesis was accepted for the first part of the century, but this changed during the
First World War. The theory of de novo plastid evolution in non-plastid bearing cells or

autogenous origin was favored above endosymbioses well into the 1970s [124].

The first formally defined version of the endosymbiotic theory was in 1905 by a Russian
botanist Konstantin Sergejewiz Merezkovskij affiliated with a university in Kazan, the
capital of the Kazan province in the Russia empire. His paper was the combination of
three principles that were known at the time. These lines of evidence was the known
principle of symbiosis, the prior findings of plastids that proliferate by division and the
novel evidence obtained by the physiological comparison of plastids and cyanobacteria
[124|. The article is the culmination of various known events in a single and tangible
theorem. Merezkovskij clearly articulated the evidence in a simple yet astounding theory
given the limited technology and data available in 1905. He coherently integrated various
observations and deductions to support his views. At the time it was believed that chro-
matophores, pigment-containing cells, were organs or structures that had differentiated
out of the colorless plasma of the cell body. Due to the greening of colorless parts of
a plant when in contact with light it was concluded that chlorophyll originates de novo
and because chlorophyll arises de novo the chromatophore, carrier of the chlorophyll, also
arises de novo [127|. In 1885 it was demonstrated that although chlorophyll does arise
de novo in certain cases, the carriers of the chlorophyll, plastids, are present as color-
less leucoplasts and never arise de novo [142]. Merezkovskij then clearly explains why

chromatophores are not organs and outlines why they are rather symbionts:

e The continuity of chromatophores. Cromatophores do not arise de novo but arise
through the division of pre-existing plastids, which in turn arise from pre-existing
plastids and so forth. Thus the first chromatophore migrated into a colorless or-

ganism. Thereby chromatophores are foreign bodies or symbionts.

o Chromatophores are highly independent of the nucleus. Chromatophores will con-
tinue to live even after a portion of a green plant cell is anucleated. They grow,
multiply, assimilate CO, and produce synthetic starch grains in the absence of a
nucleus and as such they are independent of the nucleus, behaving like independent

organisms rather than organs [117].

o The complete analogy of chromatophores and zoochlorellae. Zoochlorellae is a genus

of algae and is used to refer to green algae living symbiotically within an invertebrate
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or protozoan. The only difference between chromatophores and Zoochorellae is that

Zoochorellae can live and divide outside a host cell.

e There are organisms that we can regard as free-living chromatophores. Lower forms
of Cyanophyceae may be viewed as such as there are only slight differences between
a chromatophore and an Aphanocapsa or Microcystis. This similarity infers the

likelihood that chromatophores are Cyanophyceae that invaded the plasma.

o Cyanophytes actually live as symbionts in cell protoplasma. Chromatophores are
not organs, but foreign organisms that migrated into a cell. Chromatophores display
similar behavior to Zoochlorellae, which are foreign organisms. There are extant
organisms that are in all probability living antecedents of chromatophores. The
invasion of the cytoplasm by cyanophytes and continued symbiotic existence is the
only piece of the puzzle that needs to be revealed. The blue-green bodies contained
by the flagellate Cyanomonas americana and various other well-known examples
indicate the ease with which cyanophytes enter a symbiotic existence even in the

presence of cell walls.

Thus the endosymbiont theory was formulated in 1905 by a Russian botanist with the
focus on chromatophores, chloroplasts and cyanobacteria, equating plastids to “little green
slaves” laboring for their hosts to produce nutrients from light [126]. The only literature
to predate Merezkovskij was a casual footnote by Andreas Schimper [124]. Schimper
had observed in 1883 that the division of chloroplasts resembled that of cyanobacteria
and proposed in a footnote that green plants were the result of a symbiotic union of two

organisms.

The endosymbiotic theory was extended to mitochondria in 1927 by Ivan E. Wallin in
his book Symbionticism and the Origin of Species. Wallin concluded that the ubiquitous
nature of bacteria-derived mitochondria indicated the necessity of bacterial symbionts as
building blocks of evolutionary change and speciation [2| with mitochondria existing as
bacterial organisms symbiotically combined with the tissues of higher organisms [153].
Wallin’s theory was universally rejected and the leading American cell biologist, E. B.
Wilson, remarked that the idea was “too fantastic for present mention in polite biological
society” [57].

The endosymbiotic theory then entered a hiatus for roughly fifty years due to various
factors including the discovery of chromosomal genes and the start of population genetics
[2]. The theories of Merezkovskij and Wallin were also left stagnant due to the assumption
that mitochondria and chloroplasts do not contain DNA. In the 1960s there was a re-
suscitation of the theory due to electron microscopic comparisons between cyanobacteria
and chloroplasts [138] and the confirmation of mitochondrial and plastid DNA [145].
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In 1966 an American biologist, Lynn Margulis, wrote a theoretical paper “On the origin
of mitosing cells” [141], that was rejected by 15 journals but eventually published in 1967.
Today this paper is acknowledged as a bastion of the endosymbiotic theory. It presented
a theory on the origin of discontinuity between eukaryotic and prokaryotic and the genesis
of mitochondria and photosynthetic plastids from free-living cells with the eukaryotic cell
the result of the evolution of ancient symbiosis [141]. She acknowledges that the paper did
not present a novel theory. She formulated previous work to be consistent with data on
biochemistry and cytology of the day and concluded that many aspects of the theory were
verifiable by modern molecular biology techniques. The first step in the endosymbiotic
theory was the oversupply of oxygen in the atmosphere. Survival for a heterotrophic
anaerobe in this oxygen-containing atmosphere was possible by the ingestion of an aerobic
prokaryotic microbe. Margulis and her son, Dorion Sagan, commented that “Life did not
take over the globe by combat, but by networking”. Margulis further proposed the Serial
Endosymbiotic Theory (SET), represented in Figure 1, whereby eukaryotic cells evolved
through a series of discrete symbiotic partnerships with various prokaryotic cells whereby

mitochondria, chloroplasts and flagella evolved [57].

The contribution of Margulis, guided by previous researchers, is paramount in the field of
symbiogenesis. Richard Dawkins stated “I greatly admire Lynn Margulis’s sheer courage
and stamina in sticking by the endosymbiosis theory, and carrying it through from being
an unorthodoxy to an orthodoxy. I'm referring to the theory that the eukaryotic cell is
a symbiotic union of primitive prokaryotic cells. This is one of the great achievements of

twentieth-century evolutionary biology, and T greatly admire her for it” [4].

The endosymbiotic theory itself has evolved overtime with various other earlier theories

for the origin of eukaryotic cells listed below [111]:

e Independent origin of archaebacteria, eubacteria and eukaryotes from a universal
ancestor by C. R. Woese (1981, 1987).

e Evolution of the nucleus due to engulfment of an archaebacterial species, Lake et.
al (1982, 1994).

e Eukaryotic cell evolution from an intermediate between archaebacteria and Gram-
positive bacteria by T. Cavalier-Smith (1987).

e The eukaryotic nuclear genome a chimera which was formed by primary fusion of

an archaebacterium and a bacteria by W. Zillig (1991).

e The eocyte group was indicated as the closest relatives to eukaryotes by M. C.
Rivera and J. A. Lake (1992).
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Figure 1: Evolution of eukaryotic cells by a series of discrete endosymbiotic events: 1.
Mitochondria evolve; 2. Nucleus evolves from simpler DNA molecule; 3. Flagella evolve
from spirochetes; 4. Chloroplasts from free-living cyanobacteria. Cell walls evolve inde-
pendently [57].

The endosymbiotic theory is a form of saltational or leap evolution where there is a
sudden change from one generation to the next. After the initial leap the endosymbionts
transferred portions of their own DNA to that of the host by means of endosymbiotic gene
transfer. As such the endosymbiotic theory unveils the very first instance of inter-domain

horizontal gene transfer.

1.1.2 Alternate Endosymbiotic Theory: The Third Wheel

Why has the primary endosymbiosis event or acquisition of primary plastids not been
repeated many times over? What was the initial selective pressure that directed the
acquisition and retention of the cyanobacterium in the host? Only one case of a recent

primary plastid endosymbiosis was identified, in the photosynthetic amoeba Paulinella
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chromatophora [36]. The Archaeplastida, also called Plantae, are the founding lineage
of photosynthetic eukaryotes and their nuclear genomes serve as a basin for primary en-
dosymbiosis research. The large portion of cyanobacterium-derived components in these
genomes arose from endosymbiotic gene transfer resulting in the movement of copious
cyanobiont genes to the host chromosome with a second contributor of a large portion
of foreign genes to the Archaeplastida identified as the obligate intracellular bacterium
Clamydia [87]. In the tripartite endosymbiotic hypothesis the cyanobiont provided energy
for a host cell whose energy resources where being drained by a intracellular chlamydial
pathogen with the clamydial proteins themselves converting the cyanobacterial metabo-

lites into host energy stocks and is referred to as the ‘ménage a trois’ hypothesis (Figure

2) [31].

“Ménage a trois” s Diverse chlamydial hosts

. Archaeplastida & @
1] L]
[} L]

4 <7

g OO@'"”‘. i
1Chlamydial :
i partner 1 @

lost

oLy

i Cyanobacteria

-
""""
cll -

Early eukaryotes

Figure 2: The ‘ménage & trois’ hypothesis and diverse chlamydial hosts [31].

According to this hypothesis the clamydial partner converted host glucose-1-phosphate
to the bacterial metabolite ADP-glucose which was then polymerized to glycogen and
processed for import. The engulfed cyanobacterium would offer the host immediate relief
by means of ADP-glucose which is a by-product of cyanobacterium metabolism and thus
prevent further host energy depletion. The host energy depletion would provided the

initial selective pressure for the uptake and consolidation of the cyanobacterium in the

25

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Quf) YUNIBESITHI YA PRETORIA

host and provide a lasting symbiosis by metabolically linking host and cyanobiont [31].
The long term amalgamation of host, cyanobiont and clamydial enzyme functions would
lead to metabolic stabilization. Thereafter subsequent evolution and extensive HT would
form the true photoautotrophic eukaryote that would be the direct ancestor of current
archaeplastidial lineages and render the clamydial partner dispensable, leading to the loss

of the clamydial symbiont [87].

The ‘ménage a trois’ hypothesis by Ball et al. was weighed by Domman et al. and found
wanting. The elementary methods used by Ball et al. did not adequately model sequence
evolution with better-fitting models not supporting the clamydial partner hypothesis [31].
Domman et al. concluded that in the absence of cytological evidence or support from
more robust phylogenetic models the ‘ménage a trois” hypothesis is at this point in time

only a fantasy.

1.1.3 Secondary and Tertiary Endosymbiosis: Matryoshka dolls

The endosymbiotic theory or symbiogenesis is classified as primary endosymbiosis, but not
all eukaryotes obtained the advantage of photosynthesis by engulfing a cyanobacterium.
Secondary endosymbiosis is the process whereby an eukaryote acquired the ability of
photosynthesis by engulfing an eukaryotic algae (product of primary endosymbiosis) and
retaining the plastid (chloroplast) [133]. This process produces plastids that are sur-
rounded by three or four membranes unlike the two membranes of primary plastids [146].
The number of membranes in secondary plastids are plausibly as a result of the mecha-
nism by which they were engulfed. Phagocytosis will probably produce four-membraned
structures and myzocytosis, which does not include the ingestion of the prey cell mem-
brane, will likely lead to three-membrane structures [11]. These events formed multiple
independent groups of photosynthetic organisms including two groups of algae, the cryp-
tomonads and chlorarachniophytes that still contain a relict nucleus, a nucleomorph, from
the originally engulfed algae [133]. Phylogenetic analysis and sequencing of the nucleo-
morph chromosomes indicated that the nucleomorph originated from a red algae in the
cryptomonads and a green algae in the chlorarachniophytes [146]. The haptophytes and
heterokonts do not contain a nucleomorph and display a more reduced secondary sym-
biont with plastids surrounded by four membranes originating from red algae [146]. The
primary reasoning behind secondary endosymbiosis would have been the availability of
the photosynthetic energy production center but after time the pathways and centers
between host and symbiont would have become inter-twinned ensuring that the plastid
became indispensable even when not capable of their original function. This is evident in
colorless primary plastids and the non-photosynthetic apicoplasts found in Apicomplexa.
The loss of photosynthetic ability by the plastid does not lead to elimination of the plastid
in the host.
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Figure 3: Primary, secondary and tertiary endosymbiosis [5].

Tertiary endosymbiosis is the next step in the hierarchical eukaryote dinner. The uptake
of a photosynthetic symbiont that originated from secondary symbiosis by an eukarotic
cell is defined as tertiary endosymbiosis as is particularly evident in some dinoflagellate
species [146]. Within this group the existing red algae secondary plastid is replaced with
another plastid of secondary origin leading to the exchange of peridinin as the main

carotenoid for fluxoxanthin [30].

The nested Russian doll process of secondary and tertiary endosymbiosis provides eu-

karyotes with novel genes and thereby increases eukaryotic biodiversity.

1.2 Prokaryote Horizontal Transfer

Currently HT between related and distant species is accepted as a regular occurrence
in prokaryote evolution and adaptation, yet this was not always the custom. Originally
it was believed that micro-organisms evolved clonally with little or no genetic material
exchanged [82]. The traditional dogmas regarding HT was challenged and revised by
means of experimental and comparative analysis. In 1951 HT between avirulent and
virulent Corynebacterium diphtheriae was described and concluded that the virulence

was dependent on various factors including the degree of association with bacteriophages
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[107]. Cross-species HT between a resistant Escherichia coli and a Shigella was induced
by mixed culture and documented in 1960 [99]. In 1985, Michael Syvane proposed that
the degree and influence of HT was much greater than what was generally accepted but
ceded that such a theory was not proposed earlier due to the lack of known mechanisms
for HT [148].

The importance of HT in bacterial evolution has been elevated to such a degree that vari-
ous bacteriologists are questioning the existence of bacterial species [137]. The persistence
and fixation of these horizontally transferred genes indicates that a selective advantage
is conferred on recipient organisms [137|. Estimates for horizontally acquired DNA range
from 0.5% to 25% [151], and 1.6% to 32.6% [3], which are vast sizes considering the size
of a typical bacterial genome. The source and amount of HT has been linked to an or-
ganism’s lifestyle with events following a different classification systems ranging from new
genes, paralogs from existing genes and displacement from orthologs from another linage
[39]. The role of HT in microbial evolution is thus playing a more vital role than previ-
ously thought [3]. Recent pan-genome studies strongly suggest that microbial genomes
are continuously sampling and /or shuffling their genomic information, rather than under-
going slow, progressive changes [69], which is practically evident in the uprising of drug
resistant strains. Furthermore, a single HT event may alter the phenotype and virulence
characteristics, transforming a benign organism into a pathogen [17]. The hypothesis
of genetic capitalism, which states that successful integration and selection of a foreign
genetic element increases the number of possible genetic transfer events in the future, is
in agreement to the uptake of multiple islands and modules of resistance determinants
[17].

The composition of islands include more novel genes than the rest of the genome, in-
dicating an adaptive and auxiliary function [72]. The number of hypothetical proteins
in islands are often high and encoded functions are highly specific, thus enhancing the
fitness of the species [128]. The complication of island investigations are amplified by the
large spectrum of varieties in terms of genetic organization and functionality [72], and

the variation in gene family gain and loss rate over gene families [8].

1.3 Mechanisms, Incorporation and Barriers of Prokaryotic Hor-

izontal Transfer

Prokaryote HT is achieved by three principal mechanisms:

e Transformation. The procurement of naked DNA from the environment by a ge-
netically competent organism. Transformation has been described as early as 1928

when Griffith reported the advent of a virulent organism by mixing heat-killed,

28

© University of Pretoria



poat
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Quf) YUNIBESITHI YA PRETORIA

virulent pneumococci with live, non-virulent bacteria [109]. This was expanded in
1944 by Avery, MacLeod and McCarthy through the “transforming principle” which
concluded that material from a deceased bacteria conveyed information to living,
non-virulent bacteria and as such confirmed that the material transporting the in-
formation is DNA [79]. The conserved capacity of bacteria to obtain foreign DNA
by transformation indicates a functionally important genetic trait [149]. Transfor-
mation is attributed to 3 non-mutually exclusive requirements that necessitate the
uptake of foreign DNA [7]:

1. Diversity. Novel traits and functions may be conferred to the recipient.

2. Repair. DNA from closely related organisms might aid the repair of DNA

damage.

3. Food. Carbon, nitrogen and phosphorous can be sourced from DNA.

The process of transformation requires the recipient or host to be physiologically
“competent” or receptive to the uptake of extracellular DNA [52]. This time-limited
state involves 20 to 50 proteins in response to changing environmental conditions,
e.g. growth conditions, nutrient access, cell density or starvation [149]. The im-
port, of foreign, extracellular DNA is a complex task with various physical, time
and physiological barriers. The first essential ingredient for transformation is the
availability of stable, extracellular DNA in an environment. Extracellular DNA
is provided on a continual basis to the environment by decomposing or disrupted
cells, viral particles, excretion by living cells and active secretion by viable organ-
isms [7, 149]. The degradation of extracellular DNA is affected by environmental
conditions with stability of extracellular DNA influencing the bacterial exposure
time and therefore the transformation frequency, i.e. the number of bacteria with
HT DNA in relation to the total number of bacteria exposed, per unit time [149].
Gram-negative bacteria contain 3 physical barriers, ¢.e. outer membrane, cell wall
and cytoplasmic membrane, and Gram-positive 2 physical barriers, i.e. cell wall
and cytoplasmic membrane for extracellular DNA to cross. Only a single strand
of DNA is adequately imported into the cytoplasm with the other strand degraded
and released into the extracellular environment (Gram-positive) or the periplasmic

space (Gram-negative) [7|, illustrated in Figure 4.

Translocation across the membrane is not uniform across all species with Neisseria
species, Haemophilus influenza and Actinobacillus actinomycetemcomitans selec-
tive in the DNA to be translocated, yet other species indifferent to the sequence
ingested [149]. These sequence motifs are designated DNA uptake sequences (DUS)
or uptake signal sequences (USS) and have been identified as 5-GCCGTCTGAA-
3’ for Neisseria sp. and 5’-AAGTGCGGT-3’ for both Haemophilus influenza and
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Actinobacillus actinomycetemcomitans [7]. Sequence-specific binding receptors in
the recipients are yet to be identified. Transformation in these sequence dependent
recipients may be highly specific and species restricted [149]. In sequence-specific
and non-specific organisms the single strand of DNA is linearly absorbed into the

cytosolic space with a free end mandatory to start the transport process [52].
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Figure 4: DNA conversion during Transformation and Conjunction [52].

The uptake of stable, extracellular DNA in a competent host occurs briskly when
determined in vitro, ranging from 60 to 100 bp per second [149]. In Gram-negative
bacteria the outer-membrane is probably traversed with the aid of secretins. Se-
cretins are outer-membrane proteins involved in extrusion, secretion and transfor-
mation in Gram-negative-organisms by forming stable multimeric structures con-
sisting of 12 or 14 subunits [7]. These donut-like multimers are components of the
type IV pilus (T4P) and located in the outer-membrane with an aqueous central
cavity which is 6.5 nm in diameter with ample space for DNA or a DNA-protein
complex to pass through [52]. DNA presumably reaches the host periplasm by
means of these secretin donut stacks, yet direct evidence is still lacking. Compe-
tent bacteria enroll systems akin to the T4P and type II secretion system (T2SS)
to absorb DNA. There is a correlation between competence in bacteria with T4P
and piliation but the narrow channel and hydrophobicity of pili eliminate them as a
pipeline for transformation. Competence pseudopilus, a T4P like structure, are sug-
gested to be participants in DNA transport during transformation by chaperoning
foreign DNA to the transport machinery located at the cytoplasmic membrane [7].
In non-T4P organisms there exists machinery dedicated to pseudopilus construc-
tion. Pseodopilus formation in organisms with T4P would occur by means of the
same components as the pilus and thus explain the correlation between pilus forma-
tion and competence [7|. Comparison on pseudopilin lengths to secretion-pilus and
type IV pili indicate sizes ample to span the periplasm and cell wall (755 nm) [52].
Pseudopilins may retract or pull back DNA from the bacterial surface to the cy-
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tostolic membrane receptor to be transported across the cytostolic membrane [53],
arbitrate transition of DNA across the secretin channel in Gram-negative bacteria
or have a more passive position by forming a bridge across the cell wall enabling
foreign DNA to reach the cytostolic membrane receptor [7]. Transport into the cy-
tosol entails the employment of essentially two large polytopic membrane proteins
(ComEC and ComEA) and a third membrane-bound ATPase (ComFA) in the case
of Gram-positive organisms [52]. The Com prefix of these proteins relates to the
required state of “competence” by organisms to transform extracellular DNA. The
cytoplasmic DNA receptor ComEA functions in both binding and transport of DNA
with ComEC essential for DNA transport by forming an aqueous channel across the
cytoplasmic membrane [7]. The ATP-binding protein employed by Gram-positive
bacteria may assist in the translocation of DNA through the ComEC channel [52]
and aid in other translocation tasks such as the unwinding of double-stranded DNA
or the gating of the ComEC channel [7]. The single-stranded DNA now present in
the cytoplasm is to be integrated in the bacterial host genome. This is facilitated
by a RecA-dependent process and is reliant on the interaction between the freshly
translocated DNA and the cytoplasmic proteins [7]. There are various forms of in-
tegration between the single-stranded newly acquired DNA and the bacterial host
genome. Homologous recombination requires lengthy segments (25 to 200 bp) of
high sequence similarity to initiate pairing and strand exchange [149] and therefore
is prevalent between closely related individuals as seen in the trading of genetic
information between Fscherichia coli strains [118]. Due to the similarity to the
host genome these homologous recombination transfer events are difficult to distin-
guish from simple mutations and requires larger data sets for comparative analysis.
Ilegitimate (non-homologous) recombination is sequence independent and transfer
may occur between distantly related individuals. The prevalence of illegitimate
combinations is increased by the presence of a segment of homologous sequence in
the donor DNA to the recipient which serves as a recombinational anchor for the
RecA-dependent transfer [10]. Homologous and illegitimate recombination may be
viewed as replacing transfers (Figure 5 A) from similar or distant lineages. Additive
integration (Figure 5 B) entails non-replacing transfers that add substantial genetic
material to the recipient genome. This includes recombination between two circular
molecules or recombination between a circular molecule and the host chromosome
due to single crossovers at small segments of high similarity [149]. The underlying
structure of replacing and additive transfers are similar as seen in additive recom-
binations associated with replacing recombination at flanking regions [85]. Linear
DNA integration into chromosomal DNA may furthermore lead to additive integra-
tion when exchange extends beyond segments of homology or sequence similarity

resulting in substitution of sequences or addition of sequences and is defined as
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homology-facilitated illegitimate recombination [149].

A Replacing transfer Additive transfer

Figure 5: Replacing and Additive Transfer. A) Integration may follow replacing or addi-
tive transfer. B) Phylogenetic analysis reveals a clear distinction between replacing and
additive transfers. Replacing transfers lead to loss events whereas in additive transfers
no loss event is evident [85].

e Conjugation. The unidirectional and conservative transfer of DNA mediated by
MGE, e.g. plasmids, transposons, after cellular contact. Conjugative transfer is
regarded as having the highest potential capacity and evolutionary influence of the
HT mechanisms [12|. In 1946 Lederberg and Tatum, unaware of the existence
of plasmids, described conjugation for the first time when studying 2 FEscherichia
coli strains with different nutritional requirements [120]. Conjugation relies on in-
dependently replicating genetic elements (conjugative plasmids) or chromosomally
integrative and conjugative elements (ICEs) as well as conjugative transposons [68].
In contrast to plasmids, it is currently believed ICEs are not able to survive in an
extra-chromosomal state due to the inability to replicate autonomously [155]. These
MGE serve as a “buffet” for bacterial populations to obtain traits, variation and
recombination in varying environments with a greater probability of fixation than
other transfer mechanisms due to the protracted retention time in the cell [91]. The
relatively small size of these elements encourage transfer as larger elements, e.g. a
whole chromosome, will require more than an hour to be transferred during which
the interbacterial junction would have disintegrated and the process halted [149].
The donor cell advances transfer by synthesizing the multi-protein equipment con-
necting the donor and recipient cell and often processing the DNA bhefore transfer
to single-stranded with double-strand conversion accomplished by the replication

machinery of the recipient cell [155]. Processing and preparation of DNA to be
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transferred is widely conserved between bacterial species and is dependent on a
relaxase and some auxiliary factors [52]. The three central steps in conjugation
are mating-pair formation (MpF) followed by a signalling event or green light for
transfer to proceed and finally the transfer of DNA [68]. Conjugation equipment
consists of a cell-envelope crossing translocation channel with a pilus for Gram-
negative bacteria and surface-localized protein adhesins for Gram-positive bacteria,
as described in Figure 4 [52]. The Gram-negative conjugative pilus (mating-pair ap-
paratus) is assembled by the T4SS wherein a coupling protein joins a trans-envelope
protein complex to the plasmid’s relaxasome which is located at the plasmid origin
of transfer (oriT') |68]|. The relaxasome is a protein-DNA complex at the oriT that
nicks DNA when proteins are denatured chemically or cleaved proteolytically [149].

e Transduction. Transfer of DNA by means of a bacteriophage. The “one-night
stand” of HT, transduction has been likened to sexual reproduction in bacteria [121].
Transduction was demonstrated in 1951 by Lederberg and Zinder in Salmonella ty-
phimurium with a filter to prevent cell contact and conjugation [63]. This transfer
mechanism is specific as bacteriophages have a narrow host range and requires the
accidental packaging of host DNA into bacteriophage particles during replication
|91]. Phages are defined as virulent or temperate. Virulent phages follow an exclu-
sively lytic infectious cycle and temperate phages may follow a lytic infectious cycle
but prefer to institute a lysogenic cycle as a prophage. Transduction is divided into
generalized and specialized. Generalized transduction entails the transfer of genetic
material by a phage to any segment of the chromosome whereas specialized trans-
duction involves the transfer to restricted portions of the chromosome. Generalized
transducing phages randomly acquire bacterial DNA after lysis of the donor cell
by wrongfully absorbing the host bacterial DNA into the phage head [114]. The
serendipitous genetic material may be infused in a recipient cell by means of recom-
bination after the phage attaches to the recipient bacteria and inserts the phage
contents. Specialized transducing phages amass genetic material due to the defec-
tive disengagement of a prophage from a bacterial chromosome leading to phage
containing specific bacterial genetic material. Phage lambda (\) is an excellent ex-
ample of a specialized transducing phage which always inserts between the gal and
bio region of the host chromosome and as such phage A\ only transduces gal and bio

genes [34].

The method of transfer is of no consequence if the transferred island is not securely
inherited by the recipient organism. Figure 6 depicts the 5 steps that are essential in the
stable transfer of islands by means of HT [143]:
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e Bacteria Archaea Eukarya

Common ancestral community of primitive cells

Figure 6: 5 Steps leading to the HT and durable incorporation of foreign genetic material
[143].

1. Preparation of island for transfer. In order for an island to be successfully delivered
it has to be correctly packaged in the current host. This is achieved by wrapping
the island in phage particles, replication from an origin for transfer by conjunction,

integron assembly or the static release following growth or cell death.
2. Transfer of island. This is achieved by the methods described above.
3. Entry of island in host.

4. Incorporation of island in host. After packaging, delivery and acknowledging re-
ceipt, the island is to be unpacked and stored. The island may be established in
the recipient as a self-replicating element or recombination with/transposition into

the recipient host chromosome.

5. Stable inheritance and continuation of island in new host.

Integration into the host chromosome is established by means of the following mechanisms
[13, 65]:

e Homologous recombination. This is mechanism is favored between related taxa
and is proposed to be the most important method of incorporation between closely
related lineages. Homologous recombination will typically replace a similar sequence

rather than introducing novel DNA in a recipient host.

e Persistence as an episome or integrating plasmid. These plasmids are integrated
in the host chromosome, yet inevitably they function as an independent plasmid
molecule in the host at some stage.

34

© University of Pretoria



poat
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Quf) YUNIBESITHI YA PRETORIA

e Integration by MGE. This method may be important in HT between distantly
related species and is personified by integrons, a unique class of MGE, that utilizes

site specific integration.
e [llegitimate incorporation by means of an accidental double-strand break repair.

HT is not a free-flowing process and is subject to various barriers and roles played by the
donor and recipient in addition to environmental and physical restraints. Transformation
entails an active role by the recipient in contrast to conjugation where the donor assumes

a positive role and the recipient a negative or limiting role in order to curb HT [149]:

e Surface exclusion. Prospective recipients restrict the frequency of conjugative trans-

fer if in possession of a similar or related plasmid.

e Restriction. Restriction endonucleases divide foreign DNA into smaller fragments.
Recipients with a restriction system show a reduction in the frequency of transcon-
jugants from plasmids who are vulnerable. This barrier is breached to a certain ex-
tent as small plasmids and individual genes may not present all the restriction sites
and as such evade cleavage. Furthermore, conjugative and transformative trans-
fers involve single-stranded DNA which is more capable of averting the restriction

System.

e Plasmid replication and establishment barriers. The ability of a plasmid to replicate
and thus avert a replicon such as a chromosome eases HT to a recipient genome.
Plasmids are varied in their host range. The size of the host range may be due to
the replication proteins present and the absence of lagging-strand synthesis. The
aggregation of single-stranded DNA-replication intermediates due to the lack of
lagging-strand synthesis inhibits the amount of genetic material that plasmids may
amass and thus transfer before it becomes recombinationally unstable. Narrow
host range plasmids have been found wanting in terms of presence and ability of
replication proteins. Mutations in the plasmid replication proteins alter the host
range, suggesting that if a selective pressure was present the plasmid may increase
its host range by simple mutations. This is supported by the difference in host
ranges for plasmids within the same family, illustrating that the selective history of

the plasmid influences the host range.

1.4 Interdomain Horizontal Transfer

1.4.1 Methods of Interdomain Transfer

HT to eukaryotes is achieved by similar methods as between prokaryotes, illustrated in

Figure 7.
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Figure 7: Pathways for HT from Prokaryotes to Eukaryotes [139].

The presence of multiple membranes complicates bacteria to vertebrate transfers (BVTs).
Genes would have to cross cellular and nuclear membranes to reach a chromosome and
only be heritable when present in a germ cell and facilitating a large fitness benefit to the
host [108]. These methods of transfer are in essence similar to that found between prokary-
otes. The largest proportion of interdomain transfer is evident between endosymbionts
and their eukaryote hosts. The prolonged period of time in close proximity increases the
probability of successful integration between host and symbiont [113]. This is particularly

evident in the case of organelles such as mitochondria and chloroplasts.

1.4.2 Endosymbiont Bacteria to Eukaryote Horizontal Transfer

Transfers from an endosymbiont cell to the host cell will occur more frequently than that
of free-living organisms due to the close and constant proximity of cells in both organisms.
Transfers from endosymbionts in germ cells will have an even higher frequency as these
transfers will be passed onto future generations. Mitochondria from an o-proteobacteria
endosymbiont and chloroplasts from a cyanobacteria endosymbiont are found in repro-
ductive cells and are transmitted to the progeny by germ cells with routine DNA transfer
from these genomes to the nuclear genome [113]. Organelle-to-eukaryote transfer is clear
in Arabidopsis thaliana chromosome 2 centromere. It contains 270 kb or 75% of the nu-
clear mitochondrial insert and the chromosomal sequence has 99% sequence identity with

the mitochondrial genome, which indicates a recent transfer event [104].

Endosymbiont to eukaryote HT is highly frequent between Wolbachia endosymbionts
and their hosts. Wolbachia cells are intracellular, maternally inherited and transferred
through the egg cytoplasma ensuring a high probability of heritable HT to eukaryotic

genomes [113]|. Wolbachia HT has been observed in various eukaryotic orders and phyla:

e Wolbachia HT to the adzuki bean beetle, Callosobruchus chinensis, was the first

Wolbachia-to-Arthropod transfer described [75]. Further research suggested that
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roughly 30% of Wolbachia genes are present on the Callosobruchus chinensis nuclear
genome, most likely from a single HT event, and that nearly half of the transferred

genes were transcribed [76].

e The nuclear genomes of two distantly related, endosymbiont-free, filarial nematode
species, Acanthocheilonema viteae and Onchocerca flexuosa, contain Wolbachia se-
quences [94]. Both these nematode species are Wolbachia-free, and as such there
may have been rigorous HT between host and endosymbiont after which there was
no need for the endosymbiont and discarded. Changes in nematode biology, e.g.
host shift, making the endosymbiont obsolete may also explain the loss of endosym-
biont [113].

e Roughly the entire Wolbachia genome was found to be transferred to the tropical

fruit fly Drosophila ananassae (Figure 8) [60]. This insert is widely distributed and

found in four lines of Drosophila ananassae from Asia and the Pacific [113].

Figure 8: Fluorescence microscopy of chromosome 2L of Drosophila ananassae. DNA of
Drosophila ananassae stained red with propidium iodide. Probe for a Wolbachia gene
bound to a unique location, indicated in green [60].

o Wolbachia frequently infects the testes or ovaries of hosts and as such is able to enter

the germline to enable transmission of transferred material to the host offspring [14].

The endosymbiont HT ratchet describes the accumulation of genes in the “host” nucleus
with organelle origin with a similar ratchet used to explain the transfer of bacterial genes
to the phagotrophic unicellular eukaryotes that feed on them [113]. Ratchets like these

are applicable where two organisms have a close and lasting relationship (Figure 9).
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Figure 9: Endosymbiont HT ratchet. A gene (red) is transferred from the genome of the
endosymbiont (green circular chromosome) to the nuclear genome (gray linear chromo-
some) in low frequency. (a) At even lower frequency transfers will occur that allows for
the gene to be functional in the nuclear chromosome. As such either the nuclear or the
endosymbiont version will be lost, with the loss of the system version nearly irreversible
with the gene becoming fixed in the nuclear genome. (b) The loss of the nuclear version
returns the endosymbiont to its original state and the process may be repeated. (c) Over
time all genes that can be inserted in the nuclear genome will be inserted. (d) If main-
tenance of the endosymbiotic structure is no longer needed and HT has fulfilled all the
needs of the host the endosymbiont may be lost [113].
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1.4.3 Free-living Bacteria to Eukaryote Horizontal Transfer
Fungi

Fungi are likely to undergo a higher frequency of HT as many have a saprophytic or
symbiotic lifestyle that involves close interactions with bacteria without some of the
typical fences of HT such as the differentiation of germ line and soma [123]. HT may
have been more important in fungal evolution than in other eukaryotes [140]. These events
are more likely to be identified in fungi as they are one of the best sampled eukaryotic

groups by means of fully sequenced genomes [123].

e In 2010 all sixty complete fungal genomes sequenced at the time were analyzed with
fifty three (88%) of them displaying HT [123].

e Ten potentially horizontally transferred genes were identified in the genome of Sac-
charomyces cerevisiae. Two of these genes were further inspected with one gene
found to be required for anaerobic synthesis of uracil, possibly transferred from
Lactobacillales, and the other gene allowing for the utilization of sulfate from or-

ganic sources, possibly transferred from o-proteobacteria [26].

e An endoglucanase was reportedly transferred from the rumen bacteria Fibrobacter
succinogenes to the rumen fungi Orpinomyces joyonii allowing for the colonization
of a herbivorous rumen where cellulose and plant hemicellulose are the main raw

nutritive substrates [88].
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Algae

e Bigelowiella natans of the class chlorarachniophytes contained 2 genes obtained
by means of HT from different bacteria [64]. It is suggested that HT occurs in
Bigelowiella natans due to the mixotrophic, living both phagocytotically and pho-
tosynthetically, lifestyle [133].

e Diatoms are a major group of algae and is considered a large contributor to the
primary productivity on Earth. Gene transfer from various bacterial sources was
found to constitute 5% of the diatom gene stockpile, a level of transfer that is

comparable to rates found in bacteria [23].

e The extremophilic unicellular red alga Galdieria sulphuraria, a member of the
Cyanidiophyceae which inhabits volcanic hot sulfur springs, solfatara soils and an-
thropogenic hostile environments, displayed at least 75 independent gene acquisi-
tions from archaea and bacteria [44]. The copious amount of gene transfer from
prokaryotes enabled the adaptation of Galdieria sulphuraria to environments that
are uninhabitable for eukaryotes with the large amount of transfers and diversity of
archaeal /bacterial origins of these genes proposing that these transfers originated

from free-living organisms [139].

Plants

e Agrobacterium is the usual suspect in bacteria-to-plant HT and the most commonly
used in genetic engineering to introduce novel genetic material to a plant [125].
During infection with the bacterium a region of the tumor-inducing (Ti) plasmid,
termed transfer DNA or T-DNA, is incorporated into the nuclear genome of the
plant cell [1].

e T-DNA sequences were found to be present in all 291 tested accessions of cultivated
sweet potato with detailed analysis indicating a probable Agrobacterium infection

during the evolution and domestication of the popular crop [100].

e The insertion of T-DNA in a plant genome and the ensuing transfer by means
of sexual reproduction is relevant in several species of the genera Nicotiana and
Linaria [125].

o Rhizobium, Sinorhizobium and Mesorhizobium displayed the capacity to transform
plant cells when furnished with suitable plasmids for DNA transfer [102]. Ti-like
plasmids are not found contained in these bacteria naturally but HT of a Ti-plasmid

may occur between them and Agrobacterium [1].
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Asexually reproducing eukaryotes

Asexual reproduction denies organisms the opportunity of recombination through sexual
reproduction. Muller’s ratchet infers that asexual organisms will accumulate irreversible
mutations. HT is thus deemed to be more prevalent in asexual organisms as it affords

them a source of variation similar to recombination found in sexual organisms [113].

e Hydra magnipapillata is a freshwater cnidarian that may reproduce asexually through
budding. Seventy-one candidates for HT has been identified with 70% of these can-
didates having expressed sequence tags (EST) support and the majority of these

candidates only having bacterial homologs [56].

e Bdelloid rotifers are freshwater invertebrates that reproduce asexually. HT was
found to be abundant in these small animals and one such candidate gene was over

expressed in Escherichia coli yielding a functional enzyme [35].

e 148 genes in rumen Ciliates were found to be of bacterial or archaeal origin, espe-
cially Firmicutes, with the majority of these genes involved in metabolism, specif-
ically in the metabolism of complex carbohydrates which is a rich food source in
the rumen [43].

Sexually reproducing eukaryotes

e Six different gene families involved in cell-wall modification from four independent
bacterial groups were identified in clade IV plant-parasitic nematodes [41]. Three
of the bacterial groups are plant pathogenic soil bacteria associated with symbiotic

relations with plant roots.

e The evolution of stinging cells in cnidarians was found to be as a consequence of the
HT of a bacterial subunit of poly-y-glutamate [37]. Cnidarians use nematocytes to

capture their prey.

e In the coffee berry borer beetle, Hypothenemus hampei, a gene encoding mannanase
which hydrolyzes coffee berry galactomannan, the primary seed storage polysaccha-

ride of coffee, was found to be of bacterial origin [80].

Humans

The human body contains more bacterial cells than host cells with numerous opportuni-
ties for HT due to proximity between cells and mechanisms available to prokaryotes for

transfer of DNA [113]. HT between bacteria and humans, especially in the microbiome,
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is of great interest to health and well-being with transfers having the potential to induce
somatic cell mutations. Initial analysis on the draft human genome [38] indicated 223
proteins which may have been laterally transferred from a bacterial origin [92]. These
proteins had no comparable similarity to proteins of any non-vertebrate eukaryote and the
original human sequence was filtered to eliminate bacterial contamination [38]. The ma-
jority of these proposed genes contained introns and were confirmed as being from human
origin by more than one observation thereby eliminating the possibility of contamination
[131]. This is a considerable amount of BVTs and would suggest the permanent transfer
of genes to the host due to infections. The human genome may therefore be a mere vesi-
cle under continuous manipulation of foreign entities. Under this proposition it would be
required that genes are transferred into the germ cell lineage with these transfers stably
maintained in the host cell and spread throughout the population by means of a selective
advantage to the host or a “selfish” nature entailing the ability to duplicate and transpose
[92]. Detailed computational analysis of the draft human genome whittled the number
down to 113 genes that were abundant in bacteria and only present in vertebrates in the
eukaryote lineage [38]. The 110 genes discarded from the initial set of BVTs were found
to be sparsely distributed in prokaryotes and as such not deemed characteristic bacterial
proteins [108]. The condensed list of genes showed no preference for a bacterial donor
and included genes involved in the metabolism of xenobiotics and stress response. The
presence of two paralogues of monoamine oxidase, an enzyme central in the metabolism
of neuromediators and target of psychiatric drugs, demonstrates the involvement of these
laterally transferred genes in critical human physiological functions which would lead to
fixation and maintenance during evolution due to the selective advantage provided to the
host [38].

The International Human Genome Sequencing Consortium (IHGSC) findings with regard
to the bacterial origin of numerous human genes did not go unnoticed and resulted in a
“fresh skirmish in the genome wars” as it was dubbed in The New York Times [108]. The
Celera version of the human genome [61] did not comment on or include any evidence of
BVTs, HT or genes from a bacterial origin in their original paper. Salzberg et al. [92]
threw the first punch with a detailed reanalysis of the Ensembl set [38] and included
analysis on the Celera set [61]. Their work painted a different picture as to the frequency
of BVTs in the human genome identifying 41 genes in the Ensembl set and 46 genes
in the Celera set to be likely candidates for HT between bacteria and human. The
existence of genes shared by prokaryotes and humans, yet unavailable in non-vertebrates
is accounted for by a combination of evolutionary rate variation, the small sample of
non-vertebrate genomes and most importantly the loss of these genes in non-vertebrate
lineages [92]. Various further research and reviews show discrepancies and faults with
the THGSC results on the bacterial origin of human genes. In general it is proposed that

there certainly are BV'Ts present in the human genome but that the frequency proposed
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by the IHGSC paper is exaggerated and would likely lessen with the inclusion of more
non-vertebrate sequence data and richer phylogenetic models. Figure 10 details the set
of potential BVTs as proposed by different groups with only ten candidates accepted by

all involved.

] IHGSC, and Salzberg et al.
not rejected to date.

Q9UHN1
043600
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hCP1612220
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from IHGSC.

Figure 10: Set of potential genes transferred from bacteria to humans with overlaps and
exclusions [108|.

Challenges regarding multiple barriers, membranes and integration into the host germ
line complicates inherited HT and BVTs. It is evident that inherited bacterial HT to
a human host is not ubiquitous, but this does not dampen the opportunity for HT to
somatic cells due to the large size and contact area of the human microbiome [113|. The
majority of HT to somatic cells would go unnoticed in whole genome assemblies with
these HT and somatic mutations having a critical effect on human health and disease.
Proto-oncogene disruption by bacterial DNA has been proposed as an alternative to
chronic inflammation as mechanism for cancer development as well as bacterial DNA
transcription and expression [113]. Bacterial to human HT is not all doom and gloom
with various advantages such as the production of vitamin K and the fermentation of

non-digestible residues in the human gut [110].

1.5 Transfer, transfer everywhere

HT has been identified in multitudes of organisms from vastly differing taxonomic groups.
The advent of the Next-generation sequencing (NGS) age will surely increase the identifi-
cation of these events and the MGE that facilitate it. HT is an omnipresent and powerful
tool in the evolution of life forms and the ability to adapt to various strenuous environ-
ments. The prevalence of HT events in early life forms to the current human genome
reinforces the importance of MGE and HT in sustainability and biological progress. Iden-
tification and investigation of HT events and MGE will likely broaden current knowledge

and hypotheses regarding evolution and adaptation in the biological realm.
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1.6 Identification of Horizontal Transfer Events and Islands

The identification of islands in prokaryote genomes is an ongoing and developing field with
various contrasting central dogmas. The two main approaches revolve around sequence
composition and comparative genomics each with their own pros and cons. Sequence
composition methods do not require extra information (sequences) as would the compar-
ative methods and rely solely on the composition of the sequence under investigation to
identify local areas that differ from the global pattern. Unfortunately sequence compo-
sition methods are prone to false positives and negatives. Highly expressed regions are
known to be of variable composition and as such are often identified as probable regions of
horizontal transfer when they are not. Dependence on sequence composition bias further
increases the probability of a false-negative as horizontally acquired areas may reflect
the host sequence composition. In essence all the sequence composition methods recruit
k-mer (2-9) frequencies to indicate discrepancies in the sequence composition in a certain
location [71].

e SIGI-HMM [97] predicts island by means of codon usage (CU) tables and Hidden
Markov Models (HMM) for each gene in a sequence.

e IslandPath-DIMOB [103] is based on dinucleotide bias in eight or more consecutive
open reading frames together with at least a single mobility gene for the prediction

of islands.

e PAT-IDA [150] uses a combination of G+C content, dinucleotide frequency and CU

as indicators of genome signature to identify islands.

e Centroid [55] splits a given genome or sequence into regions with a length of chosen
window size and determines sequence composition through a k-mer (2-8) with a

default of 5 nucleotides to obtain bias in a sequence signature.

e Alien Hunter [152] employs Interpolated Variable Order Motifs (IVOMs) to iden-
tify compositional biases through variable order motif distributions, essentially long

variable k-mers.

e PredictBias [96] incorporates G+C content, dinucleotide bias and regions with a
minimum of six genes displaying codon biases to classify a segment of apparent

lateral transfer.

Comparative methods are more robust against false positives and false negatives but
do require multiple sequences of suitable origin for a detailed comparison. This method
identifies clusters or areas in a genome that are not present in several other closely related

genomes and as such are deemed to be laterally transferred. The success of this approach
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relies on the set of genomes wherewith the comparison is done. Genomes too far separated
will lead to difficulty in alignment and thus probable false positives with comparison of
genomes too closely related overlooking possible transfer events in their communal history
[71]. The choice of genomes to include in the comparative approach is the caveat in this
approach. It should be noted that gene loss in genomes may influence results but that

the increasing availability of sequenced genomes will improve results.

e IslandPick [70] automatically identifies a set for genome comparison and as such
removes user bias after which MAUVE and then BLAST is used to predict unique

and conserved regions.

e MobilomeFinder |51] focuses on bacterial tRNA and tmRNA genes, high insertion

frequency regions, and MAUVE comparisons for the isolation of transfer events.

The use of 4-mer oligonucleotides in sequence comparison methods have been found to
provide the best results in the determination of probable horizontal origin of clusters of
genes [58]. The SeqWord Genomic Island Sniffer (SWGIS) program [77] enlists oligonu-
cleotide and 4-mer frequencies in the determination of probable transfer events [77]. It
has been found that the frequencies corresponding to oligonucleotides depend on physic-
ochemical properties, and is influenced by CU [136]. Oligonucleotides are conserved
signatures for bacterial genomes [135], as such genomic oligonucleotide usage (OU) com-
position is less variable within genomes than between, regardless of the region under
investigation [46]. Alternating word lengths are analyzed to produce different oligonu-
cleotide usage pattern (OUP) that are normalized by varying methods, with each OUP
then characterized by unique statistical parameters [136]. These parameters include D
- the distance between 2 patterns of the same type, PS - pattern skew defined as the
distance between two patterns of the direct and reverse strands of the same DNA se-
quence, RV and GRV - oligonucleotide usage variances (OUV) normalized locally and
globally respectively [46]. The OUV parameter is defined as variance of OU deviations
normalized by the mononucleotide content of the sequence [135]. PS was determined to
be universally conserved for complete bacterial genomes with OUV a more taxon-specific
signature. Structural polymorphisms are effectively analyzed with the local OUP sig-
natures [136]. These parameters are able to indicate regions altered by horizontal gene
transfer as the parameters differ from the rest of the genome as seen in Figure 11. The
genomes of every bacterial species is defined by an OUP or genomic signature, biases in
frequencies of 2-7 bp oligonucleotides, that serves as a baseline for distinction between
and within [77].

44

© University of Pretoria



oo
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Q@ YUNIBESITHI YA PRETORIA

/E. coli 55980\
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GC-content 2.57 Mbp
n1_4mer:GRV/n1_4mer.RV

n0_4mer:D

n0_4mer:PS

2.31 Mbp

Figure 11: Distribution of islands identified by SWGIS in Escherichia coli strains.

1.7 Current Island Databases
1.7.1 HGT-DB (http://www.fut.es/~debb/HGT/)

The Horizontal Gene Transfer DataBase (HGT-DB) [89] could be regarded as the patri-
arch of prokaryote HT databases. Published in 2003 it is still available and functional
today. The original version contained 88 bacterial and archaeal genomes including gene
content and statistics, G+C content and deviations, amino-acid content and codon con-
tent and usage. HGT-DB identifies putatively foreign genes by means of G+C content,
CU, length and amino-acid composition. A gene of interest is deemed to be horizontally
acquired if the local G+C content or CU deviates by more than 1.5 standard deviations
from the global mean, the gene length is greater than 300 bp and the local amino-acid
composition does not deviate from the global amino-acid composition. Clusters of genes
are furthermore regarded as laterally transferred if they deviate in G+C content regard-
less of their length or CU. These clusters would thus fall into the definition of an island.
HGT-DB regards highly expressed genes such as ribosomal proteins to be false positive
HT predictions and excludes them from the database. Highly expressed genes may adapt
their CU to confer with the most available tRNAs and as such their CU is likely to differ

from the mean.

1.7.2 ACLAME (http://aclame.ulb.ac.be)

The A CLAssification of Mobile genetic Elements database (ACLAME) [67] was origi-
nally published in 2004 and updated in 2009. The first version of ACLAME (version «)
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employed TRIBE-MCL to produce clusters of true MGE proteins based on sequence sim-
ilarity which were then manually curated. 5,069 proteins from 119 DNA bacteriophage
genomes used in the first version resulted in 437 clusters with 3 or more members covering
2,501 proteins (50%). The top 300 clusters were then manually analyzed with 233 receiv-
ing functional annotation. The current release (version 0.4) includes MGE information
on 457 bacteriophage genomes, 1,109 plasmids and 760 prophages. ACLAME includes
reticulation or interweaving events between MGE based on a graph-based method orig-
inally used for phages. The communality of genetic modules between related groups of

MGE is included in the database and defined as evolutionary cohesive modules.

1.7.3 PAIDB (http://www.paidb.re.kr)

The PAthogenicity Island DataBase (PAIDB) [90] first published in 2007 and updated in
2015 is a collection of reported pathogenicity islands (PAls) and potential PATs identified
by a combination of feature-based and sequence-based analysis. The initial version in-
cluded 112 PAIs which have been increased to 223 PAls in PAIDB v2.0 which includes 88
resistance islands (REIs). PAIs reportedly promote disease development and REIs allow
for a fitness advantage against antimicrobial agents. The updated version of PATDB uses
SIGI-HMM (measures codon adaption index) and IslandPath-DIMOB (measures dinu-
cleotide bias in presence of mobility gene(s)) through the IslandViewer web server as the

method of island prediction from which candidate PAIs and REIs are obtained.

1.7.4 IslandViewer (http://pathogenomics.sfu.ca/islandviewer)

I[slandViewer [21] houses precomputed islands and allows for island prediction by 3 meth-
ods. The third release of IslandViewer is currently available, after being originally pub-
lished in 2009, updated in 2013 and contains islands predicted in 2,794 genomes. This
database incorporates the IslandPick, IslandPath-DIMOB and SIGI-HMM island pre-
diction methods which are described by the authors as island predictors employing dif-
ferent yet complementary features. SIGI-HMM and IslandPath-DIMOB are sequence
composition-based methods and IslandPick defined as a comparative genomics-based
method.

1.8 Need for a Novel Database?

All the databases mentioned above target a specific area of island and prokaryotic re-
search. They all appear to view islands as separate and mutually exclusive entities with
little or no effect on other islands. The history and origin of islands are not explored and

investigated in current databases, with the exception to some extent of ACLAME. This
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methodology of island research set into motion the need for a comprehensive and encom-
passing tool to research islands in the host they are predicted in and the relationships
they are involved in within the host and each other. A more detailed view on islands as
a community and the interaction within the community and with the habitat they occur
in was essential. Islands do not appear de novo and the footsteps or path taken by them
needs to be retraced in order to understand and comprehend their existence. Current
databases employ various methods of island prediction all with their own strengths and
weaknesses. OUP and other OU statistics is an important island predictor, yet lacked
a suitable database and collection of tools to analyze islands identified by alternative
genomic signatures. The ability to compare newly predicted islands not only by means of
prior prediction but by relational position to other islands was lacking and necessitated

the development of a comparative tool incorporating all possible avenues.

1.9 Ontology and Stratigraphy

I[sland ontology is defined as the study ’of that which is’ or existence of islands in prokary-
otic genomes. This includes investigation into the existence of categories or groups of
being. The identification of an island in combination with all relations and probable

origin may give greater insight with regards to the history and reason of an island.

Stratigraphy is a term used to describe the geological study of layers or layering in
rock and includes the investigation of fossils contained within rock strata. This term
is used metaphorically to describe the flow of islands into a genome and as such adding
information and layers to the existing content. These layers may be analyzed to determine
probable time of insertion and origin in an attempt to unravel the flow of information.
The identification of island or ’fossils’ caught in the genome may provide insight with

regards to the current genome content and existence of islands in a genome.

1.10 Aims and Objectives

The production of a viable and fruitful bioinformatic database and collection of tools for
the adequate analysis of previously identified and novel islands is the cornerstone of this
project. The ease and speed at which prokaryotic genomes are fully sequenced requires
a convenient yet powerful starting point for the identification and analysis of predicted
islands and comparison of novel and/or existing islands. The honing of composition-
based approaches with which islands are predicted and collected is of vital importance
in the warm-up to a reliable and progressive island analysis platform. Islands predicted
require full inspection and deconstruction prior to catalogue and storage to enable the

production of a unhindered pipeline to be used for further development. A “one stop
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shop” is therefore envisaged to allow users functional and reliable research in the field of
prokaryote mobilomics. This will be constructed on a relational database foundation with
a graphical user interface (GUI) as merchant to guide and advise users. The ability to
add or remove “inventory” is vital to the longevity of a scientific database in the current
age of sequencing and needs to be addressed in the construction of a contemporary island
resource. The relevance and accuracy of any scientific emporium should furthermore be
tested and weighed after completion to indicate purpose and commitment. In summary

the aims and objectives is as follows:

e Optimization of composition-based approaches employed in the identification and

collection of islands in prokaryotes.

e Construction of a MySQL database housing information on islands identified by

SWGIS hosted by sequenced archaeal /bacterial genomes.
e Establish the ability to scale and refurbish the database as the need arrives.

e Development of a web-based GUI in collaboration with the MySQL database to

enable users island browsing, searching and retrieval capabilities.
e Database introspection and mining.

e Evaluation of the database as a contemporary and suitable island analysis package.

1.11 Discussion

The proposed methodology and implementation aims to produce a contemporary and
dynamic suite of tools and collection of information to be extensively used in the field of
HT and MGE research. This database aims to provide users with reliable and detailed
information in conjunction with the ability to conduct further analysis on known and
novel islands. The production of a scalable and expandable repository is of the essence in
the age of affordable and rapid sequencing technologies. Development of a user-friendly
interface with the ability to conduct novel island research is vital for database longevity
and sustained use in an ever expanding biological arena. Availability of an alternative
to current island databases and tool collections may improve present knowledge and
understanding of HT and MGE. This set of tools and the collection of island information
aims to allow users flexibility in the island research questions addressed and investigation

approaches followed.
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2 Chapter 2: Optimization of composition-based is-

land prediction and collection

We mostly don’t get sick. Most often, bacteria are keeping us well. Bonnie

Bassler

2.1 SWGIS overview

NGS allows for the complete identification of novel organism and strain genomic infor-
mation in a relatively short period of time with a restrained cost. The ability to produce
new genomic data is fast outperforming the capability of current sequence information
mining in complete genomes. The identification of probable regions of HT based on
compositional methods produce reliable results when used in combination with opti-
mal parameters. This approach is deemed genome linguistics and employs text analysis
algorithms in the detection of foreign regions of genetic material from varying origins
[25, 129, 132].

The SeqWord Genomic Island Sniffer (SWGIS) program [77] is developed in the Python
programming language and recruits various previously published routines in an effort to
identify and isolate deviations in local OUP from the genomic global OUP in prokaryotes
[46, 136]. Inconsistencies between local and global OUP may indicate genomic areas of
probable HT.

SWGIS utilizes genome linguistics to detect discrepancies in local from global oligonu-
cleotide frequencies and incorporates a set of combinatorial parametric measures with
OU statistics to increase reliability of island prediction. It has been established that
in archaeal/bacterial genomes frequencies of tetranucleotides provide the optimum re-
sults [46, 135, 136]. These OU parameters are designated n0_4mer for non-normalized
tetranucleotide usage pattern and nl_4mer for normalized tetranucleotide usage pat-
tern. It should be included that SWGIS allows for the use of word sizes from 2-mer to
7-mer with or without normalizations but the utilization of default parameters is strongly

advised.

The SWGIS algorithm is grounded in the basic principle of superimposing values of sev-
eral statistical parameters calculated for a sliding window to identify loci with a distinct
OUP and furthermore distinguish between alternate categories of these atypical genomic
fragments. In essence islands are identified by an alternative OUP (increased n0_ 4mer:D)
with a lower internally normalized OUV (nl_4mer:RV) and an increase in globally nor-
malized OUV (nl1_4mer:GRV). PS (n0_4mer:PS) comparisons are used to identify and
circumvent rrn operons as these regions display acute values of n0_ 4mer:PS. These pa-

rameters are measured by means of a sliding window approach. Genomic fragments of 8
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kbp with a 2 kbp step are compared with the tetranucleotide usage values in the whole
genome. The identification of a reliable increase in the local distance (n0_4mer:D) in
conjunction with a significant decrease in nl_4mer:RV and increase of n1_4mer:GRV
indicates an area of foreign acquisition and signals the window to move several positions
back and repeat the analysis with steps of size 0.2 kbp in order to identify the coor-
dinates of the foreign insert. Thresholds for parameter deviation may be specified to

achieve acceptable false negative and false positive ratios.

SWGIS is able to identify multiple islands in numerous genomes in a single run. Com-
plete archaeal /bacterial genomes in GenBank or FASTA format are required as input.
GenBank format is advised as this enables greater power to SWGIS in the production of
output files. Assorted output files are created for each genome which include a standard
text file (.out) that contains a list of identified islands with coordinates and OU param-
eter values for each island. The usage of GenBank file format as input enables SWGIS
to identify genes within the borders of each island and will be included in the .out file.
It further allows for the production of a GenBank file for each island that would contain
annotation data. SWGIS provides a FASTA file containing sequence information for all
identified islands for both input formats and allows users the option to create graphical
SVG files for each analyzed genome. These genomic atlas .svg files indicate the position
of predicted islands in conjunction with the visualization of defection of OU parameter

values for each island.

2.2 SWGIS parametric optimization

Islands identified and housed by PAIDB were used as a baseline and reference for a
true positive island prediction. Empirical analysis indicated that D and V values below
1.5 increased false positive prediction of islands whereas values above 2 increased false
negative rates. Factorial analysis was enrolled to determine the optimal combination of
values in order to minimize false positive and false negative rates [144]. This resulted
in regression equations for estimating expected values of false negative rates (FNR) and
false positive rates (FPR) for D and V thresholds:

FNR = —0.628 + 0.118D + 0.392V
FPR =0.752—-0.121D — 0.173V

FNR+ FPR =0.124 — 0.003D — 0.219V
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The determination of “true negative” category for islands is cumbersome and as such the

sensitivity and specificity parameters were modified:

oo+ 1-FNR—FPR
Sensitivity = —"rpp
. o . o 1
Specificity = 1ppp

Expected values of FNR, FPR and FNR+FPR under different parametric combinations
are presented in Figure 12 A - C below.
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Figure 12: Parts A and B show FNR and FPR calculated for different combinations of D
and V, respectively; and their sum in the part C. Parts D, E and F represent the expected
specificity and sensitivity (S/S) for variable D thresholds depicted on the horizontal axis
and fixed V thresholds. Vertical axes represent specificity and sensitivity values.

There is a gradual change in colors from the highest (red) to intermediate (yellow) to

lowest or optimum (green) prediction rates in the figures presented above. FNR is at a
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minimum for [D:1.5; V1.5] and increases when changed to [D:2.0, V:2.0]. This is indicative
of a lower probability of neglecting an island by using parametric values [D:1.5, V:1.5]
rather than [D:2.0, V:2.0]. The parametric values [D:1.5, V:1.5] result in a lower FNR
and highest sensitivity yet it produces an increased FPR and low specificity. Reduction in
FPR and increase in specificity is achieved with the parametric set [D:2.0; V:2.0] (Figure
12 B). Alterations in the cumulative FNR+FPR which is influenced by parameters D and
V is displayed in Figure 12 C. Increase in parameter V leads to the progressive increase
in FNR+FPR while a change in D has no effect as the increase in FNR is compensated
by a correlated decrease in FPR. Optimization of specificity and sensitivity in island
prediction is achieved by the adjustment of parameter D and the use of a constant and

minimal V.

Specificity and sensitivity for altered D and fixed V parameter thresholds are shown
in Figure 12 D - F. Optimal specificity /sensitivity ratio is achieved with parameter set
[D:1.7; V:1.5]. This serves as the default parameter set for SWGIS. This default set
of parameter values may be altered by users to reduce FPR or in case of adjustments

required to specificity /sensitivity ratio for certain genomes.

2.3 SWAGIS failures and problem resolving strategies

The performance of SWGIS may further be improved by analyzing the patterns of
genomes where it performed poorly with respect to an independent island prediction
program (IslandViewer). Genomes in Figure 13 below were identified as over or un-
derstating the amount of islands predicted by SWGIS. These genomes are graphically
marked in the column FPR/FNR by red leftward and blue rightward bars depicting FNR
and FPR over-ranges, respectively. FPR/FNR was calculated as follows:

FPR/FNR = (NSWGIS - lelandViewer)/N(werage

Nswars is the number of islands predicted by SWGIS at [D:1.5; V:1.5|; N rsanaviewer
is the maximum number of islands predicted by one of the IslandViewer programs and

N average is the average number of islands predicted by all programs.

These predictions were investigated to determine probable causes of these failures. Genomes

were searched for commonalities which may explain the excessive amount of islands pre-

dicted.
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# Genomes

FPR/FNR*

1 Bacillus anthraci s str. Ames [ NC_003997 ]
2 Bacillus anthracis str. 'Ames Ancestor' [ NC_007530]
3 Bacillus anthracis str. Sterne [ NC_005945 ]
4 Bacillus cereus ATCC 10987 [ NC_003909 ]
5 Bacillus cereus ATCC 14579 [ NC_004722]
6 Bacillus cereus E33L [ NC_006274 ]
7 Bacillus licheniformis ATCC 14580 [ NC_006322]
8 Bacillus thuringiensis str. 97-27, complete [ NC_005957 ]
9 Bacillus thuringiensis str. Al Hakam [ NC_008600 ]
10 Bordetella bronchiseptica RB50 [ NC_002927 ]
11 Bordetella parapertussis 12822 [ NC_002928 ]
12 Bordetella pertussis Tohama | [ NC_002929 ]
13 Borrelia afzelii PKo [ NC_008277 ]
14 Borrelia turicatae 91E135 [ NC_008710]
15 Bradyrhizobium japonicum USDA 110 [ NC_004463 ]
16 Burkholderia mallei ATCC 23344 chromosome 1 [ NC_006348 ]
17 Burkholderia mallei ATCC 23344 chromosome 2 [ NC_006349 ]
18 Burkholderia mallei NCTC 10229 chromosome | [ NC_008835 ]
19 Burkholderia mallei NCTC 10229 chromosome Il [ NC_008836 ]
20 Burkholderia malle i NCTC 10247 chromosome | [ NC_009079 ]
21 Burkholderia mallei NCTC 10247 chromosome Il [ NC_009080 ]
22 Burkholderia mallei SAVP1 chromosome | [ NC_008784 ]
23 Burkholderia mallei SAVP1 chromosome Il [ NC_008785 ]
24 Campylobacter fetus 82-40 [ NC_008599 ]
25 Caulobacter crescentus CB15 [ NC_002696 ]
26 Clostridium acetobutylicum ATCC 824 [ NC_003030 ]
27 Ehrlichia canis str. Jake [ NC_007354 ]
28 Lactococcus lactis subsp. cremoris MG1363 [ NC_009004 ]
29 Lactococcus lactis subsp. cremoris SK11 [ NC_008527 ]
30 Lactococcus lactis subsp. lactis 111403 [ NC_002662 ]
31 Leptospira interrogans Lai str. 56601 chromosome | [ NC_004342 ]
32 Magnetospirillum magneticum AMB-1 [ NC_007626 ]
33 Mesorhizobium loti MAFF303099 [ NC_002678 ]
34 Mycobacterium smegmatis str. MC2 155 [ NC_008596 ]
35 Mycobacterium ulcerans Agy99 [ NC_008611 ]
36 Nitrobacter winogradskyi Nb-255 [ NC_007406 ]
37 Pyrococcus furiosus DSM 3638 [ NC_003413]
38 Ralstonia eutropha H16 chromosome 1 [ NC_008313 ]
39 Sphingopyxis alaskensis RB2256 [ NC_008048 ]
40 Staphylococcus aureus RF122 [ NC_007622 ]
41 Thermosynechococcus elongatus BP-1 [ NC_004113 ]
42 Xanthomonas oryzae pv. oryzae MAFF 311018 [ NC_007705 ]
43 Xylella fastidiosa 9a5c [NC_002488]
44 Xylella fastidiosa Temeculal [ NC_004556 ]

Figure 13: Genomes in which numbers of islands predicted by SWGIS were significantly
over-ranged regarding to predictions by other programs that may indicate large FNR (red

columns) or large FPR (blue columns).

2.3.1 False positives

In the genomes of Bacillus cereus, Bacillus anthracis, Bacillus thurengiensis and several

others, mostly Firmicutes, SWGIS predicted considerably more islands than the Island-
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Viewer programs. In Figure 14 multiple falsely selected rrn operons are included in the
set of predicted islands hosted by Bacillus cereus ATCC 14579.

Bacillus cereus ATCC 14579, complete genome.
5,411,809

2.7 Mbp
_— GC-content
|:] Selected loci;
_— n1_4mer:GRV/n1_4mer:RV
e n0_4mer:D
- B Falsely selected rrn operons;
_— n0_4mer:PS

Figure 14: Multiple islands predicted by SWGIS in Bacillus cereus ATCC 14579 including
falsely selected rrn operons.

Theoretically there are no genes or genomic fragments in archaea/bacteria which may not
be subjected to HT and as such there is no standard on the rejection of falsely predicted
islands. This complicates HT prediction and as such genomes displaying unusually high
numbers of predicted islands were investigated for the presence of common properties
to explain the excessive number of predicted islands. The genomes under question all
displayed compositional polymorphism with large parts of their chromosomes character-
ized by alternative G+C and OU-bias. In particular, DNA molecules in the central area
of Bacillus cereus chromosome are more AT rich and possess more pronounced intrinsic
curvature; increased stacking energy; higher position preference; and a higher occurrence
of palindromes [59]. It is proposed that these bacteria acquired one or even multiple giant
islands which subsequently underwent fragmentation and spread across the chromosomes.
The biological relevance of the commonality of this compositional polymorphism is of yet

unknown, except for their common horizontal acquisition. It is possible that the majority
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of the islands predicted in this set of bacteria might be false positive results. High FPR
is avoided by more stringent SWGIS parameter settings and in this example an increase
in the D threshold is suggested (Figure 12).

2.3.2 False negatives

Composition-based island prediction methods are designed to identify regions with atyp-
ical OUP in a given genome. This method may omit islands which have been acquired
from a donor with a similar OUP or ancient acquisitions which have been altered by
amelioration. SWGIS is not immune to this problem and fails to identify ancient inser-
tions; fragments where OUP are indistinguishable from the core chromosomal sequence;
and reliable OU calculations from short DNA inserts [46]. SWGIS detected relatively
few islands in Borrelia burgdorferi B31; Burkholderia mallet ATCC 23344, Burkholderia
malles NCTC 10229 and Burkholderia malles NCTC 10247; Halobacterium sp. NRC-1;
Mycobacterium ulcerans Agy99; Nitrobacter hamburgensis X14; Sphingopyzis alaskensis
RB2256; chromosome 2 of Vibrio cholerae O1 biovar eltor str. N16961; and Xylella fas-
tidiosa 9abc. These predictions were deemed inconsistent with those of the IslandViewer

programs.

The organisms mentioned above do not harbor any taxonomical links between themselves.
Even in other strains of the same species islands may be identified without any problems
that are in contrast to the false positive prediction problem discussed in the previous
section, which was characteristic for species and groups of related organisms. The reason
for island prediction failure in Xylella fastidiosa 9a5c is that this organism has developed
a mutator phenotype that eroded its chromosomal OUP specificity [135], it was thus
impossible for SWGIS to make predictions. In the contrary, there were no problems with
island identification in Xylella fastidiosa Temeculal which shows a stable chromosomal
OUP. False negative prediction in Thioalkalimicrobium cyclicum ALM1 is shown in Figure
15.

This overlooked region is a large 87,608 bp viral filamentous hemagglutinin gene with
constituent repeats. This island is highlighted in Figure 15 on the genomic atlas and
displays parameters associated with an island. This island was rejected by SWGIS as it
considers giant genes with multiple repeats as a separate category of genomic elements
with alternative OUP [134]. Visual inspection of genome maps provided by SWGIS
enables the identification of these false negative predictions. SWGIS does not include
giant genes in prediction results as these genes seldom undergo HT and would lead to

numerous false positive predictions.
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Thioalkalimicrobium cyclicum ALM1 chromosome, complete genome.
1,932,455

——  GC-content

—— n1_4mer:GRV/n1_4mer:RV
——  n0_4mer:D

——— n0_4mer:PS

Figure 15: An insertion of a giant viral gene in the chromosome of Thioalkalimicrobium
cyclicurn ALM1 is highlighted on the atlas and was overlooked by SWGIS.

2.4 Continued analysis after prediction

The successful prediction of a region of HT is the first phase in the study of HT. Numerous
computational methods exist to identify these regions of foreign acquisition, yet there
is a lack of tools to further study the relationships between islands and their possible
origins. SWGIS allows for various analysis of islands post prediction in an effort to

expand knowledge on island origin, liaison and migration.

LingvoCom is a collection of such utilities, available from the SeqWord project, to analyze
genome linguistics in genomic sequences ranging in size from small fragments to complete
genomes in GenBank or FASTA format. This includes island files as produced by SWGIS.
Alternatively it may extract DNA fragments from a whole genome by user defined coor-

dinates and is freely available from http://www.bi.up.ac.za/SeqWord/lingvocom.

LingvoCom offers “3D-plot” and “d-matrix” functions to group islands or other DNA
segments by compositional similarity or phylogenetic trees respectively. 3D-plotting is
an implementation of the non-metric multidimensional scaling (MDS) algorithm [122].
SWGIS identified 12 islands in Nitrosomonas europaea ATCC 19718 and 11 islands in
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Nitrosomonas eutropha C91 which were used as input for LingvoCom. The genomes of
Salmonella enterica subsp. enterica Typhi Ty2, Clostridium thermocellum ATCC 27405
and Acidovorar ebreus TPSY were used as outgroups in this analysis. LingovoCom
creates a graphic<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>