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Abstract
Evolutionary divergence of the insect disease-encoding Serratia
plasmid pADAP

by
Thomas Lesley Sitter

The larval stage of the endemic New Zealand grass grub (Costelytra giveni) (Coleoptera:
Scarabaeidae), causes estimated damage worth between 215 – 585M NZD annually to dairy and
meat farms throughout New Zealand. To date, two diseases of grass-grub larvae, instigated by strains
of Serratia entomophila and S. proteamaculans, have been identified and are being used as
commercial biocontrol agents. As chemical pesticides are rapidly being banned due to hazardous side
effect or soil contamination, together with documented increases of resistance to these pesticides,
biological control approaches such as the Serratia based products are slowly taking their place.
The two main virulence determinants in these Serratia strains, an Anti-feeding prophage (Afp) and an
ABC-toxin-complex (Serratia entomophila pathogenicity toxin complex), are encoded on the
previously described 153-kb conjugative megaplasmid pADAP (Amber Disease Associated Plasmid).
Variants of the pADAP have been identified containing only one of the two virulence determinants
and homologs have been found in bacteria from other genera. With the goal of defining evolutionary
points of divergence between plasmid variants, and to examine potential co-evolution between
plasmid and host, plasmids from 76 Serratia isolates and three Yersinia isolates with varying disease
phenologies were sequenced.
Phylogenetic analysis of the conserved pADAP plasmid “backbone”, residing between a conserved
point of demarcation found in this study and the end of a sex pili cluster (spa1), revealed clustering
of all the S. entomophila plasmids. Within the predicted backbone region, several intergenic regions
in the areas of replication and conjugation contained DNA inserts, one of which, positioned between
TraG and TraC, demarcates chronic disease related plasmids from the hypervirulent and nonpathogenic plasmids. These inserted regions, together with other insertions, deletions and mutations
identified in this project, are clear markers for evolutionary divergence between the plasmid
variants.
In addition to virulence determinant variants, several novel gene clusters have been identified. Some
of these include antimicrobials, putative accessory virulence determinants, toxin-antitoxin clusters
and secretion systems, and two novel regions of unknown function. In this study, several of the novel
regions were investigated to determine correlation between disease states in C. giveni and the
occurrence of these genes, but none of the regions were found to influence amber disease in C.
giveni, suggesting these strains might be associated with other hosts or provide the bacteria with
other competitive advantages.

Of note is a bacteriophage present on a pADAP-type plasmid, that is also present in a non-pADAP
type plasmid, both obtained from S. proteamaculans strains sequenced in this project. The nonpADAP phage carrying strain also has an orthologous Sep region. This phage and Sep carrying S.
proteamaculans isolate was ineffective towards C. giveni larvae but had significant mortality
response in Pyronata festiva, a beetle species morphologically similar to grass grub, but genetically
very distinct. This is an interesting finding, as most Sep carrying strains without Afp have the opposite
phenotype in that they are only bioactive in C. giveni and not P. festiva.
Numerous Sep variants were observed, including several variants residing on non-pADAP plasmids
(i.e. without the conserved backbone). All but one of the Sep variants were co-located with the Sef
fimbrial cluster, which was highly conserved compared to the Sep cluster. The one non-Sef encoding
plasmid was associated with a Yersinia frederiksenii isolate and appeared to have no bioactivity in C.
giveni. The co-location of the Sef cluster, the high conservation of the sef genes and the absence of
plasmids lacking the Sef region while still being bioactive, leads to the assumption that fimbriae are
an integral part to the functionality of Sep, through a yet to be determined mechanism.
The hypothesis of the study was that there would be a tightly regulated network of HGT mechanisms
that made pADAP a clonal plasmid capturing device with actively interchangeable pathogenicity
associated clusters. It was assumed virulence determinants can be lost in situations where the
bacterium and its plasmid were not in contact with the insect host, or that the plasmid could be
discarded in periods of low nutrients, such as the summer period in New Zealand where grass grub
larvael populations are at their lowest and nutritional stress and heat stress are at their highest.
However, the exact opposite of this hypothesis was observed.
The plasmids analyzed appear to be highly stable and loss of plasmid happens rarely even under the
hashest conditions (extreme heat, extreme stress, nutritional depletion). Numerous analysed isolates
with peculiar phenotypes thought to have a pADAP harboured non-pADAP megaplasmids of similar
size. This study also showed that pADAP plasmids do not seem to be a burden to their host cell, but
instead actually convey some fitness benefits. Instead of observing active horizontal gene transfer
(HGT) of pathogenicity clusters, it was observed that the genetic diversity is much more correlated
with speciation.
The overall conclusion of this study is that perturbation of the bacterium system is more likely caused
by genetic diversity than an tightly regulated active HGT mechanisms.
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Chapter 1 Historical context and general introduction
Costelytra giveni
The beetle, Costelytra giveni (1), also called Tutaeruru by the Māori and colloquially referred to as
the grass grub, is an endemic insect to New Zealand. This species was described by Europeans in the
years between 1839 to 1843, when the British royal navy set two warships, the H.M.S. Erebus and
the H.M.S. Terror, out to the southern hemisphere to investigate terrestrial magnetism. The
expedition was accompanied by scientists charged with documenting new marine and terrestrial
organisms. One of the scientists, Adam White, was in charge of documenting invertebrates and in
1844 published his findings as part of a two volume book containing detailed descriptions and
drawings of all new organisms found during the expeditions. One of these descriptions is believed to
be the first taxonomic classification of the New Zealand grass grub, in that time it had been labeled
Rhistorogus zealandica (2). In 1952 B.B. Given compared the description written by White, to 400
samples obtained from around New Zealand and found the specimens belonged to the genus
Costelytra, not Rhistorogus, and the beetle was therefore renamed Costelytra zealandica (3). In 2016
researchers in Spain re-investigated the classification of the C. zealandica by Given and determined
there to be several inconsistencies between the sample descriptions and therefore reclassified the
grass grub beetle as Costelytra giveni (1). C. giveni is one of over 100 endemic beetles belonging to
the Scarabaeidae family that can be found in New Zealand. Although C. giveni is a distinct species, it
is believed that there might exist several subspecies of C. giveni (4), but further research is required.
C. giveni is holometabolic, meaning it has four major stages in its life cycle; egg, larva, pupa and adult
beetle (5). The female beetles lay two to three batches of ~10-30 eggs each (5, 6). The beetles lay
their eggs in the period of October – December approximately 20 cm below the surface. After ~3
weeks the eggs hatch and the first instar larva start feeding on roots and other larva, as grass grubs
have cannibalistic tendencies (7). Around January – February the grass grub moults for the first time
and enters the second instar stage while rising higher to the top soil to continue feeding. Around
June-July, dependent on environmental factors such as temperature, the grubs reach the third instar.
After several weeks, these third instar larvae start to burrow down to ~25 cm where they eventually
pupate. The pupae will overwinter for up to 6 weeks before emerging as adult beetles and continue
the cycle. A schematic of the grass grub life cycle is depicted in Figure 1-1.
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Figure 1-1; A generalised schematic of the lifecycle of the Costelytra giveni.A) Adult beetles are
often seen in the period of October to December, B) a cluster of eggs laid round
November – December, C) The first larva instar found around January – February, D)
The second instar found around March – May, E) The third and last instar found
around the month of June, F) The pupa can be found deeper in the soil between July
and September. Variations can occur based on climate and location.

C. giveni was once mainly found in tussock in native bush and grasslands. Colonization of New
Zealand by Homo sapiens however has caused major changes to New Zealand’s flora and fauna, from
the extinction of large land based birds such as the Moa by polynesian settlers (8) to massive loss of
vegetation caused by both polynesian and early European settlers (9). Man made fire episodes alone
are estimated to have resulted in loss of up to 50% of all of New Zealands native forests (10). The
damage undertaken by humans to a fragile ecosystem resulted in a rapid adaptation response for
many native species. When Europeans settled, substantial amounts of the remaining native flora was
used for logging or removed to be converted into pastoral grasslands (11). The grass grub is one of
the few species that easily converted to these new plant types and even prospered from their
exoticism (12, 13). During the larval stage of the beetle’s life, the grass grub stays below the soil and
feeds on plant roots, most noticeably the nonindigenous pasture species such as Lolium spp. (rye
grass) and Trifolium repens (white clover) (12, 14).
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Grass grub populations often build up over a span of several years, becoming a major source of
destruction to crops and pastures after four to five consecutive generations (15). It has become New
Zealands biggest native pest to date (16). It was estimated in 2007 that grass grub had infested ~1M
hectares of pasture soil (17). The destruction of plant roots, and in turn the viability of the plant and
pasture as a whole, results in sizeable damages to the dairy and meat industry in New Zealand every
year. In 1988 a paper was published by Grimont et al. (18) estimating these damages to be up to
$100M NZD annually, but a recent study by Ferguson et al. has increased the estimated cost of
damage to dairy and meat farms to $215 – $585M NZD annually (19). These estimates do not take
into account the damages caused in agricultural crops that are also known to be affected by grass
grub such as strawberry, rape, and turnips (20).

Chemical control of Costelytra giveni
Many synthetic pesticides have been used in the past or are currently used to control grass grub,
some of which are shown in Table 1-1.
Table 1-1; An overview of some of the major synthetic pesticides used for grass grub control. 1
Perrot et al. (21), 2 East et al. (14), 3 Henzell et al.(22), 4Laurent et.al(23), 5 Chapman et
al. (16)
Organophosphates Organochlorine
Chlormephos3
DDT1
3
Chlorpyrifos
Lindane1
Diazinon3
Fensulfothion2
Fenthion1
Isazophos3
Phorate3
Terbufos3

Pyrethroid
Deltamethrin3
Cypermethrin3

Noenicitinoids
Clothianidin5
Imidacloprid5

Carbamate
Mexacarbate1
Carbofuran4

Often these pesticides have been ineffective (5, 22, 23) or are not equally effective in every New
Zealand soil type (22). Apart from low effectiveness of some synthetic pesticides, a steady increase of
pesticide resistance or tolerance has been observed in insects internationally (21, 23, 24). In grass
grub, resistance to DDT has been documented (21) and population persistence has been observed
under soil treatment with Fensulfothion, Isazophos and Lindane (23). There is also evidence that
population resurgence can occur in pastures two years after treatment with Diazinon (25).
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There are also indirect issues arising from the use of synthetic pesticides. These include:
contaminating ground water (26) and rivers (27); lethal non-targeted effects on other organisms such
as birds (28) and fish (29); harm to beneficial insects (30); reducing the fertility of the soil (31);
negative health effects on farmers (32, 33) and consumers (34); and other effects (35). The main
synthetic pesticide widely used in New Zealand for grass grub control is Diazinon. Despite the high
effectiveness of Diazinon, this organic pesticide has been banned in many countries, including the
US, due to its effect on other wild life such as birds (28) and even the human nervous system (36).
It has also been observed that Diazinon might have a natural grass grub bacterial disease suppressing
property, and after several years, treated soil becomes more susceptible to infestation due to the
removal of natural occurrences of pathogenic bacterial populations in the soil (25).
Due to increasing public concerns on the use of chemical pesticides, biological pesticides have slowly
become a viable alternative as they are naturally occurring control agents as well as having the ability
to co-evolve with their associated pest host. Continued research and development into these
biological pesticides will reduce their production cost and eventually make them economically viable
candidates to replace outdated chemical counterparts (37).

Biological control of Costelytra giveni
Living microorganisms have been successfully used for centuries to help society in their day to day
life, whether it is the use of yeast to make beer (38) or cheese (39), bacteria to make yoghurt (40) or
to make filters based on reduced graphene oxide and bacterial nanocellulose for water purification
(41), algae as a food source (42) and a catalyst to produce biofuels (43). It is therefore not surprising
that microorganisms have become an important factor in the field of invertebrate pest control.
Numerous microorganisms have been successfully commercialized and applied in the field to protect
crops and fodder from invasive pests (37), although this process is slow and sometimes without
much financial success due to poor performance or production difficulties (44).
Several biocontrol products are sold based on entomopathogenic nematode (EPN) species that have
a mutualistic symbiosis with insect toxin encoding bacteria (45, 46). The most commonly sold and
used species of nematodes are in the Rhabditida, Steinernematidae and Heterorhabditidae families
(45). The process by which nematodes can affect invertebrate pests is by entering the host through
any natural orifice. Once inside the host, the nematode will release its associated bacteria, most
commonly members of the Photorhabdus or Xenorhabdus genera, that carry numerous antibacterial
and anti-insecticidal pathogenic elements (47, 48).
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The nematodes obtain their nutrients from the bacterial-caused decaying invertebrate host, then
procreate and re-enter the soil in search of a new invertebrate host (49).
Fungal based entomopathogens comprise 19% of all biopesticide sales in 2010 (37). Some fungal
entomopathogens come in the form of endophytes that inhabit a host plant and produce toxins that
are harmful to invertebrates once ingested (50). Other fungal entomopathogens are free roaming
and inhabit the soil or rhizosphere from where they can affect invertebrates directly (51). Apart from
production of insecticidal toxin or stimulation of effectors produced by the plant host, numerous
fungi also provide benefits to the plants they cohabitate with/in (52), such as provision of secondary
metabolites that stimulate growth or protect against environmental factors, prevention of plant
disease (53), regulation of defence responses (54) and many other qualities.
The largest portion of biopesticide products are bacterial based (37). There are numerous bacteria
found with insecticidal properties, although only a small portion are commercially exploited as
biocontrol agents (55). One of the most well-known entomopathogenic bacteria used as a
commercial biopesticide is Bacillus thuringiensis (BT). The first BT strain found to have insecticidal
properties was reported in 1901 by Ishiwata Shigetane, but the first published description and
taxonomic classification of the bacterium was undertaken by Berliner in 1915 (56, 57). BT comprises
a number of subspecies that produce unique parasporal crystals known as Cry toxins, with distinct
Cry toxins having virulent effects on various invertebrate hosts (58-60). Genes encoding the Cry
toxins produced by BT are often found on plasmids, some of which are lineage-specific (61) such as
the Cry1A and Cry2A encoding pKur2, which is almost exclusively observed in Clade 2 B. thuringiensis
isolates (61). Cry genes have also been shown to be transmissible between BT strains (62, 63),
although not all cry genes are on Mobile Genetic Elements (MGEs) such as plasmids, and are
therefore not transmissible this way. Through various methods, cry genes from BT strains have been
incorporated into other plasmids, other BT chromosomes and even into plant cell lines, resulting in
transgenic plants that then produce Cry toxins (64).
Although BT accounts for most the bacterial based biocontrol products sold, there are other bacteria
that have been successfully commercialized as biopesticides. One such bacterial based biopesticide
success story from New Zealand is that of the bacteria Serratia entomophila (65), which is the focus
of this research.
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Serratia spp.
The genus Serratia is part of the Yersiniaceae bacterial family (66). Serratia are non-sporeforming
gram negative bacteria (18). These Serratia species are naturally occurring bacteria that are
commonly associated with the grass grub (67). There are currently two S. entomophila biocontrol
products being used in New Zealand to treat pastures against grass grubs (68) and one Serratia
proteamaculans product is currently under development (69). A S. entomophila-based biopesticide
product causes a chronic disease in grass grub called amber disease, also referred to in the past as
“honey-coloured” disease (70), named for the amber-like discolouration in the larva gut that is
associated with the disease (18). The symptoms include cessation of feeding and gut clearing and
eventually, through starvation and associated weakening of the grass grub, sepsis and death of the
larva. Three species of the Serratia genus are currently known to be able to cause this disease.
The first species of bacteria that now belong to the Serratia genus was described in 1931 by Grimes
et al. (71) as Aerobacter liquefaciens. It took 40 years and several reclassifications, as summarized by
Grimont et al. (72), before the A. liquefaciens was properly reclassified as Serratia liquefaciens by
Bascomb et al. in 1971 (73). In 1978 Grimont et al. (74) found that the previously classified Erwinia
proteamaculans had high biochemical and genomic similarities to S. liquefaciens and reclassified E.
proteamaculans as Serratia proteamaculans. With the increased interest in the Serratia genus, and
the advancements in classification methods Grimont et al. were able to do extensive work on
classifying and reclassifying numerous members of the genus (74-76). In 1982 a new bacterial species
was isolated in New Zealand and calssified as Hafnia alvei by Trought et al. (70). The H. alvei was
described as causing a “honey-coloured” disease in grass grubs. In 1988 this H. alvei was officially
classified as Serratia entomophila by Grimont et al. (18). One of the isolates analyzed in the Grimont
et al. paper (18) was an isolation from 1981, obtained by T. Jackson, from the Fairton area in
Canterbury, New Zealand, designated as A1. The S. entomophila A1 strain was one of the strains
causing the previously named “honey-coloured” disease, that has since been renamed as amber
disease. This S. entomophila A1 strain, later dubbed A1MO2 (77), was known to have pathogenic
properties towards grass grub. In 1986 the A1MO2 strain was put through the process of
commercialization in collaboration with the Ministry of Agriculture and Forestry (MAF) and
Monsanto NZ Ltd. (65). Due to several problems and disappointing sales, Monsanto withdrew from
the collaboration (17). Eventually, in 1990, the A1MO2 strain was sold under the name Invade™ by
Coated Seed NZ Ltd. (65, 78, 79). Invade™ is a liquid formulation that is injected into the soil using a
modified seed drill system. The liquid formulation was produced by Industrial Research Ltd. in 500 L
batches and quality control was performed by AgResearch Ltd. (78). The liquid product could be kept
in a 4°C storage for about 20 weeks before substantial loss of viability was observed (78).
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In 1991 Jackson et al. published a review where they analyzed the pathogenicity of several Serratia
isolates that they had collected by that time (80). In this review they found 46 out of 82 analyzed S.
entomophila isolates to be pathogenic, approximately 56%. In the analyzed S. proteamaculans
isolates they only found 18 out of 45 to be pathogenic, this translates to 40%. None of the other
species or isolates from other genera were found to be pathogenic. Although the number of analyzed
isolates was small, it was assumed that this number could be translated to the entire Serratia
population of New Zealand.
Further research into the A1MO2 strain undertaken by Glare et al. (81) found the mechanism behind
the pathogenicity was correlated to a megaplasmid (i.e. plasmids >100 Kb in size (82)), estimated at
the time to be 105 Kb in size. In 2011 however Hurst et al. sequenced the original pADAP plasmid and
found it to be 153,404 bp in size (83). Claus et al. (84) and Grkovic et al. (85) further confirmed the
relationship to pathogenicity and determined the genomic regions and plasmid profiles of different
isolates by restriction digestion of major areas of the plasmid. It was not until 1996 that Glare et al.
(86) showed that the megaplasmid, now designated as pADAP (for amber disease associated
plasmid), was the only element needed to induce amber disease in grass grub. They proved this by
performing bioassays with Serratia species and even several non-Serratia strains including Klebsiella
sp., Enterobacter agglomerans and Escherichia coli that were transformed to now contain the pADAP
megaplasmid. All bioassays with these plasmid containing strains caused amber disease, confirming
that the host bacterium is not important to induce pathogenicty.
Between the time A1MO2 was on the track of commercialization from 1986 and being used in the
field in the 90’s, the production of Invade™ would occasionally suffer from major production
problems. One major problem initially overlooked in the early stages when the presence of the
plasmid had not yet been discovered, was sudden loss of the pathogenic plasmid during production
(78). Once the plasmid importance was uncovered, this problem could be adressed, however it did
mean that pastures where the Invade™ product had been applied, needed to be retested for
presence of A1MO2 with plasmid at one point. Other problems included sedimentation of bacteria
when in storage, resulting in some fields not having gotten proper coverage of bacteria, the type of
drill needed for injection of the liquid was not usable in all terrains, and several other problems were
observed with the liquid Invade™ product (78). Also later analysis of the shelf life of Invade™ brought
down the estimated 20 weeks to only 7 days of effective storage, substantially reducing the cost
effectiveness of mass production of the product (87).
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Around the turn of the 21st century a newer formulation of the A1MO2 product was made and is
currently sold by BioStart™ under the name Bioshield™ (87, 88). Bioshield™ is typically delivered as
an inert zeolite granule, deposited onto the ground and absorbed into the soil, assisted by irrigation.
Injection into the soil by a regular seed drill has been mentioned as a more optimal approach to
obtain proper coverage. This new formulation is more stable and could potentially be kept for an
estimated 180 days at ~20°C, reducing the cost for cooled storage, and eliminating the ‘produce on
demand’ needed for Invade™ (due to its 7 day shelf life) (87). The A1MO2 strain was eventually
replaced with the phage resistant 626 strain in the production of Bioshield™ to enhance product
viability in the field.
The larvae affected by amber disease typically die within in 1 to 4 months (89). Bacterial breakdown
of the larval cadaver, persistence of bacteria in the soil (70) and the cannibalistic nature of the grass
grub at high population density (7), ensures that the bacterial population is released back into the
soil to form stable protection for the next season (17). Serratia populations can steadily build up over
several years in a pasture as grass grub numbers rapidly increase. This increase of both the target
insect and the biocontrol agent leads to a grass grub population collapse around five years after
Serratia applications (68). It is unknown if this collapse can be solely attributed to the disease
background reaching a critical point or whether other effects, such as depletion of resources for the
grass grub population to sustain itself, play a significant role as well.
Where during the 1990’s Invade™ could cause a 40-50% population decline in the season of
application (65), more recent studies show that its effect might be waning or have been
overestimated, with one study showing 76% of grass grubs surviving in treated pastures (5) and
another showing an increase in grass grub population after the second year of treatment in certain
pastures (25). The chronic nature of S. entomophila induced amber disease coupled with the variable
effectiveness and the five year build up needed for successful population collapse versus the quick
and rapid death assured by competing synthetic pesticides has stimulated research into finding
alternative Serratia strains with better and faster grass grub control characteristics. Serratia also
contains a species called S. proteamaculans with strains that have naturally occuring grass grub
insecticidal activity encoded on pADAP-like plasmid (90). Some of these S. proteamaculans strains
can also induce amber disease in Pyronota beetles, namely P. festiva and P. setosa (69), termed
kēkerewai by the Māori and colloquially referred to as Manuka beetle as they co-habitate areas filled
with manuka trees (91, 92). Manuka beetle is not yet a major national pest, but has been shown to
be able to become a pest locally in specific regions, most notably in the West-Coast in soil that is
converted to dairy pasture through a process called “flipping” (93).
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Although S. entomophila and S. proteamaculans both belong to the same genus, DNA-DNA
hybridization studies have shown that S. proteamaculans appear to only have 32% to 40% of
genomic DNA sequence similarity to S. entomophila (18) although recent chromosomal sequence
comparisons undertaken by Vaughan [unpublished data] show S. proteamaculans has a 84%
sequence identity to S. entomophila chromosomes. Apart from certain S. proteamaculans isolates
having a wider host range, some also have a quicker pathogenicity response, killing within 12 days as
opposed to 1-3 months. One example of a S. proteamaculans with a “hyper-pathogenicity”
pathotype is AGR96X (69). An example of both the chronic and the ‘hyper-pathogenic’ disease
phenotypes are shown in Figure 1-2. In addition to the S. entomophila and S. proteamaculans
isolates, this study identified two isolates of Serratia liquefaciens that are able to induce the chronic
amber disease in grass grubs, which had not been previously reported.

Figure 1-2; Overview of the two known disease states caused by Serratia spp. on C. giveni larvae. In
the top-middle is a picture of a healthy grub, the hindgut is dark-brown, and the body
has a grey-like hue due to the soil and food present in its semi-translucent body. On
the bottom-left is a grub that died from a "hyper-pathogenic" Serratia strain that
caused rapid death after several days. On the bottom-right is a grass grub suffering
from amber disease; this grub will no longer feed, regularly void its gut, and eventually
die months later due to malnutrition.
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The nature of plasmids
pADAP, the host of the main genetic components behind the pathogenicity of these Serratia isolates,
is a plasmid that was first found in a strain designated as A1MO2 (81). Bioassays showed that plasmid
free isolates of the bacterium were avirulent (85). Previously analyses undertaken on the
pathogenicity of isolates, by Jackson et al. (80) and later again by Dodd et al. (94), showed that
approximately half of the assessed isolates were pathogenic. These results led to the general
assumption that half of the field isolates carry pADAP.
Plasmids are circular DNA molecules, easily shared from cell-to-cell. This is done in two steps, a “sex”
pilus is formed that attaches to a recipient cell and contracts (95), such as the pADAP encoded Type
IVa pilus (96). After contraction of the pilus, a conjugative pore can form between the two cells that
allows for single stranded DNA transfer from donor to recipient (97). But plasmids can also be passed
down from parent to progeny. Plasmids contain an origin of replication referred to as the ori, that
often have an ORF that encodes for some type of replication protein (Rep) needed for replication of
the plasmid, although not all plasmids have one (98). Often plasmids are also classified in groups
called incompatibility groups (Inc), based on their ori (99, 100). This method is based on the idea
that, in some cases, two replicons cannot be maintained simultaneously, and only one plasmid will
be able to propagate.
Plasmids are often replicated through one of two ways: theta-type replication and rolling-circle
replication (98, 101). Theta-type replication is a method of plasmid replication where two single
stranded initiation sites of the plasmid form hairpins through interaction with a replication gene. The
hairpins pull both strands apart, forming a loop. From this loop, bidirectional extension of the single
stranded DNA (ssDNA) is performed, resulting in two copies of double stranded DNA (dsDNA each
containing a single strand of the original plasmid and one complemented strand. Rolling-circle
replication, where one strand of the DNA is nicked and replication happens through strand
displacement, separating lagging strand of ssDNA while the leading strand of ssDNA is regenerated
into dsDNA, afterwards the ssDNA plasmid copy is also converted back into dsDNA, resulting into two
plasmid copies (101, 102). Rolling-circle replication can also occur during plasmid transfer from one
cell to another, also known as conjugation. It does this by pulling the lagging strand into a
conjugative pore or a secretion system and exporting it out of the donor cell, converting the lagging
strand into dsDNA happens in the recipient host if there is one (103).
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Conjugation of plasmids is one of the easiest modes of transferring novel genetic material, also
referred to as Horizontal Gene Transfer (HGT), into other cells. HGT is an important evolutionary
trait, especially for prokaryotes, to allow for rapid evolution through acquisition of novel genetic
material by means other than natural reproduction (104).
Bacteria can acquire novel genetic material through of several mechanisms; Transduction per
mediation of viral or phage like particles containing DNA packages (105); Transport via mediation of
membrane vesicles (MV) (106); Acquisition through mediation of gene transfer agents (GTA) (107);
Transformation of foreign DNA or RNA directly into the host cell (108); Bacterial conjugation of DNA
molecules and plasmids (109).
Conjugative plasmids have been shown to be a key driver in the rapid adaptability of bacteria to
environmental factors. Factors such as resistance to high concentrations of heavy metals
(110), circumvention of host immune responses to ensure survival (111), resistance to antibiotic
elements (112, 113), resistance to pesticides (114), supplementing the cell with additional
mechanisms to convert or construct novel metabolites (115), decrease microbial competition
through secretion of anti-microbial compounds (116), and many other features can be encoded on
plasmids. Plasmids have therefore been considered a core element of a population’s “supergenome”
by some researchers, as they are part of an exchangeable set of genes, shared by large populations
of different bacterial strains and species (109, 117).
Plasmids come in all sizes, some even larger than the size a functioning prokaryotic chromosome. The
smallest primary bacterial chromosome has been documented to be that of Carsonella ruddii and is
only ~160 kilobases in size (118) whereas one of the largest documented plasmids is the 1.8 Mb
linear plasmid pSCL4, found in a Streptomyces clavuligerus strain (115). Plasmids are often regarded
as accessory genomes due to the fact they are easily transmissible, rarely encode housekeeping
genes and can often be discarded without consequences to the functioning of the host cell. There
are, however, some rare cases of core gene-containing plasmids, referred to as chromids (119), or
secondary chromosomes (120), and they are the prime example that blurs the line between a
chromosomal host and its genetic parasites.
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The burden of plasmids
Plasmids often are equipped with a slew of genes that regulate the expression and replication of the
plasmid itself and the genes encoded on it, and can therefore impose a metabolic burden to the cell
(121). Not only the replication and conjugation of the plasmid are considered a metabolic burden but
also nucleotide bias, the depletion of amino acids (AA) during translation of genes, cytotoxic effects
of novel proteins, triggering of cell SOS-signal pathways, the acquisition of transcriptional and
translational resources from the host, and many other costly characteristics of plasmid carriage can
affect the fitness of a cell (121-123).
This metabolic burden is why plasmids are often considered to be parasitic in nature and are
sometimes referred to as selfish genetic elements (SGEs) (124, 125). Although it is hard to put a
number on the actual metabolic drain a plasmid can have on its host, there are studies reporting the
differential expression between hosts with and without a plasmid. Shintani et al. (126) described only
~1 – 4% of chromosomal genes are differentially expressed between pCAR1 plasmid bearing cells vs
non-bearing cells, mostly upregulated. However, Harrison et al. (127) found that mutation in the
gacA/gacS genes, a two‐component regulatory system responsible for regulating a large amount of
secondary metabolites and antimicrobials (128), on the pQBR103 plasmid in Pseudomonas
fluorescens resulted in downregulation of ~17% of chromosomal and plasmid genes. This means that
without that mutation the plasmid would be a transcriptional burden through upregulating ~17% of
chromosomal genes, in addition to genes it is already upregulating by being present in the host (127).
Millan et al. (129) performed a more comprehensive study on the Pseudomonas aeruginosa PAO1
strain, and the fitness effects that plasmid carriage has on it. In their study the authors showed that
plasmid genes are expressed at a higher rate than those of the chromosome, most notably antibiotic
resistance genes, with the exception being genes related to the conjugative machinery on the pAKD1
plasmid, which were repressed. In total six PAO1 strains, carrying different plasmids, were tested
over a range of different carbon sources and it was shown that only two plasmids had an average
growth benefit, whereas the other four had mild to severe negative effects on the growth rate of the
PAO1 strain compared to plasmid free cultures. Strains carrying the plasmids also showed a
substantial differential expression on metabolism and secretion genes in the chromosome,
essentially showing that the plasmids severely altered their host’s metabolism.
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A study undertaken by Hall et al. (130), assessing several mercury resistance pQBR family plasmids,
showed a clear fitness benefit for strains void of any plasmids in the absence of mercury. What they
also showed is by adding increasing amounts of mercury to medium, there is a tipping point where
the mercury resistant plasmid bearing strains start having a substantial growth/survival benefit. This
is a great example that these genetic elements can be considered parasitic in certain conditions but
do allow the host to transition into new environmental niches.
As demonstrated by Hall et al. (130), some plasmids also seem to fulfil symbiotic functions in that
they provide their hosts with novel mechanisms to survive xenobiotic contaminants or ecological
factors but they also allow for acquisition of novel genetic material without disturbing the
evolutionary pressure under which the chromosome operates, allowing for plasticity of the host
(131, 132).
Plasmids can act as a genetic capturing mechanism that allows for more lenient selective pressure
than is expected from the chromosome, for example, plasmids can contain genes with a lower
expression rate, thus having less evolutionary pressure for translation efficiency for these genes
(133-136). Plasmids also often contain less or even no essential genes that are dispensable and thus
can tolerate higher rates of mutation (136, 137). These genes will also suffer lower rates of
evolutionary pressure if they interact less with other proteins and have fewer functions (136).
Plasmids can essentially operate as recombination hotspots (RHS) for the creation of novel genes and
protein products by allowing vastly higher rates of acquisition, insertion, deletion, duplication,
reshuffling and recombination of their genetic make-up than the chromosome could (138). In
addition to these attributes, through acquiring novel pathogenic systems, metabolic enzymes or
other characteristics, plasmids can facilitate the transition of their hosts into new ecosystems (139).
A great example of this is the acquisition of the pADAP plasmid by Serratia species, that allowed
them to invade, debilitate and exploit the grass grub as a novel food source.
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Plasmid persistence
Due to the parasitic characteristics of these mobile genetic elements (MGE), it is often assumed that
the host would lose the plasmid over time due to their sometimes-unfavourable selection pressure
and the resulting decrease in its host’s fitness. However, plasmids are found throughout the
prokaryotic kingdom, often highly abundant within populations. From this fact it is apparent that
plasmid loss is a rare event as exemplified in a study undertaken by Glare et al. (81), who had to
incubate pADAP bearing Serratia isolates under growth inhibitory temperatures of 40-42°C for 7
days, resulting in 99% cell mortality in the process, in order to get any plasmid cured colonies.
The probability for a cell to become plasmid free from a high copy plasmid is very low. Sorensen et al.
(132) estimated that for the cloning vector pBR322, which has ~21 copies per cell, the complete loss
of all plasmids only happens in 1 out of every 1M cells (132). Based on statistical models, some
researchers estimate that it might not even be possible for a bacterial population to lose plasmids at
all (140) and that emergence of parasitism of genetic elements such as plasmids and their
persistence is actually an expected driving force of evolution (141).
Some plasmids employ a toxin-antitoxin (TA) mechanisms to maintain their presence in a cell (142,
143). Several different types of TA mechanisms exist, some causing post-segregational killing (PSK)
(144), with others working more as antimicrobials on other cells that do not contain the plasmid
(145, 146), and some TAs can even cause persister states where the affected cells become
metabolically inactive if they do not maintain the plasmid with the anti-toxin (147, 148).
Other systems build up toxins within the cell ensuring either vertical transmission of the plasmid or
PSK (143). Variations of these systems exist, and TA’s are very abundant in prokaryotes (143), but not
all plasmids contain TA systems, and not all TAs are present on plasmids.
The duality of plasmids being a burden that should be negatively selected for directly contradicts the
findings from many studies in this field that determined that plasmids are abundant, widely
distributed and highly diverse (149-153) and it appears that plasmid loss does not happen often or
easily (132) (140) or only happens in a very limited rate under very harsh conditions such as extreme
stress (81). The duality is referred to as the ‘plasmid paradox’ (154).
Despite having parasitic characteristics, plasmids have been shown to be a key factor in the rapid
adaptability of bacteria to new environmental factors such as high concentrations of heavy metals
(110), circumventing host immune responses to ensure survival (111), resistance to antibiotic
elements (112, 113), resistance to pesticides (114), supplementing the cell with additional
mechanisms to convert or form novel metabolites (115), decrease microbial competition through
secretion of anti-microbial compounds (116) and many other features.
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They act as a capturing mechanism that functions under very low evolutionary pressure compared to
the primary chromosome (131), making it easy to acquire novel genetic material without disrupting
functionality of its bacterial host. Jain et al. (155) estimated that HGT, not just through plasmid
transfer, has accelerated genome change of prokaryotes by a factor of at least 104, if not higher.
There are also studies that show that co-evolution of plasmids and the primary chromosome can
result in lower metabolic cost, thus negating the parasitic traits of the plasmid almost completely
(121, 127, 156-158). One method of co-evolution is by suppression of plasmid replication by the host
(127). There are several ways by which this can be undertaken such as plasmid dimerization, called
“handcuffing”. The subject of plasmid regulation through handcuffing in the context of the pADAP
plasmid, will be further investigated in Chapter 4.
Common means of replication suppression is through transcription of antisense small noncoding
RNAs (snRNAs) that can disrupt several processes related to replication (159). These include: binding
to mRNA formed by the repE gene in the pAMß1plasmid in Enterococcus faecalis, thus causing
premature termination of transcription of the replication gene; the binding of antisense RNA to the
Shine-Dalgarno (SD) Sequence of the repE gene in the plasmid pMV158 in Streptococcus pneumoniae
gene, thus blocking ribosome binding and further translation; the binding of antisense RNA to the
leader peptide containing residues for RepY and RepZ associated with the pColbP9 plasmid in
Escherichia coli, preventing it from forming a pseudoknot, a secondary structure that is needed to
expose the SD sequence; several other antisense mechanisms are known (159). These kinds of down
regulation of plasmids can alleviate the metabolic burden on the cell.

pADAP and its features
The pADAP plasmid is a self-replicating, conjugative genetic element, associated with three soil
bacteria of the Serratia genus in the family of Yersiniaceae (66), S. entomophila, S. proteamaculans
and S. liquefaciens. This study uncovered that some non-endemic isolates, believed to carry a pADAP
plasmid, turned out to not carry pADAP but instead carry a different megaplasmid of similar size. The
pADAP plasmid has therefore, as yet, not been isolated from anywhere other than these three
Serratia species, or outside of New Zealand, although homologous elements of the pADAP plasmid
have been found on other plasmids (90).
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The pADAP plasmid consists of a core backbone containing a region of replication-associated genes
and a region of genes correlated to transcription and regulation of a conjugative machinery (Figure
1-5), making it a self-replicating, self-conjugating plasmid (83). Besides the backbone, the first pADAP
sequence was found to contain a fimbria encoding region, designated as Serratia entomophila
fimbriae (Sef) region, not to be confused with the Salmonella enterica fimbriae (Sef) cluster published
three years prior (160). The mechanisms behind the pathogenicity of pADAP are encoded on the two
putative pathogenicity associated islands (PAIs) (83). The first PAI encodes for a bacteriophage-like
particle called Afp, short for Anti-feeding Prophage (161), and the second PAI encodes a poreforming system called Sep, short for Serratia entomophila Pathogenicity (90). PAIs are genetic
regions that encode pathogenic determinants and the PAIs on pADAP are flanked by genes encoding
hypothetical proteins and transposon-like elements, which suggests that these regions at some point
have been able to transpose themselves in, and potentially out of, the plasmid or genome of origin,
indicative of HGT (162, 163). A genetic map of the pADAP from the Genbank accession [NC_002523]
(83) can be seen in Figure 1-3.
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Figure 1-3; Schematic of the pADAP reference plasmid from Serratia entomophila strain A1MO2. This figure shows the features of the pADAP plasmid as
described by Hurst et al. (83), as well as a GC plot and an illustration of Afp (top left) and Sep (bottom left). Green denotes the replication region,
the blue features are genes associated with the conjugation, Sef fimbrial region is marked in yellow, in brown the Sep PAI and the Afp PAI features
are highlighted in burgundy. Grey regions are clusters of hypothetical and transposon like elements. The sequence was obtained from NCBI under
accession number [NC_002523].
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MGEs such as pADAP often seem to fulfil a symbiotic function in that they provide their host with
novel mechanisms to survive xenobiotic contaminants or ecological factors, such as toxic
environments, or in the case of pADAP, encoding mechanisms for facilitating the colonization of the
gut of the larval stage of the Costelytra giveni. A schematic of the lifecycle as well as the pathogenic
elements causal to amber disease can be seen in Figure 1-4.

Figure 1-4; A figure showing the lifecycle of the Costelytra giveni beetle, and the bacterial toxins
Sep and Afp, that cause amber disease. The grass grub has four major life stages, adult
beetle, egg, three instars of larvae and pupae stage. Serratia bacteria containing the
pADAP plasmid can affect the larvae stages of the C. giveni. It can do so by producing
two toxic effectors, SEP and AFP. Sep is a pore-forming secretion system that is part of
the ABC Toxin complex family and causes gut clearance and reduction of proteases.
Afp is a tailocin secretion system that can adhere to cells of the grass grub and inject
toxic effectors into the cell and causes anti-feeding behaviour though a yet
undetermined mechanism.
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Conjugation
The pADAP plasmid is considered a conjugative plasmid because it encodes for an extrachromosomal
conjugative machinery. The conjugative region is around 40 Kb in size and starts from mobC and
approximately ends at sea1. This region starts with three genes belonging to the mob family (164).
The mob genes, short for mobilization genes, are required to prepare the plasmid for transfer. MobA
contains a relaxase domain known to be associated with DNA nicking, and a primase domain that is
required for DNA replication (165). MobB increases the proportion of plasmid molecules nicked by
interacting with transfer genes (166). MobC has high similarities with proteins involved with the
interactions between relaxosomes and the secretion system through which the plasmid will be
transferred (164).
Apart from the mob gene family, the conjugation region comprises 17 genes belonging to the tra
family (167). Tra is short for transfer, the translated products of these genes are important for
nicking and linearizing plasmid DNA at the origin of transfer through a complex of DNA-binding
proteins called the relaxosome. Part of the relaxosome consists of mating pore formation (Mpf)
proteins (168) that construct a transmembrane pore called the mating pore (97, 169, 170). This pore
allows macromolecules and DNA to pass the inner membrane (171, 172). This Mpf is shown to be
coupled to a Type IV secretion system (173).
A Type IV pili (T4P) (174), belonging to the Pil, short for pilin, family, is transcribed on 11 open
reading frames (ORFs) on pADAP. This Pil system is grouped with other Type IV pili such as the F pilus
also called the F factor or sex pili (175) and is a type IV secretion system (95). These T4P complexes
allow for attachment to a recipient cell, upon which the pili contracts allowing for cell-to-cell contact
(95, 176). But the T4P also enables movement of the cell through twitching motility, enables
microcolony formation by adhering to remote cells, and allow cell transformation by internalizing
extracellular DNA (177-179). Transfer of DNA from donor to recipient across the F pilus has also been
shown to happen between cells up to 12 μm apart (180).
Transport of the linearized plasmid to another cell as a means of asexual transfer of genetic material
is referred to as HGT. Models suggest the Mpf transports the DNA cross membrane upon which
either direct cell-to-cell transport of DNA can take place (95, 172), or transport across the pili
happens (180), one directional from donor to host.
As there is evidence supporting both modes, the specific preferred mode remains unresolved (168,
181). A schematic of the region as well as an indication where it is situated on the plasmid can be
seen in Figure 1-5.
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Figure 1-5: pADAP backbone, consisting of a replication and a conjugation region. Relative position
of this region on the plasmid is indicated by the centre pink arrow on the
representative plasmid map in the top left corner. The conjugative region consists of
three mob, mobilization genes, three trb genes, seventeen tra transfer genes and
thirteen pil genes.

By having this conjugative region on pADAP, the plasmid can readily be transferred to other cells
without the need of chromosomally encoded genes, thus potentially increasing the number of cells
carrying the Sep and Afp virulence determinants and increasing biological control of grass grub in a
natural setting. The pADAP conjugative region is similar to the conjugation region on the Salmonella
enterica serovar Infantis pESI and pR64 (182)

Serratia entomophila fimbriae
The pADAP plasmid encodes for a Type 1 fimbria (83, 183). The region was designated as the Sef
operon for Serratia entomophila fimbria. The Sef encoding region contains ten Sef genes, sefA-sefJ,
as well as the sea19 ORF (Figure 1-6).

Figure 1-6: A schematic of the Sef region of the pADAP plasmid. The Sef region consists of 10 genes
transcribing a fimbrial unit, and one hypothetical gene that contains an EAL domain.
EAL domains are associated with biofilm regulation and does not appear to be needed
for fimbriae formation.
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Type 1 fimbriae are mostly associated with the ability of E. coli cells ability to adhere to mammalian
cells in the urinary track such as that of humans (183, 184), mice (185) and swine (186). These Type 1
fimbriae have also been correlated to evading extracellular antibiotic treatments, and immune
responses of the host by helping bacteria with adherence to niche locations inside the host body
(187). The Type 1 fimbriae have also been shown to be an important factor in colonization and
proliferation of Xenorhabdus nematophila in organisms such as nematodes (188) as well as
contributing to pathogenicity towards insects such as cotton bollworm (Helicoverpa armigera) (188).
The Sef region is directly followed by the Sep region.

Serratia entomophila pathogenicity toxin complex
The Sep particle is a member of the ABC toxin complex (Tc) family (189). Toxin complexes belonging
to this ABC Tc family consist of three components, simply termed A, B and C-like components (190),
that form a syringe like structure capable of injecting protein based toxins into the recipient cell (47).
The Sep encoding region is displayed in Figure 1-7

Figure 1-7: A schematic of the Sep region of pADAP. 5’ of the Sep encoding ORFs are a holin and
lysozyme, needed to release the particles by lysing the cell.

The Sep operon is highly similar to the TCs found in the nematode associated bacterium
Photorhabdus luminescens (190, 191) and suggests acquisition through HGT at some stage (192). A
direct homolog of the Sep operon has also been found in Yersinia frederiksenii strain 49 (90), which,
like Serratia, is also part of the Yersiniaceae family (66), confirming that these PAIs at some point
were transmitted horizontally. This homolog will be further discussed in Section 4.10.
The three Sep components, SepA, SepB and SepC together form the Sep complex (190) and are
required for the complex to form and function properly (193, 194). In these ABC-complexes, the Tc-C
component is the toxic effector (195) which in the case of sepC is confirmed by its lower ratio of
sequence conservation between pADAP plasmids compared to sepA and sepB, as well as lower GC%.
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A lower GC% and a higher mutation rate are features often shared by pathogenic regions, also
referred to as Recombination Hot Spots (RHS) (196) .
After translation of the ABC components, the C terminus of SepC is enveloped by SepB (197). The
SepB component has a dual function acting as both a connector between SepA and SepC and as a
potential protective barrier that protects the host bacteria from the SepC –C terminus cytotoxic
region. Purified Sep causes gut clearing in grass grub (190, 198). A schematic of the Sep complex and
its mechanistic action is depicted in Figure 1-8.

Figure 1-8; A simplified Illustration of the Photorhabdus luminescens ABC Toxin complex. This
figure shows the mechanism with which the Tc affects target cells. This Tc complex is
considered similar to the mechanism of Sep/Spp. The TcA unit forms a pore-forming
unit, that upon interaction with receptors on the OM of a target cell, undergoes
conformational change. An inner tube domain gets pushed through the OM to form a
pore. One the pore is established, a TcBC complex can bind to the now changed TcA
complex. The TcC is then transported into the periplasm.
Illustration is based on a model by Gatsogiannis et al. (48).

The SepB component connects the SepA and SepC component and acts like a shell that envelops the
SepC toxin, preventing any interaction between the host cell and C-terminus cytotoxin region of SepC
(197), similar to the mechanism in P. luminescens (48). Based on the known function of Sep
orthologue found in P. luminescens, as described by Gatsogiannis et al. (48), the SepABC complex,
once formed, is able to force a pore through a target cell membrane and translocate the toxic
effector into the target cell as depicted in Figure 1-8.
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The closely homologous toxin complex found in S. proteamaculans pADAP plasmid pU143 was
dubbed Spp for Serratia proteamaculans pathogenicity (83). This system also consists of three genes,
sppA, sppB and sppC and most likely forms the same complex as Sep and the P. luminescens ABC
Toxin complex.
Post challenge, both the Sep and Spp cause voiding of the gut in the C. giveni larvae (161, 190) which
severely reduces the concentration of major C. giveni gut digestive enzymes such as trypsin and
chymotrypsin (199, 200).

Anti-feeding prophage
The Afp particle is transcribed as 18 ORFs Figure 1-9. The translated products of afp1 – 16 forms the
observed Afp particle (161). The Afp1-16 proteins share high AA similarity to six Photorhabdus
virulence cassettes (PVC), present in some pathogenic species of nematode associated Photorhabdus
bacteria (191).

Figure 1-9: A schematic of the Afp region of pADAP. The region contains 18 ORF that make up the
Afp apparatus. afp1 and afp5-7 are genes involved with formation of the inner tube
(201, 202). Genes afp8, afp10 and afp12 produce the needle at the tip of the inner
tube (202). The genes afp2-4 encode for proteins that make up the sheath (198, 202).
afp13 produces tail fibres, these are needed to adhere to target cells prior to injecting
a pathogenic package. The afp14 gene is a tape measure protein that is needed to
create particles of the proper size (203). afp16 is an elongation terminator and forms a
dome shape at the top of the particle (201). The putative toxins of the particle are
encoded on afp17-18 (198, 201).
The Afp prophage encoded on the pADAP plasmid forms a R-type tailocin apparatus (161, 204). This
apparatus consists of a base-plate, outer sheath and an inner tube-like structure with a pointed
ending, and tail fibres (194, 205). Under Transmission Electron Microscopy (TEM) it was shown that
the particle has two different forms: an extended, and a contracted form where in the latter instance
the outer sheath contracts and forcefully protrude the inner tube (161). This system is
morphologically similar to other contractile phage-tail derived particles such as type VI-secretion
systems (206), R-type pyocins (207) and PVC (191, 201). A simplified figure of Afp mode of action can
be seen in Figure 1-10. Full description of the function of each Afp ORF in the formation of the Afp
particle can be found in Supplementary Materials Appendix AS.24.
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Figure 1-10; A simplified model of the Anti-feeding-prophage particle. This figure shows the outer
contractile sheath, the rigid inner tube with attached needle-like end, and the tail
fibres. The Afp attaches to the OM, through contraction of the outer sheath, a rigid
inner tube is pushed out. This inner tube is then able to release a protein-based toxin
load inside the target cell. The means of penetrating the membrane is unknown, as is
information about whether the inner tube only breaches the OM or also the IM.
Another plausible mechanism is cell mediated endocytosis. This figure is based on the
model published by Heymann et al. (194).

It is assumed, based on the function of homologous secretion systems, that the inner tube can
penetrate a yet to be defined insect target cell wall and is then able to release toxic effectors into the
cytosol. The putative toxic protein effectors are encoded by afp17 and afp18 and cause cessation of
feeding in the host organism (200). A median dose of approximately 500 Afp particles is required to
cause effect in grass grub larvae (201). The function of each individual Afp component is summarized
in Supplementary Materials Appendix AS.24.
The Afp is proposed to attach to C. giveni larval gut cells, while AGR96X pADAP variant has an Afp
orthologue termed AfpX with tail fibres able to attach to both C. giveni and P. festiva larval gut cells,
causing death in both beetle species (69).
The combination of Afp and Sep in the C. giveni larvae cause both an anti-feeding phenotype
together with voiding of the gut, leading to discoloration of the midgut. This state can persist for up
to several months, eventually resulting in the death of the grub by a combination of malnourishment
and sepsis due to the eventual invasion of the haemocoel by the bacteria present in the gut (81,
208). Several divergent Sep and Afp clusters were noted in this study and will be further discussed in
Chapter 5 and Chapter 6.
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pADAP variants
With the discovery of the Afp variant found in AGR96X (69), together with its unique hyperpathogenic phenotype, it became more apparent that novel pathogenic pADAP variants could be
found. These novel variants may be advantageous to the bacterium in particular niches. It has been
know that there is some genetic variation in Serratia based plasmids (69, 84), but it was hypothesised
that pADAP in S. entomophila would be clonal, and that HGT of PAIs is what is causing the different
phenotypes and size variation of the plasmids. This hypothesis was further investigated by Dodd et
al. (94) in 2003. Unfortunately, due to the high costs of sequencing complete bacterial genomes and
the minimal bioinformatic resources available at the time, the sequencing data analysed by Dodd et
al. (94) was limited. They did however note a Sep cluster being encoded on a plasmid present in Y.
frederiksenii strain 49 (90), which was confirmed in this study, and showed it to be encoded on a
non-pADAP type plasmid. Besides the Y. frederiksenii 49 non-pADAP plasmid carrying Sep homologs,
several other non-pADAP Serratia plasmids encoding for the Sep components were also identified.
This study also found two pADAP-type plasmids, similar to ones found in S. proteamaculans, residing
in S. liquefaciens isolates. These and several other major findings will be discussed further in
subsequent chapters.

Hypothesis and goals
The research described in this thesis originated from a collaboration within the Bio-Protection
Research Centre, involving AgResearch limited, Lincoln University, Massey University and Otago
University. Through this collaboration, several projects were created looking into different aspects of
insecticidal Serratia species, with the major interests being HGT of the pADAP plasmid and pADAP
associated elements, chromosomal divergence and its effect on plasmid transmission and stability,
and the ecology of the bacteria in the grass grub as well as in the soil. This project and thesis are
focussed on the HGT and plasmid-based elements of the Serratia research.
Previous DraI Restriction Fragment Length Polymorphism (RFLP) analysis, performed on several S.
entomophila and S. proteamaculans plasmids showed identical band patterns for all S. entomophila
megaplasmids but highly diverse patterns for those obtained from S. proteamaculans isolates (90,
94). This led to the hypothesis that pADAP could potentially be unstable in S. proteamaculans cells,
or that HGT of virulence islands happens at a higher rate in S. proteamaculans, resulting in pADAP
plasmids of varying sizes and potentially pADAP plasmids that acquired novel regions in place of the
Afp and Sep PAIs.
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To look more closely into the correlation between pathotype and genotype of the pADAP plasmid
variants, 76 bacterial isolates from the AgResearch strain library were sequenced. The goal was to
determine the distribution of pADAP, the distribution of the pathogenic elements of pADAP, and
understand why the hyper-pathogenic pADAP-type plasmids as described by Hurst et al. (69), are not
more widespread if they carry the more efficient means of affecting grass grubs. These data would
allow the determination of whether incompatibility exists between chromosomal hosts and certain
pADAP plasmids that prevents proliferation of the pADAP plasmids. The data would also allow for
analysis of the distribution of HGT elements and their position on the pADAP plasmids, in order to
determine if there is evidence of acquisition or loss of elements, such as genetic islands, as a means
of switching pathogenicity on or off.
In the following chapters the vast amounts of plasmid variation will be discussed as well as the
phenotypes associated with some of these variations, and what this information tells us about the
origin of the plasmid and why there is so much genotypic and phenotypic variation. Each investigated
aspect of the pADAP plasmid, it’s variants and phenotypical classifications is written in a separate
chapter to keep results and discussions condensed and on point.
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Chapter 2 Material and methods
AgResearch bacterial isolate library
Several isolated wildtype strains of Serratia entomophila, S. ficaria, S. grimesii, S. liquefaciens, S.
marcescens, S. proteamaculans, and Y. frederiksenii were used in this study (Table 2-1). The isolation
and classification of most of these strains have been published in the thesis “Horizontal transfer of
plasmid borne insecticidal toxin genes of Serratia species” by Dodd (94). Additional isolates,
specifically strains that cause atypical phenotypes such as hyper-virulence, have been isolated and
classified by Mark Hurst [unpublished data] or were obtained from the AgResearch strain library
[unpublished data]. Isolates are described in Supplementary Materials S.1.

Microbiological methods
2.2.1 Medium
In this project several types of medium were used. Culturing of isolates was undertaken in Lennox L
Broth Base (LB-broth, Invitrogen) liquid medium (209), which was prepared according to
manufacturers’ specifications. For nutritional stress experiments, M9 minimal medium was made
according to the recipe in Supplementary Materials S.2. For most experiments ultrapure water was
used, this water is double-distilled then filtered using the Milli-Q® Integral Water Purification System.

2.2.2 Laboratory strains
Several commercial and non-commercial bacterial strains, as well as vector systems, were used in
this project (Table 2-2).

2.2.3 Mutants and vector constructs
Several mutants and cloned constructs were designed and used in this project (Table 2-3).

2.2.4 Antibiotics and substrates
Antibiotics and other specific additives were used to select for plasmids, inserts or cross validation
for absence of either. Antibiotics/additives and their standard concentrations are listed in
Supplementary Materials S.5.
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Table 2-1: Isolates and species used in this study and their associated pathogenic status.
Genus
Serrata

Species
proteamaculans

Total
(50)

Pathotype
Chronic
Hyper
Mixed
Non-path

Total
(5)
(6)
(7)
(32)

Isolate names
4, 1421, 145, M, RM51
1129, 10Novel, 1A, 20093, LC, Agr96X1,2
1431, 10481, 12d, CfB, SpF, R10, Sprot5
1, 1491, 163, 299, 336, 465, 495, 591, 1071, 1137,
1457, 1769, 1770, 1772, 3041, 12a, 12newD, 25E, 28F,
C4, D, E, F28, G, I, J3, K, Man41, Puna18b, Sm1a,
Sm2a, Sprot11
entomophila
(17)
Chronic
(8)
176, 210, 398, 626, 1100, A1MO24, Diarr, Moraki#2
Non-path
(9)
158, 219, 220, 345, 440, 442, 477, D1, Man3
liquefaciens
(3)
Non-path
(3)
376, 377, 695
marcescens
(4)
Non-path
(3)
294, 1573, 1577
Unknown
(1)
WVU-0055
ficaria
(1)
Non-path
(1)
457
grimesii
(1)
Non-path
(1)
348
Yersinia frederiksenii
(1)
Non-path
(1)
49
1
Samples were sequenced both on the Illumina and the PacBio platform.
2

The partial sequence for the plasmid of Agr96X has been published prior to this study (69).

3

Sequencing data was insufficient for proper assembly and were ignored in further analysis.

4

The sequence for the plasmid of A1MO2 was obtained from NCBI, accession number [NC_002523], as it has been published prior to this study (83).

5

Sequence of plasmid WVU-005-1 and WVU-005-2 was obtained from NCBI, accession number [CP041127] and [CP041128] respectively, sequenced by Ranjbaran

et al. [PRJNA545504].

28

Table 2-2: Strains and vectors used in this study. Ap, ampicillin; Cm, chloramphenicol; Gm, gentamicin; Km, kanamycin; Sm, streptomycin; Sp, spectinomycin;
Tc, tetracycline
Name

Reference

Plasmids
pACYC184

Chang et al.(210)

pACYC177

Chang et al.(210)

pHP45Ω
pUCP30T-GFPmut3
pGEM®-T Easy
pAY2-4

Prentki et al. (211)
Barbier et al. (212)
Promega Corp.
Shaw et al. [190]

pJP5603
pJP5608
143SpRVpJP5603
pJP5603_Scon1
E. Coli strains
Dh10ß
TransforMax™ EC100D™ pir+
ST18
AAECO72A
Serratia strains
5.6
3041 / Tukino
5.6_Chrom_Sp
3041_Chrom_Sp
A1MO2
XΔNOVa

Cassette(s)
CmR
TcR
KmR
ApR
SmR, SpR
GFPmut3(213)

Description

Riedel et al. (214)
Riedel et al. (214)
Hurst [unpublished data]
Watson [unpublished data]

Chloramphenicol O-acetyltransferase
Tetracycline efflux MFS transporter
APH(3')-I family aminoglycoside O-phosphotransferase
Beta-lactamase TEM-1 variant
Streptomycin 3'-adenylyltransferase
GmR, Green fluorescent protein mut3.1
ApR, linearized TA cloning vector
ApR, pBAD derivative arabinose expression vector, a.k.a as pAVR2, pAVR2-4
and pARA inhouse
KnR, Suicide vector
TcR, Suicide vector, no sequence available
Construct made for targeted deletion of portion of sepA and sepB
Construct made to tag chromosome with SpR cassette

Durfee et al. (215)
Epicentre®
Thoma et al. (216)
Blomfield et al. (217)

pir+, electrocompetent cells
ΔhemA, requires 5-aminolevulinic acid complementation
Δfim

Glare et al. (218)
Glare et al. (218)
Watson [unpublished data]
This study
Grimont et al. (18)
Hurst [unpublished data]

SpR tagged 5.6 strain
SpR tagged 3041/Tukino strain
pAGR96X mutant with vapBC complex knocked out
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Table 2-3: Cloned and mutated vectors and isolates constructed in this study. Ap, ampicillin; Cm, chloramphenicol; Gm, gentamicin; Km, kanamycin; Sm,
streptomycin; Sp, spectinomycin; Tc, tetracycline
Name
Working strains
ST18
ST18
ST18
ST18
ST18
ST18
ST18
ST18
ST18
ST18
ST18
ST18
ST18
EC100D
3041_Chrom_Spec
Knockout mutants
149
149
149
591
591
1129

Vector(s)

Cassette(s)

Description

pJP5608_591_Phage_Head_KO
pJP5608_591_Phage_Tail_KO
pJP5603_BB_Cm
pJP5608_BB_Cm
pJP5608_Sep_Spec
pJP5608_AFP_Kan
pJP5608_1129_Col_KO
pJP5608_BB_Kan
pJP5608_BB_GfpMut3
pJP5608_149Nov1
pJP5608_149Nov2
pJP5608_SEFABC_KO
pJP5608_BB_Amp
pARA_SEF_CM
-

TcR, SmR/SpR
TcR, CmR
KmR, CmR
TcR, CmR
TcR, SmR/SpR
TcR, KmR
TcR, CmR
TcR, KmR
TcR
TcR, CmR
TcR, SmR/SpR
TcR, CmR
TcR, ApR
ApR, CmR
SmR/SpR

Construct of p591 phage head region with SmR/SpR, cloned into pJP5608
Construct of p591 phage tail region with CmR, cloned into pJP5608
Construct of pADAP PsiA region with CmR, cloned into pJP5603
Construct of pADAP PsiA region with CmR, cloned into pJP5608
Construct of pADAP SepB region with SmR/SpR, cloned into pJP5608
Construct of pADAP Afp2 region with KmR, cloned into pJP5608
Construct of p1129 Colicin region with CmR, cloned into pJP5608
Construct of pADAP PsiA region with KmR, cloned into pJP5608
Construct of pADAP PsiA region with GFPMut3, cloned into pJP5608
Construct of p149 novel region 1 with CmR, cloned into pJP5608
Construct of p149 novel region 2 with CmR, cloned into pJP5608
Construct of pADAP ΔSefABC region with CmR, cloned into pJP5608
Construct of pADAP PsiA region with ApR, cloned into pJP5608
pAY2-4 vector containing SefA-J region in frame with arabinose promotor
3041 tagged with SmR/SpR using pJP5603_Scon1

p149Δnov1
p149Δnov2
p149Sprv
p591ΔPhage_Tail
p591ΔPhage_Head
p1129ΔColicin

CmR
SmR/SpR
KmR
CmR
SmR/SpR
CmR

149 with p149Δnovelregion1::CmR
149 with p149Δnovelregion2::SmR/SpR
149 with p149ΔSepBC::KmR
591 with p591ΔPhageTail::CmR
591 with p591ΔPhageHead::SmR/SpR
1129 with p1129ΔColicinregion::CmR
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Expression mutants
AAE072CA
AAE072CA
A1MO2
A1MO2
A1MO2

Reporter mutants
142
142
142
142
143
143
145
145
145
145
145
149
149
176
176
176
176
210
210
210
210

pARA_SEF_Cm
pARA
pADAP_SEF_ABC_KO
pADAP, pUC30TGFPMut3
pADAP_SEF_ABC_KO,
pUC30TGFPMut3

ApR, CmR
ApR
CmR
GmR
CmR, GmR

ΔFIM strain AAE072CA with pAY2-4::SefA-J
ΔFIM strain AAE072CA with pARA
A1MO2 with pADAPΔSefABC
A1MO2 with pADAP, GFP
A1MO2 with pADAPΔSefABC, GFP

p142_AFP_Kan
p142_BB_Cm
p142_BB_SEP
p142_SEP_Spec
pU143_BB_Cm
pU143_BBSEP
p145_AFP_Kan
p145_ALL
p145_BB_Cm
p145_BB_SEP
p145_SEP_Spec
p149_BB_Cm
p149_BB_GFPMut3
p176_BB_Cm
p176_BBSEP
p176_BBSEP
p176_SEP_SPEC
p210_AFP_Kan
p210_ALL
p210_BB_Cm
p210_BB_SEP

KmR
CmR
CmR, SmR/SpR
SmR/SpR
CmR
CmR, SmR/SpR
KmR
CmR, SmR/SpR, KmR
CmR
CmR, SmR/SpR
SmR/SpR
CmR
CmR
CmR, SmR/SpR
CmR, SmR/SpR
SmR/SpR
KmR
CmR, SmR/SpR, KmR
CmR
CmR, SmR/SpR

Afp2::KmR
PsiA::CmR
PsiA::CmR, SepB::SmR/SpR
SepB::SmR/SpR
PsiA::CmR
PsiA::CmR, SepB::SmR/SpR
Afp2::KmR
PsiA::CmR, SepB::SmR/SpR, Afp2::KmR
PsiA::CmR
PsiA::CmR, SepB::SmR/SpR
SepB::SmR/SpR
PsiA::CmR
PsiA::GFPMut3
PsiA::CmR
PsiA::CmR, SepB::SmR/SpR
PsiA::CmR, SepB::SmR/SpR
SepB::SmR/SpR
Afp2::KmR
PsiA::CmR, SepB::SmR/SpR, Afp2::KmR
PsiA::CmR
PsiA::CmR, SepB::SmR/SpR
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28F
299
299
336
345
345
376
376
377
398
398
398
465
465
626
626
626
626
626
626
1048
1048
1048
1048
1048
1071
1100
1100
1100
1100

p28F_BB
p299_BB_Cm
p299_BB_GFPMut3
p336_BB_Cm
p345_BB_Cm
p345_BBSEP
p376_BB_Cm
p376_BB_Cm
p377_BB_Cm
p398_ALL
p398_BB_Cm
p398_BBSEP
p465_BB_Cm
p465_BB_GFPMut3
p626_BB_Amp
p626_BB_Cm
p626_BB_Cm
p626_BB_GFPMut3
p626_BB_Kan
p626_BBSEP
p1048_BB_Cm
p1048_BB_Cm
p1048_BB_CM
p1048_BB_GFPMut3
p1048_BB_GFPMut3
p1071_BB_CM
p1100_AFP_Kan
p1100_ALL
p1100_BB_Cm
p1100_BB_SEP

CmR
CmR
CmR
CmR
CmR, SmR/SpR
CmR
CmR
CmR
CmR, SmR/SpR, KmR
CmR
CmR, SmR/SpR
CmR
ApR
CmR
CmR
KmR
CmR, SmR/SpR
CmR
CmR
CmR
CmR
KmR
CmR, SmR/SpR, KmR
CmR
CmR, SmR/SpR

PsiA::CmR
PsiA::CmR
PsiA::GFPMut3
PsiA::CmR
PsiA::CmR
PsiA::CmR, SepB::SmR/SpR
PsiA::CmR
PsiA::CmR
PsiA::CmR
PsiA::CmR, SepB::SmR/SpR, Afp2::KmR
PsiA::CmR
PsiA::CmR, SepB::SmR/SpR
PsiA::CmR
PsiA::GFPMut3
PsiA::ApR
PsiA::CmR
PsiA::CmR
PsiA::GFPMut3
Afp2::KmR
PsiA::CmR, SepB::SmR/SpR
PsiA::CmR
PsiA::CmR
PsiA::CmR
PsiA::GFPMut3
PsiA::GFPMut3
PsiA::CmR
Afp2::KmR
PsiA::CmR, SepB::SmR/SpR, Afp2::KmR
PsiA::CmR
PsiA::CmR, SepB::SmR/SpR
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1129
p1129_AFP_Kan
KmR
Afp2::KmR
1129
p1129_BB_Cm
CmR
PsiA::CmR
1129
p1129_BB_GFPMut3
PsiA::GFPMut3
1129
p1129_BBSEP
CmR, SmR/SpR
PsiA::CmR, SepB::SmR/SpR
1137
p1137_BB_Cm
CmR
PsiA::CmR
1137
p1137_BB_Cm
CmR
PsiA::CmR
1137
p1137_BB_GFPMut3
PsiA::GFPMut3
1769
p1769_BB_Cm
CmR
PsiA::CmR
1769
p1769_BB_GFPMut3
PsiA::GFPMut3
1769
p1769_BBSEP
CmR, SmR/SpR
PsiA::CmR, SepB::SmR/SpR
A1MO2
pA1MO2_AFP_KAN
KmR
Afp2::KmR
A1MO2
pA1MO2_SEP_SPEC
SmR/SpR
SepB::SmR/SpR
D
pD_BB_Cm
CmR
PsiA::CmR
D
pD_BB_GFPMut3
PsiA::GFPMut3
MHX
pMHX_BB
CmR
PsiA::CmR
MHX
pMHX_BB_Amp
ApR
PsiA::ApR
MHX
pMHX_BB_GFPMut3
PsiA::GFPMut3
MHX
pMHX_BB_Kan
KmR
Afp2::KmR
pIDIA
pIDIA_AFP_KAN
KmR
Afp2::KmR
pIDIA
pIDIA_BB_CM
CmR
PsiA::CmR
R/
R
pIDIA
pIDIA_SEP_SPEC
Sm Sp
SepB::SmR/SpR
Puna18b
pPun18b_BB_Cm
CmR
PsiA::CmR
Puna18b
pPuna18b_BB_GFPMut3
PsiA::GFPMut3
RM5
pRM5_BB
CmR
PsiA::CmR
BB: region between psiA and sea40, Afp: region between afp3 and afp4, Sep: region between a hypothetical ORF and sepC, for further details see Section 2.2.14.
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2.2.5 Preparation of plasmid DNA
Cells were grown overnight (o/n) in 28 ml McCartney bottles containing 3 ml of LB-broth, and
incubated on a Ratek orbital incubator, at 30C°, shaking at 200rpm o/n, for 16-18h. One mL of these
cultures was spun down in an Eppendorf 5424 benchtop centrifuge, at 6000 g, the supernatant
aspirated and the pellets washed two times with sterile UPW. Plasmid DNA extraction was
performed using the High Pure Plasmid Isolation Kit (Roche), according to the manufacturers’
specification.

2.2.6 Polymerase chain reaction (PCR)
PCRs were performed on either a Bio-Rad C1000 Touch™, an Eppendorf Mastercycler EP Gradient S
or a Bio-Rad MyCycler™ Thermal Cycler. PCRs were run using the reagents and program settings as
shown in Supplementary Materials S.4, unless stated otherwise. PCR products were purified using
the High Pure PCR Product Purification Kit (Roche).

2.2.7 Gel Electrophoresis (GE) assessment
Three µl of DNA sample were mixed with 1 µl of DNA Gel Loading Dye (Thermo Scientific™), and
loaded on a 1% agarose gel, containing 0.1% RedSafe™ Nucleic Acid Staining Solution (iNtRON
biotechnology). Three µl of Quick-Load® 1 kb DNA Ladder (New England Biolabs© Ltd.) was added as
reference to determine band size. The gel was run for 60 min using a Bio-Rad Mini-Sub Cell GT
Horizontal Electrophoresis System set to 100 V. Gels were assessed using a Uvitec Uvidoc HD2 20MX
gel documentation system allowing smear patterns to indicate subpar PCR and for proper size of
bands to indicate proper primer functionality to be observed.

2.2.8 Sequence validation
DNA was tested for quality as described in Section 2.2.7. Roughly 50 µl of samples, containing ≥25
ng/ml DNA, were of good quality were sealed and sent to Macrogen Korea (South Korea) for their
Standard-seq sequencing service. Resultant sequence was aligned to the relevant sequence assembly
allowing sequence validation.

2.2.9 Restriction digestion
DNA was digested using the appropriate reagents as outlined in Supplementary Materials S.7.
Samples were incubated at 37°C for 1.5 hours. Subsequently, DNA was purified by adding 10 µl of 3M
Sodium Acetate (NaAc), followed by adding 200 µl of >95% ethanol, and mixing briefly. This was
incubated at room temperature for ~2 min. Sample was pelleted down at 16000 g for 5 min.
Supernatant was aspirated and sample was dried at 37°C for ~5 min. The pellet was resuspended in 7
µl of UPW.
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2.2.10 Megaplasmid visualization
The Kado and Liu megaplasmid visualization protocol (219) was used to visualize the presence of >10
Kb plasmids. The recipe for buffers used for this protocol can be found in Supplementary Materials
S.3. Serratia cells were grown 16-18 h o/n at 30°C, shaking at 200 rpm. Of the o/n culture, 300 µl was
spun down at 16000 g for 1 min. Supernatant was aspirated and the pellet was resuspended in 100 µl
of E buffer. To the solution, 200 µl of lysis solution was added, and samples were slowly inverted to
mix. Samples were then incubated at 55°C for 60 minutes in an Eppendorf thermomixer Comfort.
Phenol/chloroform extraction was performed by adding 300 µl of Phenol:Chloroform:Isoamyl Alcohol
25:24:1 saturated with 10 mM Tris, pH 8.0, 1 mM EDTA (Sigma-Aldrich) solution to the sample, and
slowly inverting for 2 min. The top aqueous phase was transferred to a clean tube for further use.
Thirty µl of sample was mixed with 6 µl of DNA Gel Loading Dye (Thermo Scientific™) and loaded on a
0.7% agarose gel. A lambda dna HindIII Marker was used as a ladder. The gel was run for 4 h in a BRL
Horizon™ 11-14 Midi Gel System, with a C.B.S. Scientific company, inc. EPS-300 IIV power supply set
to 80 V. The gel was then strained in Ethidium Bromide for 5 min and assessed using a Uvitec Uvidoc
HD2 20MX gel documentation system.

Figure 2-1: Example of Kado and Liu (219) megaplasmid visualization gel. The lambda DNA HindIII
Marker is shown on the left, the isolate names on top. Several isolates contain two or
more plasmids as show by isolate 149 and RM5.
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2.2.11 Fusion PCR
Mutants were made using a two-step fusion PCR approach as described by Szewczyk et al. (220, 221).
Plasmid templates were obtained from cultures as described in Section 2.2.5. A PCR reaction, as
outlined in Section 2.2.6, was performed on the extracted plasmid template to amplify approximately
500 bp region upstream and downstream of the insertion site, as seen in step A in Figure 2-2. Primer
set P1-P3 was used to amplify up-fragments, where P3 is a ~40 bp primer of which half overlaps with
the cassette that is meant to be fused. Primer set P4-P6 was used to amplify down-fragments, where,
like P3, P4 consisted of ~40 bp of which half overlapped with the cassette. The cassette was amplified
from its host vector using primer set CF-CR.
The fusion PCR was performed as described in Section 2.2.6, but instead of 1 µl template, the
purified up-fragment, down-fragment and the cassette amplicons were used as template in a 1:1:1 µl
ratio, and 37 µl UPW to compensate for the increased template volume. Primers P2 and P5 were
used for the fusion; they are nested primers approximately 50 bp inwards of the up- and downfragments, these primers contain three adenine nucleotides and a SacI restriction enzyme (RE) site
on the 5’ side of the primer.
The quality of fused amplicon construct was tested as described in 2.2.7. A schematic of the two-step
fusion PCR can be seen in Figure 2-2. All primers used for the construction of these fused amplicons
can be found in Supplementary Materials S.6.

Figure 2-2: A schematic of the two-step fusion PCR. A) a ~500 bp region up- and downstream of the
insertion site were amplified. B) a cassette of choice is amplified, these are often
~1000 bp. C) All PCR products are purified and added together as template in a new
reaction at a 1:1:1 µl ratio. D) a ~2000 bp fused amplicon should be formed containing
a fused amplicon of the upstream region, cassette and downstream region.
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2.2.12 Cloning
Fused PCR constructs obtained using the method described in Section 2.2.11, were ligated into the
pGEM®-T Easy cloning vector (Promega Corp.) according to suppliers’ protocol. This commercial
linearized vector has T overhangs, and because of the added poly A tails to the fused PCR constructs,
ligation into the vector is efficient. Samples were left to ligate o/n at 4°C. The ligate was
electroporated into TransforMax™ EC100D™ pir+ electrocompetent E. coli strains in a 2:40 µl ligate
to cell ratio. Electroporation was undertaken using a Bio-rad E. coli Pulser™, set to 2.5 KV, according
to the manufacturer’s protocol. Electroporated cells were then resuspended in LB-broth and
incubated at 37°C for 1 h in a Contherm Digital Five Series incubator. Cells were pelleted at 6000 g for
3 min, supernatant aspirated and the pellet resuspended in 100 µl of LB-broth. Cells were then
plated out on LB-agar plates with the appropriate antibiotics and incubated at 37°C. The plates were
supplemented with X-gal50, as the pGEM allows for blue–white screening. White colonies were
patched to fresh plates. Healthy colonies were cultured o/n and miniprepped as described in Section
2.2.5 and screened with a restriction digestion as outlined in Section 2.2.9 and sequencing approach
as described in Section 2.2.8.
Positive vector mutants were miniprepped as outlined in Section 2.2.5, and digested using SacI REs
(New England Biolabs© Ltd.) as described in Section 2.2.9. This digestion releases the fragments from
the pGEM vector. The pJP5608 suicide vector (214) was also digested using SacI to open up the
vector. A ligation of both products was performed using T4 DNA ligase (Thermo Scientific™) in order
to ligate the insert into the suicide vector. Ligated products were electroporated into the ST18 E. coli
strain (216). ST18 is a ΔhemA strain and therefore needs to be supplemented with 5-aminolevulinic
acid (ALA) in order to grow. ST18 colonies were again validated using restriction digestion (Section
2.2.9) and a sequencing approach (Section 2.2.8). Unless stated otherwise, all constructs were made
this way. The final constructs can be found in Supplementary Materials S.8.

2.2.13 Conjugation
Insertion of a tag cassette or knockout of genes was undertaken using the appropriate construct
made as described in Section 2.2.11 present in a suicide plasmid in E.coli strain ST18 as described at
Section 2.2.12. The appropriate ST18 donor strain and Serratia recipient were independently grown
o/n at their respective temperatures in LB-broth containing the appropriate antibiotics, and for ST18,
ALA50. One ml of each o/n culture was pelleted at 6000 g and the resultant pellets washed twice in
fresh LB-broth. The pellets were then resuspended in 500 µl of LB-broth and 50 µl of both the
recipient and the donor cultures were added to a LB-agar plate containing ALA50. The 50 µl aliquots
were mixed manually by gently rotating the plate, and the plate was incubated at 30°C in a Barnstead
Lab-Line L-C incubator for 6-8 hours.
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Subsequently, 1 ml of fresh LB-broth was added to the plate, and the grown colonies were scraped
off the top of the LB-agar with a sterile spreader and resuspended in the LB-broth. Dilutions of the
resuspended conjugants were then plated out on LB-agar plates containing the appropriate
antibiotics and incubated o/n at 30°C. Colonies were patched the next day on plates selecting for
insert and counter selecting for the suicide vector. Colonies were screened by miniprepping them as
described in Section 2.2.5 and sequence validated as described in Section 2.2.8. Validated mutants
were transferred to TS/80-MX Protect Microorganism Preservation System vials (Technical Service
Consultants Ltd.) and stored in a Thermo Scientific TSX60086V Ultra-Low Freezer (-80°C).

2.2.14 Tagged pADAP regions
Three highly homologous sequence regions were picked, in which to insert antibiotic resistance
cassettes that would allow tracking of plasmid presence, and presence of pathogenicity associated
islands. For the backbone, a highly conserved region between psiA and sea40 was selected (Figure
2-3). For tagging of the Sep PAI a region between a hypothetical protein (orf4) and sepC was chosen.
For the Afp virulence encoding region, a highly conserved intergenic region, located between afp2
and afp3 was picked. Recombination was undertaken as outlined in Section 2.2.13. A full list of
tagged plasmids can be found in Section 2.2.3.

Figure 2-3: A schematic of the three primary locations for pADAP plasmid tagging, and the
antibiotic cassettes used. The three main locations for plasmid tagging were A) The
backbone, in an intergenic region with no predicted function between psiA and sea40
which is a mRNA interferase as described in Supplementary Materials S.8, B) The Sep
region, in between a hypothetical protein with a domain of unknown function (orf4)
and the sepC ORF, C) the Afp region, in an intergenic region between afp2 and afp3.

All steps in creating these tagged plasmids is validated using PCR and Sequencing. And example of
the PCR workflow can be found in Figure 2-4.
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Figure 2-4: Example of PCR validation workflow. This example depicts validation of backbone (BB) construct containing a CmR cassette (CAT) obtained from
pACYC184. A) Primer pairs were made for regions flanking targeted insertion site (P1-P3, P4-P6), as well as for the antibiotic cassette of choice,
amplicons were checked for size. B) Primer pair, nested ~50 bp inside of the flanking fragments (P2-P5), were used to fuse the amplicons into a
construct. C) This construct was ligated into a vector of choice, and transformed into a cell, the following day colonies were tested by miniprepping
the vector and doing one or several restriction digestions. In this case we expected two band, one for insert (3 Kb) as well as one for the pJP5680
vector (6.7 Kb), making vector #2 the only valid one. D) vectors were conjugated into target isolate, allowing for double recombination. Potential
double recombinants were picked and a colony PCR is performed the P1-P6 primer pair. Successful recombinants should generate a larger
amplicon than WT (as seen in lane 7). The isolate is miniprepped and another PCR using primer pair P1-P6 was performed. The amplicon was then
sent for sequencing.
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2.2.15 HGT growth experiments
Isolates were grown in 28 ml McCartney bottles containing 3 ml of growth medium without
antibiotics. Samples were cultured on a Ratek orbital incubator, at 30C°, shaking at 200 rpm o/n.
Each successive day 30 μl of culture was sub-cultured in a new McCartney bottle containing 3 ml of
fresh medium without antibiotics. At the tenth day, dilutions of the culture were plated out on LBagar plates and incubated at 30C° for approximately 24 h.

2.2.16 Plasmid stability flow cytometry experiments
Samples were cultured in triplicate as outlined in Section 2.2.15. At day ten, 0.5 ml of sample were
washed twice by spinning it down at 6000g for 3 min and pellet resuspended in 1 ml of 25% glycerol.
Gibco® Phosphate-Buffered Saline (PBS) Tablets were used the manufacturer’s protocol to make PBS
stock buffer. Samples were prepared for flow cytometry by filling 5 ml round bottom Falcon™ Test
Tubes with 2 ml of PBS stock buffer, and 0.4 μl of sample. Samples were analysed using a BD
FACSCanto™ II cytometer. Per sample, 10 000 events were recorded using forward scatter (FSC)
detector (488/10 nm) to determine the size and shape of the event, side scatter (SSC) detector
(488/10 nm) to determine the makeup of the event, and a Fluorescein isothiocyanate (FITC) detector
(530/30nm) to detect whether the event is emitting fluorescence in the expected range of GFPMut3
(Ex: 510/9 nm, Em: 530/15 nm) (213).
The wildtype isolate 626 was used as a negative control to determine SSC and FSC values similar to
the cells, and 626, bearing a GFPMut3 backbone tagged pADAP mutant, was used to confirm the SSC
and FSC values and to determine expected FITC values. Using these values, gates were placed around
events that were most likely single copy cells, and samples were analysed using these default gates.
Gates had to be redirected slightly for each growth condition as it appears cells had a slight size and
content difference in each growth condition based on FSC and SSC values. Fluorescent cells per
population was scored using FlowJo® software v10.6.1 (222). The raw data and summary data can be
found in Supplementary Materials Appendix AS.33.
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2.2.17 Growth curve experiment
The pADAP bearing A1MO2 type-strain (77), and the heat cured 5.6 mutant (81) were cultured o/n in
3 ml LB-broth. A separate Greiner CELLSTAR® 96 well plates was used for each of the three culture
conditions; LB, M9 minimal medium and LB-broth spiked with 0.5 mg / ml MitC. The dilution scheme
for the plates can be found in Supplementary Materials S.34. Plates were analysed using a BMG
Labtech SPECTROstar Nano plate reader with closed lids to prevent spillages. Samples were shaken at
200 rpm at 30°C for 24 h and were scanned at 600 nm every 5 minutes. Minimal condensation on the
lid was observed at the 24 h point, but a test read with condensation and without condensation
showed this effect was negligible. Data were converted into Excel format using the SPECTROstar
Nano MARS V2.10 data analysis software (223).

2.2.18 Phage and bacteriocin purification
Purification of bacteriophage and bacteriocin particles for TEM was performed as described in the
protocol by Hockett et al. (224).

2.2.19 Transmission electron microscopy.
Electron Microscopy sciences EMS200-Cu Plastic-coated 200-mesh copper grids were coated with a 3
nm layer of carbon for better heat dispersal followed by glow discharge treatment to make the
surface hydrophilic and negatively charged. Three μl of sample was added to the grid and left for 60 s
upon which residual liquid was removed using Whatman #1 filter paper. Samples are then negatively
stained using 3 μl of 0.7% uranyl acetate (UA) for 45 s. Excess stain was again removed using the
Whatman #1 filter paper and the grid left to dry for at least 30 min. Grids were examined in a
Morgagni 268D transmission electron microscope (TEM), images were captured using an Olympus
Megapixel III digital camera at varying magnifications.

2.2.20 Arabinose induction
Cells transformed with the pAY2-4 or pARA_Sef vector, were grown in 40% LB broth to reduce the
amount of the glucose inhibitor and supplemented with 200 µg/ml arabinose for induction. Cells
were shaken at 40 rpm at room temperature.

2.2.21 SDS-PAGE
Isolates were induced as described in Section 2.2.20. At specified time points, the cell pellet and
culture supernatant were assessed using Sodium Dodecyl Sulfate-PolyAcrylamide Gel Electrophoresis
(SDS-PAGE). 10% SDS-PAGE gels were ran at 200 V for 50 min. Gels were stained using the “Short
silver nitrate staining” protocol as described by Chevallet et al. (225). Gels were assessed on a light
box, and images taken, which were converted to grayscale for convenience of the viewer.
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2.2.22 Sef adherence to carrot
To determine if Sef is associated with adherence to a food source, A1MO2 WT as well as an A1MO2
carrying the pADAPΔsefA-C were transformed with pUCP30T-GFPmut3 (212) to introduce
fluorescence of cells. A 5 µl drop of undiluted A1MO2 WT and A1MO2 carrying the pADAPΔsefA-C
was pipetted onto separate ~5 mm thick carrot slices, as this is a preferred food type for grass grubs
in bioassays. These inoculated carrot slices were left overnight at 15°C with a dampened tissue to
prevent dehydration. This was undertaken to ensure potential adherence would occur. The next day
the carrot slices were analysed under the microscope (Section 2.2.23), and then transferred to a cup
of UPW, to soak. The cup was left to shake slowly at 40 rpm on a Bellco Glass, Inc. Orbital Shaker.
After 1 h of soaking, the slices were removed from the cup and rinsed off with UPW and analysed
again under the microscope.

2.2.23 Microscopy
Samples were analysed on a Differential interference contrast (DIC) Olympus BX53 microscope. The
FitC channel was used to filter the emitted and excited light on the right wavelength for GFPmut3
carrying samples. Emitted light for GFPmut3 mutants was produced with a CoolLED pE-300. Both DIC
and FitC Images were recorded with an Olympus DP74 fluorescent digital camera. MagnificationSystem
= MagnificationObjective * MagnificationEyepiece, which results in 10x objective * 10x camera/eyepiece =
100x magnification. Fluorescent images were taken with at 100x magnification at 5 ms exposure
unless stated otherwise, DIC images were taken at 100x magnification with exposure time being
automatically determined by the software.

2.2.24 Microinjection of bacteria into grass grub larvae
To validate Sef adherence to the grass grub gut, bacterial culture had to be injected directly into the
gut prior to feeding, in order to eliminate the food as an adherence factor for the Sef/bacteria. An inhouse microinjector apparatus was used to inject approximately three pulses of 0.1 ml of 1:10
diluted culture directly into the oesophagus of the grub. This was performed using a blunted needle
to prevent perforation of the foregut lining. Post injection, the grass grub larvae were placed back in
clean trays and left overnight at 15°C to recover. The following day the gut was removed from each
larva and opened, enabling it to be assessed through microscopy (Section 2.2.23).
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Bioinformatic methods
2.3.1 Preparation of genomic DNA for sequencing
For the purposes of this project, 76 isolates (eventually generating a total of 84 plasmid sequences)
were grown o/n in 28 ml McCartney bottles containing 3 ml of LB-broth, and incubated on a Ratek
orbital incubator, at 30°C, shaking at 200 rpm o/n, for 16-18 h. One mL of these cultures was pelleted
at 6000 g for 3 min, the supernatant aspirated and the cell pellets washed two times with sterile
UPW. Genomic DNA extraction was performed using the Bioline ISOLATE II Genomic DNA Kit
according to manufacturer’s protocol. Sample quality and concentration were determined using a
NanoDrop2000 and regular 1% Agarose Gel Electrophoresis (AGE) (226). Samples that passed the
quality checks were sequenced at Macrogen Korea (South Korea). Samples were either sequenced on
the Hiseq2500 100bpPE platform, using the Truseq nano DNA kit (350 bp insert) or were sequenced
using long-read PacBio sequencing. For PacBio sequencing, the PacBio RSII system was used on SMRT
cells, using the 10 Kb SMRTbell template library kit for library preparation. For more detailed
information about the individual isolates, the method of sequencing, and the library kit used for
sample preparation, please refer to Supplementary Materials S.1.

2.3.2 Server setup
For high performance computing the AgResearch computing server was used. This server is setup as
described in Table 2-4 and had an additional computer farm for batch or parallel processing that
could be accessed through the HTCondor distributed computing software package (227)
Table 2-4: AgResearch main server setup.
Main server setup
OS:
Architecture:
CPU op-mode(s):
CPU(s):
Thread(s) per core:
CPU Model name:

CentOS Linux release 7.6.1810 (Core)
x86_64
32-bit, 64-bit
24
2
Intel(R) Xeon(R) CPU E5-2643 v4 @ 3.40GHz

2.3.3 Assembling Illumina data
Sequencing data, received in FASTQ format (228), was trimmed using Trim Galore v0.6.1 (229) with a
Phred quality score (230) cut-off of 30 ( this equates to a base call accuracy of 99.9% or higher ). Trim
Galore is a wrapper script that uses Cut Adapt v2.10 for trimming (231) and FastQC v0.11.9 (232) for
analysing of trimmed read quality. A small test was performed on an Illumina dataset, sequenced
before the start of this project, to determine the optimal software and settings for the assembly
pipeline.
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These assemblers included: SOAPdenovo v2.04-r241 (233), Velveth v1.2.10 (234), SPAdes v3.14.1
(235), PlasmidSPAdes (236) and A5-miseq v20160825 (237). A5-miseq proved to require the least
amount of user input, and for most strains in the test set, was able to construct contigs of similar
sizes to the estimated plasmid sizes determined by Dodd (94) and Hurst [unpublished data], making
it ideal for batch automation. Once assembled, SSPACE v3.0 (238) was used to scaffold any remaining
potentially scattered plasmid contigs, and GapFiller v1-10 (239) was used to resolve any
unambiguous bases left after scaffolding. The batch scripts written to automate the assembly
process can be found in Supplementary Materials

2.3.4 Assembling PacBio data
PacBio data produced by the PacBio RSII system was delivered in three different formats, bas.h51,
FASTA (240) and FASTQ (228). Per strain 3 SMRT Cells were used to generate sequence reads,
resulting in three separate read files per strain. The three FastQ files were concatenated into one and
assembled using Canu v2.0 (241). The error rate for a single continuous long read (CLR) is predicted
to be around ~14% (242). Although Canu has a built in error correction based on consensus of the
assembled reads, a separate base correction tool was applied called PILON v1.23 (243) which uses
Illumina reads to correct erroneous base calls. Due to the mechanism behind PacBio sequencing,
circular DNA molecules like plasmids often result Circular Consensus Reads (CCS) or contigs that have
large overlapping regions at either end of the sequence. Manually checking for similar regions at the
ends of a contig and cleaving them manually can result in bad assemblies due to the erroneous
assumptions about PacBio and the assembly process. These ends are often created due a single read
with several miscalled bases, making it appear as a novel region for the assembler thus extending the
contig with a sequence that seems like a repeat of the other end. To resolve this issue a tool called
Circlator v1.5.5 was used to remove overhangs in assemblies of circular DNA molecules (244).

2.3.5 Extracting plasmid related contigs
Upon sequencing, the plasmid contigs were extracted manually by taking contigs, matching the
estimated sizes described by Dodd et al. (94), looking for relevant plasmid related BlastN (245) hits,
and also manually looking for pADAP characteristics on smaller contigs. Four strains had low quality
sequencing data that did not yield any workable assemblies either due to contamination, low N50 or
not finding appropriate plasmid contigs, leaving 72 workable genomes. The strains that were rejected
from further analysis are highlighted in blue in the table in Supplementary Materials S.1.

1

https://www.ncbi.nlm.nih.gov/core/assets/sra/files/bas.h5ReferenceGuide.pdf
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2.3.6 Validating assemblies
For several plasmid contigs, a primers pair was developed, each primer designed ~500 bp
downstream of the 5’ and ~500 bp upstream of the ‘3 side of the contig and extending outward,
listed in Supplementary Materials S.6. The PCR amplicon should therefore yield an amplicon of at
least 1 Kb in length. PCR amplicon validation was performed as outlined in Section 2.2.8. This
validation was undertaken for a subset of the sequences at the start of the project. No erroneous
plasmid contigs were found using this method therefore it was assumed all further plasmids
conformed to the same quality.

2.3.7 Determining plasmid copy using coverage data
This study sequenced nine isolates using both the Illumina and PacBio platform. Of these nine
isolates, six contained a pADAP plasmid. The Bowtie short read alignment tool (246), was used to
align the illumina reads of the six isolates to their respective PacBio based genome assembly. The
Sequence Alignment/Map (SAM) file produced by Bowtie was sorted and indexed using Samtools
v1.10 (247) and a faidx index was created for further processing. Scaffold headers and their
respective sizes were extracted using the awk text processor commonly available in most Linux based
systems. The SAM file is supplied to genomeCoverageBed, which is part of the BEDTools suite v2.29.2
(248), and using the headers extracted with awk, genomeCoverageBed is able to produce a coverage
histogram. This histogram shows the number of nucleotides that have x amount of coverage. This
output is then processed by a custom R script. Both the bash script used to batch generate the data
for all six isolates, as well as the corresponding R script can be found in Supplementary Materials
Appendix AS.12.

2.3.8 Annotating plasmid sequences
Annotation of plasmid contigs was performed using Prokka v1.13 (249). Prokka is a rapid annotation
pipeline created for prokaryotic genome assemblies. It uses Blast+ (245) to map RefSeq (250) and
UniProt (251) proteins to the assembly, it uses HMMR (252) to run profile databases like TIGRFAM
(253) and PFAM (254) against the assembly and it uses Prodigal (255) to predict de novo CDSs. The
non-redundant (NR) bacterial protein dataset from NCBI was added as a user supplemented evidence
dataset. Manual evaluation between fully annotated pADAP [NC_002523] obtained from NCBI and
the de novo Prokka annotation performed on the pADAP [NC_002523] raw FASTA sequence obtained
from NCBI, shows there to be only two missing gene annotations, hol1, two genes upstream of afp1
and int1 downstream of afp18, these have been manually annotated in all pADAP-type plasmids
afterwards using Geneious v8.1.5 (256).

45

2.3.9 Phylogenetic tree construction of RepA orthologs
The RepA AA sequence from pADAP [NC_002523] reference sequence was aligned to the RefSeq
non-redundant protein database (nr) (250) of NCBI (257) using the BlastX webservice (245). The top
twenty non-redundant hits with valid species names were obtained. A global alignment was made
using Clustal Omega v1.2.4 using default settings (258). PhyML v3.1 (259) was used using the
Hasegawa-Kishino-Yano (HKY85) nucleotide substitution model (260), to generate 100 bootstrapped
trees. A maximum likelihood (ML) tree was generated from these 100 bootstrapped trees by PhyML.
The tree was converted into a circular style, and branches were transformed to a cladogram layout.
Numbers on the branches represent substitutions per site numbers. The tree branches and labels
were coloured to signify respective host range of associated bacteria using CorelDraw X8 (261).

2.3.10 Distance matrices
Regions of interest were aligned using Clustal Omega. Distance matrices were calculated using
Geneious (256) Supplementary Materials Appendix AS.18. Matrix was converted into a heatmap
using a custom R script, written in R Studio v1.1.463 (262), running on R v3.5.3 (263). The script can
be found in Supplementary Materials Appendix AS.19

2.3.11 Sequence comparison using BRIGS
Significant sequence differences between the assemblies of novel pADAP-type plasmids and the
reference sequence of pADAP were assessed by utilizing a tool called BLAST Ring Image Generator
(BRIG) v0.95 (264). The software takes a reference sequence, in this case the pADAP [NC_002523]
sequence obtained from NCBI [185], and uses Blast+ (245) to map query sequences against it. The
analysis was performed using all plasmids to determine presence of pADAP elements. The analysis
was then repeated using only the plasmids with pADAP elements (Figure 4-5).

2.3.12 Comparing plasmid annotations
Comparison between the large number of annotated plasmids was undertaken using Roary v3.11.2
(265), a BlastP “all-against-all” algorithm (266) that uses identify-match and e-value cut-off setting to
group orthologous genes together. A 90% amino acid identity cut-off was used for clustering. The
output of Roary is a Comma-separated values file (CSV) and was processed using a custom R script,
written in R Studio 1.1.463 (262) running on R 3.5.3 (263). The script can be found in Supplementary
Materials Appendix AS.37.
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2.3.13 Scoary analysis on Roary output
Further analysis of the Roary output was undertaken using Scoary v1.6.16 (267). Scoary is a scoring
tool that analyses absence and presence of features and correlates them to a table of user supplied
features. This table contains a column with strain names, and one or several columns containing
binary features. The features used here were the species types to determine any outstanding genes
associated with specific species, pathotypes divided in Chronic, Hyper, Mixed and Non-Path and the
last category was a binary measure for absence or presence of secondary plasmids to see if there is a
common gene associated with pADAP plasmids that share their host with additional plasmids.
SCOARY was run with the permutation (-e) option set to 50 fin order to generate an empirical p-value
for each found gene. The trait table as well as all the outputs can be found in Supplementary
Materials Appendix AS.39.

2.3.14 Codon and nucleotide bias analysis
Codon usage was analysed using GCUA v1.0 (268). FASTA files containing all the CDSs per genome
were imported into GCUA to process them and output their corresponding codon usage tables.
Nucleotide bias was analysed by outputting the sum of each nucleotide found in the FASTA files.
Output files were processed using R Studio 1.1.463 (262) running on R 3.5.3 (263) to produce bar
charts and heatmaps. The scripts are provided in Supplementary Materials Appendix AS.41 and
Appendix AS.42.

2.3.15 Phylogenetic tree construction of pADAP backbones
Several core replication, partitioning, mobilization, linearization and transport genes present in all
pADAP backbone variants (repA, parA, parB, parC, mobA, mobB, mobC, trbA, trbB, trbC, traU, traW,
traX) were extracted from their respective strains. A global alignment was made using Clustal Omega
using default settings (258). PhyML (259) was used, using theHKY85 nucleotide substitution model
(260), to generate 100 bootstrapped trees for each alignment, a maximum likelihood tree was
generated from each set respectively. The ML trees were extracted and the SumTree program v4.0.0
(269), part of the DendroPy v4.0.0 python library (270), was used to summarize all ML trees into one
single consensus tree. Tree branches and labels were coloured using CorelDraw X8 v19.0.0.0328
(261) graphical software. Full alignments, alignment tree files and the final tree generated by
SumTree can be viewed in Supplementary Materials S.43.
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2.3.16 Data avialability
Sequencing data generated and analysed in this study have been submitted to NCBI under GenBank
accession no. MT039141-MT039228. Scripts, where applicable, were deposited on
https://github.com/IamIamI/pADAP_project/ . Additional data was submitted to the Lincoln
University data repository at https://www.doi.org/10.25400/lincolnuninz.12736217

Other methods
2.4.1 Bioassay assessments
Pathogenicity was determined based on maximum dose oral challenge bioassays as described by
Glare et al. (81). Bioassays were performed on 2nd and 3rd instar larvae of several New Zealand
endemic beetle species including grass grub (Costelytra giveni), red headed cockchafer (Adoryphorus
couloni), manuka beetle (Pyronata festiva) and Tasmanian grass grub (Acrossidius tasmaniae).
Example pictures of the larvae in comparison to grass grub can be found in Supplementary Materials
S.9. Healthy grubs were fed ~3 mm3 carrot dices, coated in o/n culture of bioassay isolates. Grubs
were checked on day 3, 6 and 12 to see if there was phenotypical change (i.e. amber discoloration
because of Sep induced gut clearing). At day 3 and 6, after determining discoloration and feeding
percentage, grubs were transferred to a clean tray and were provided an uninoculated carrot cube,
to observe is there is was a cessation of feeding (induced by Afp). Final observation made on day 12
were used to determine bioactivity of the isolate. An example of a bioassay layout can be found in
Supplementary Materials S.9. Isolates were classified as followed : hyper-pathogenic (causing ≥75%
mortality in 12 days); chronic (≥75% amber disease) and mixed (<75% mortality, <75% amber
disease, ≥75% affected) (271). Isolates showing <75% disease response do not satisfy Koch’s third
postulate that states that bacteria should cause the described disease (Amber disease or Hyper
pathogenicity) upon introduction to a healthy organism, and are therefore direct correlation of the
bacteria to the disease cannot be established and thus are called non-pathogenic.
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2.4.2 Statistical analysis of bioassay data
Bioassay data were summarized by counting the total amount of diseased, dead and healthy grubs at
day 12 for each bioassay as described by (271). The counts for each bioassay per strain were summed
to generate total mortality and disease counts. Standard error percentage was calculated using the
X

∗ (1−

X

)

following calculation:√(100 (𝑛−1)100 ) ∗ 100%
Strains are deemed pathogenic if less than 25% of the control (i.e. grubs fed with uncontaminated
carrot cubes) are diseased, and 75% or more of the tested grubs (i.e. grubs fed with inoculated carrot
cubes) display disease as described by Jackson et al. (271). As mortality rate was not documented in
earlier publications, the “Hyper” pathotype was added for strains displaying 75% or more dead grubs
at day 12 and the “Mixed” pathotype for strains that did not have >=75% death or disease, but still
had 75% or more grubs being affected overall.

2.4.3 Maceration of grass grub for extraction of bacteria
To determine rates of plasmid loss and HGT of pathogenic regions of the pADAP plasmid inside of the
grass grub host, several bioassayed larvae were selected for extraction and put into a 50 ml Tarsons®
SPINWIN conical bottom centrifuge. Grubs were washed with ~10 ml Ethanol 70% to remove
external contaminants and dirt. Cleaned grubs were removed from the tube and dried on paper
towels. Grubs were washed a second time in a 50 ml tube with sterile UPW to remove any alcohol
residue. After washing the grubs were transferred to a clean 1.5 ml microcentrifuge tubes.
Depending on the size of the grub, ~500 µl of sterile UPW was added. Using a sterile plastic pestle,
grubs were macerated in the liquid until the liquid turned a consistent colour and texture.
Approximately 5 µl from the macerated liquid was transferred to a 28 ml McCartney bottles
containing 3 ml of LB-broth and briefly vortexed. The resuspended liquid was diluted 1:10 by
transferring 5 µl into a clean microcentrifuge tube and adding 45 µl of sterile LB. The liquid was
independently plated out in 1:1 and 1:10 dilutions onto separate LB-agar plates and incubated at
30°C.
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Chapter 3 Plasmidome assembly
Sequenced samples
In 2011 Hurst et al. (83) published the first complete nucleotide sequence of the pADAP plasmid (81)
obtained from the A1MO2 strain (77), formerly referred to as A1 (18). Since 2011 several parts of the
virulence determinants of pADAP and the hyper-pathogenic AGR96X strain (69) underwent resequencing, but never the entire plasmid due to the price of sequencing in the past. With the severe
drop in costs of sequencing in recent years, this study was set up to determine genetic diversity of
pADAP plasmids. The main focus was on determining whether Pathogenicity Associated Islands (PAIs)
were actively transferable and if there were common Horizontal Gene Transfer (HGT) drivers
associated with acquisition or loss of these PAIs. In this study the genomic DNA (gDNA) of 76
bacterial isolates was sequenced, as outlined in Section 2.3.1, some with atypical virulence response
in grass grub or with interesting phenotypical characteristics previously described by Dodd (94).
These characteristics included bacterial species, grub mortality and disease rates, number of
plasmids, estimated plasmid sizes and geographical location. An attempt was made to sequence an
equal amount of virulent strains to non-virulent strains per species, although this was not possible
for all Serratia species. The majority of sequenced isolates were S. proteamaculans as these had
more phenotypical diversity as well as a higher genetic diversity based on previous Restriction
fragment length polymorphism (RFLP) examinations (94). Apart from Serratia strains, one Yersinia
strain noted by Dodd et al. (90) to have the Sep virulence determinant on a non-pADAP plasmid, was
sequenced as well to determine if it shares HGT elements that facilitated the transfer from pADAP to
this novel plasmid.
A summary of the types of isolates chosen can be found in Table 2-1. The complete overview
including strain numbers, locational data, summarized bioassay data results, can be found in
Supplementary Materials S.1.

Pathogenicity of isolates
Pathogenicity was determined based on maximum dose oral challenge bioassay (81) previously
undertaken by Dodd et al. in 2003 (94). Bioassays of these isolates were repeated in this study, as
described in Section 2.4.1, or performed by Hurst [unpublished data], to confirm accurate description
of phenotype, as in 2003 it was assumed all larval disease was associated with the chronic Amber
disease as hyper-pathogenicity had not yet been observed. Classifiers were determined based on
disease, mortality and overall percentage of affected larvae at day 12 of bioassays as outlined 2.4.2.
Results of bioassays can be observed in Table 3-1.
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Table 3-1: Bioassay data for all isolates.1 Isolates bioassayed by M. Hurst or A. Beatty [unpublished
data]. Values are averaged over triplicate assays plus/minus their standard error.
Strain
A1M02
11
4
142
143
145
149
158
163
176
210
299
336
345
376
377
398
465
626
1048
1071
1100
1129
1137
1457
1769
1770
1772
25E1
G1
10novel1
1a1
RM51
LC1
Moraki_21
AGR96X1
200931
Sprot51
Diarr1
CfB1
SpF1
R101
E1
Puna181
12newD1
12a1
12d1
28F1
M1
K1

Disease%
83.3
25
91.7
91.7
69.4
95.8
13.9
33
16.7
95.8
90.9
50
33.3
58.3
26.1
54.2
91.7
100
83.3
68.8
41.7
87.5
20.8
0
0
22.2
54.2
45.8
17.4
4.5
4.5
0
80
10.7
97.2
10
5
50
75
40
35
30
37.5
0
83.3
20
60
15
80
30

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

4.1
13
8.3
5.8
7.8
4.2
5.8
10
7.8
4.2
6.3
8.5
9.8
10.3
9.4
10.4
5.8
0
7.8
6.8
10.3
6.9
8.5
0
0
7
10.4
10.4
5.7
4.5
4.5
0
13.3
4.2
5
9
6.6
15.1
13.1
14.8
8.3
13.8
8.7
0
11.2
12.1
14.8
10.8
12.1
13.8

Mortality%
3.6 ±
0 ±
8.3 ±
8.3 ±
5.6 ±
4.2 ±
11.1 ±
0 ±
33.3 ±
4.2 ±
4.5 ±
5.6 ±
0 ±
4.2 ±
17.4 ±
12.5 ±
8.3 ±
0 ±
4.2 ±
14.6 ±
4.2 ±
8.3 ±
75 ±
2.8 ±
5.6 ±
2.8 ±
4.2 ±
16.7 ±
50 ±
68.2 ±
81.8 ±
80 ±
20 ±
87.5 ±
0 ±
90 ±
90 ±
40 ±
20 ±
50 ±
60 ±
70 ±
31.3 ±
0 ±
16.7 ±
50 ±
30 ±
55 ±
5 ±
10 ±

2
0
8.3
5.8
3.9
4.2
5.3
0
9.8
4.2
4.5
3.9
0
4.2
8.1
6.9
5.8
0
4.2
5.1
4.2
5.8
9
2.8
3.9
2.8
4.2
7.8
7.5
10.2
8.4
13.3
6
4.5
0
9
9
14.8
12.1
15.1
8.3
13.8
8.3
0
11.2
15.1
13.8
15
6.6
9

Affected%
86.9 ±
25 ±
100 ±
100 ±
75 ±
100 ±
25 ±
33 ±
50 ±
100 ±
95.5 ±
55.6 ±
33.3 ±
62.5 ±
43.5 ±
66.7 ±
100 ±
100 ±
87.5 ±
83.3 ±
45.8 ±
95.8 ±
95.8 ±
2.8 ±
5.6 ±
25 ±
58.3 ±
62.5 ±
67.4 ±
72.7 ±
86.4 ±
80 ±
100 ±
98.2 ±
97.2 ±
100 ±
95 ±
90 ±
95 ±
90 ±
95 ±
100 ±
68.8 ±
0 ±
100 ±
70 ±
90 ±
70 ±
85 ±
40 ±

3.7
13
0
0
7.3
0
7.3
10
10.4
0
4.5
8.4
9.8
10.1
10.6
9.8
0
0
6.9
5.4
10.4
4.2
4.2
2.8
3.9
7.3
10.3
10.1
7
9.7
7.5
13
0
1.8
5
0
6.6
9
6.6
9
8.3
0
8.3
0
0
13.8
9
13.8
10.8
14.8

Classification
Chronic
Non-path
Chronic
Chronic
Mixed
Chronic
Non-path
Non-path
Non-path
Chronic
Chronic
Non-path
Non-path
Non-path
Non-path
Non-path
Chronic
Chronic
Chronic
Mixed
Non-path
Chronic
Hyper
Non-path
Non-path
Non-path
Non-path
Non-path
Non-path
Non-path
Hyper
Hyper
Chronic
Hyper
Chronic
Hyper
Hyper
Mixed
Chronic
Mixed
Mixed
Mixed
Non-path
Non-path
Chronic
Non-path
Mixed
Non-path
Chronic
Non-path
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Geographical distribution of samples
With the goal of defining a wider distribution of genetically diverse species, isolates were also
selected based on the location of the first isolation. The geographic distribution of sample can be
seen in Figure 3-1.

Figure 3-1; Geographical distribution of sequenced isolates. The majority of isolates were obtained
from New Zealand, 2 isolates were obtained from the Pasteur institute in France and
one from the Bordeaux region in France, and one isolate obtained from Tucuman
region in Argentina (81). The dots are centroids for the provinces, as coordinates for
some isolates prior to 1990’s did not have ample description to pin point their
accurate source location.

Note that Serratia entomophila 220, Serratia ficaria 457 and Serratia grimesii 348 isolates were
sourced from France and the Serratia proteamaculans 495 isolate was obtained from Argentina.
Although plasmid visualization gels showed megaplasmids similar to the size of pADAP in all but one
of the four non-endemic strains, none were found to harbour a pADAP-type plasmid (81). In the
latter part of this study, one additional dataset was added for a Serratia marcescens isolate
designated WVU-005, sequenced by Ranjbaran et al. in July 2019 [PRJNA545504]. The WVU-005
isolate was derived from a clinical sample from the West Virginia University in Morgantown, USA.
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Plasmid contig extraction and annotation
Of the 76 isolates that were sequenced, as outlined in Section 2.3.1, and assembled as described in
Section 2.3.3 and Section 2.3.4, 27 were found to contain multiple plasmids, some even containing
multiple megaplasmids. Six strains that were sequenced were assumed to not have any plasmids
based on megaplasmid visualization gels, and analysis of the sequencing data confirmed this. Four of
the isolates sequenced were of poor sequence quality, preventing proper assembly and were
therefore excluded from further analysis. Obtained from the remaining 72 isolates were a total of 83
plasmids, suitable for further study, 50 of which were confirmed to be pADAP or pADAP-like, defined
by the plasmid backbone. Further explanation on the process of extraction of plasmid contigs can be
read in Section 2.3.5. Several plasmid contigs were PCR validated as detailed in Section 2.3.6 to verify
accuracy of the assembly pipeline. A breakdown of the plasmid carriage per species can be seen in
Table 3-2.
Table 3-2: An overview of the plasmid content of isolates, per species.
Rejected
due to
quality

Plasmid
bearing

Multiplasmid
bearing

Genus

Species

Serratia

entomophila
ficaria
grimesii
liquefaciens
marcescens
proteamaculans
frederiksenii

16
1
1
3
3
51
1

1
3
-

13
1
2
3
48
1

4
0
0
1
10
1

19
1
2
3
55
4

10
0
2
0
39
0

76

4

68

16

84

51

Yersinia
Total

Total
Plasmids

pADAPbackbone
plasmids

Isolates
sequenced

Plasmids contigs that were obtained from the assemblies were annotated by Prokka (249) (full
method is outlined in Section 2.3.8) to generate CDS features (a.k.a. ORF or genes), using the
bacterial RefSeq protein database (272) as a reference database. Additionally, three plasmids were
added from NCBI, the pADAP reference plasmid [NC002523] (83) and two plasmids belonging to the
recently sequenced S. marcescens strain WVU-005, sequenced by Ranjbaran et al. [PRJNA545504].
The WVU-005-1 plasmid shares portions of the pADAP backbone and is therefore included in further
analysis to provide evolutionary context to the pADAP family of plasmids. The full overview of all
strains sequenced including number of plasmids per strain, the plasmid sizes predicted by Dodd (94)
and Hurst [unpublished data], plasmid sizes obtained from the assemblies, the sequencing
technology, locations of strain isolation to the highest accuracy that was available, gene counts per
plasmid, and other characteristics, can be found in Supplementary Materials S.1.
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Determining pADAP copy number
Before further pADAP related comparisons could be made, the plasmid copy number needed to be
established to determine whether the assemblies are not affected by reads belonging to conflicting
pADAP plasmids, thus affecting the proper construction of the De Bruijn graph during assembly (273).
Plasmid copy number was determined by analysing the coverage data of the chromosome contigs
and plasmid contigs obtained for several strains (Section 2.3.7). For this, six of the high-quality PacBio
assemblies were taken and, their respective Illumina reads were mapped to them and a coverage
plot was produced (Figure 3-2).
The coverage plot in Figure 3-2, clearly shows that the average coverage per nucleotide on the
plasmid contig(s) is equal to the coverage of nucleotides on the chromosome contig, which indicates
that plasmids were sequenced in the same depth as the chromosome.
These results suggest there was a similar ratio of plasmid and chromosomal template presence
during sequencing, i.e. one plasmid template per one chromosome template. In case of a multicopy
vector you would expect to see the complete distribution shift to twice the coverage or more of that
of the chromosome, depending on the number of plasmid copies. As there would be at least twice as
much template available in the sample to sequence, in case of multi-copy vectors, it would yield
twice as much reads. Thus, multi-copy vectors would have an increased average coverage, which was
not observed here. Several in vitro attempts were made to conjugate antibiotic tagged pADAP
variants, into strains already carrying another tagged pADAP variant. These experiments, however, all
proved unsuccessful and corroborates self-incompatibly of the pADAP plasmid. One mechanism that
is most likely causal of this self-incompatibility of pADAP plasmids is handcuffing as outlined in
Section 4.1.
After having established that pADAP is a single copy megaplasmid, it was reasonable to assume that
plasmid contigs do not contain any assembly artefacts caused by diverging de Bruijn graph paths that
could have arisen from two or more diverging pADAP type plasmids being present in one single
dataset. With this fact established, it was now possible to do some comparative plasmidomics. The
most conserved part of plasmids is their replication region; therefore, this was the first region that
was studied.
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Figure 3-2: Coverage plot of the six samples sequenced using both the PacBio and the Illumina platform. Illumina reads were mapped against the high quality
PacBio contigs to determine the coverage. These coverages were then plotted in bins, with the chromosomes mapped in an upward direction and
the plasmids in a downward direction. The number of nucleotides on a log scale (y-axis) per coverage (x-axis).
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Chapter 4 Comparison of pADAP backbone regions
RepA orthology analysis
The RepA protein found in the conserved backbone of pADAP plasmids is required for self-replication
of the plasmid. In normal circumstances, a RepA protein can upregulate its own transcription by
binding to a series of DNA repeats called iterons, in its own promotor region (Section 4.2). The DnaA
replication initiation factor, normally associated with the ori of the host cells chromosome, is able to
interact with the iteron bound RepA proteins, and bind to the DnaA-box upstream of the repA gene
(274, 275). The RepA protein has also been shown to interact with other initiation factors such as
DnaB and DnaC (276). These components of the primosome are required to initiate replication.
Several RepA orthologs were obtained from the RefSeq database (250) in order to determine the
evolutionary origin of the pADAP RepA based plasmids. Top twenty RepA ortholog hits from diverse
species were extracted, aligned and used to construct a phylogenetic tree. The resultant
phylogenetic tree shows the relationship of replication genes in other bacteria, and it shows the
unique position pADAP has within this family of RepA-based plasmids. The tree can be viewed in
circular format in Figure 4-1 and the corresponding amino acid sequence similarity for RepA can be
seen in Figure 4-2. Detailed description of the method used to generate the tree and distance matrix
can be found in Section 2.3.9 and Section 2.3.10 respectively.
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Figure 4-1: A phylogenetic tree of RepA pADAP as well as its 20 closest orthologues. The pADAP
RepA is the only RepA ortholog associated with entomopathogenic bacteria. Rahnella
bruchi is found in insect guts, but has not been described as being pathogenic.
References used to determine closest host range of bacterium; * This study, 1 Grimont
et al. (18), 2 Hurst et al. (69), 3 Zhang et al. (277), 4 Rhim et al. (278), 5 Kube et al. (279), 6
Mlaga et al. (280), 7 Brenner et al. (281), 8 Brady et al. (282), 9 Martínez-Chavarría et al.
(283), 10 Robins-Browne et al. (284), 11 Souza et al. (285), 12 Lui et al. (286), 13 Townsend
et al. (287), 14 Wang et al (288), 15 Rabsch et al. (289), 16 Mahlen et al. (290).
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Figure 4-2: Heat map of a distance matrix of the repA ortholog AA sequences. This figure
represents an all against all AA sequence similarity matrix.
A literature study was undertaken on each bacterial species associated with the respective RepA
ortholog, to determine their closest associated host species (Figure 4-1). From this analysis, the
pADAP RepA appears to be the only protein in this dataset that is associated with insecticidal
bacteria (Figure 4-2). This suggests that within this group of closely relate plasmids based on their
replication gene, the pADAP variant carrying isolates are the only ones who appear to have coevolved with an insect host. Full descriptive summary of reference sequences used, and literature
surveyed, as well as full region alignments can be found in Supplementary Materials S.13. It must be
said however, that the absence of literature associating these bacterial species with insecticidal
activity does not mean that their respective plasmids or associated chromosomes do not carry
insecticidal elements.
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RepA associated iterons
As outlined in Section 3.5, based on sequence coverage, pADAP is predicted to be a single copy
plasmid. The single copy nature of the plasmid suggests self-incompatibility. Plasmid incompatibility
is still a commonly used method to genotype plasmids (100). It is based on the principle that certain
replication regions are not able to function well in the presence of plasmids with an antagonistic
replication region, and so cells cannot maintain the replication of both plasmids in order to vertically
transmit them to progeny during cell division (99). Based on the known Inc group primers (100), no
nucleotide hits were identified in any of the pADAP plasmids, revealing that pADAP likely represents
a new Inc group plasmid. However, conjugation tests with numerous known Inc group plasmids need
to be performed to accurately determine the true Inc group of pADAP.
Based on the single copy nature of pADAP, the means behind self-incompatibility of the pADAP RepA
is most likely handcuffing (291). Handcuffing is an event where two plasmids with similar replication
genes interlock, preventing access to the replication site (292). RepA is a self-promoting protein,
upon transcription it binds to iterons, which are small repeat motifs, ~12 to 15 bp in length,
positioned 5’ of the replication gene (293). Here, the bound RepA proteins interact with the
replication initiation factors such as DnaB and DnaC (276), but most notably DnaA and initiate
replication of the plasmid (275). If all iterons are RepA bound and a second plasmid is present that is
in the same state, it is possible for the iteron bound RepA monomers, to interact with iteron bound
RepA monomers from the other plasmid copy and dimerize, essentially “handcuffing” the replication
region of the two plasmids together (274). Once “handcuffed”, further interaction with the upstream
region of repA is blocked and further replication of the plasmids is stopped (291-293). This
handcuffing prevents what is called as the ‘dimer catastrophe’, which is a situation where clonal
multi-copy plasmids that are in a dimer state after replication of during recombination, keep
replicating. Because the monomers have only one origin of replication, the dimerized plasmids are
more likely to replicate due to them now encoding two or more origins of replication. This causes a
cascade of plasmid dimers and results in a metabolic overload to the cell, as well as halting proper
plasmid segregation towards progeny during cell division (294). By preventing replication through
handcuffing, dimerization of the plasmid cannot occur. If the handcuffed plasmids are already in a
dimerized state, they can be resolved through site-specific recombination. The pADAP plasmids
contain a XerCD domain containing ORF called Int2 (Section 4.4), short for integrase 2 that ensures
that dimerized plasmids can be recombined at the XerCD site to form monomers (295, 296). The
handcuffed plasmids will remain bound until cell division causes the cytoplasm to increase
substantially by which time the two plasmids are forced to separate, each into their own cell. The
iteron region of the pADAP RepA was previously described by Hurst et al. (83) and was confirmed in
this study to be present in all pADAP plasmids and their positions conserved.
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As RepA is highly conserved in several genera, the iteron analysis was extended to encompass several
of the upstream regions of the previously mentioned RepA orthologs. Not all RepA orthologs had an
associated plasmid present in the RefSeq nr database, and therefore the set of plasmids analysed
was smaller than the set of RepA proteins used to construct the phylogenetic tree. The results of the
structural conservation of the iteron motifs upstream of RepA orthologs can be seen in Figure 4-3.
The plasmids with a homologous repA gene most likely have a similar promotor region that contains
iterons with a shared motif (Figure 4-3). This led to the hypothesis that pADAP does not handcuff in
the presence of close pADAP variants but also more distant RepA encoding plasmids. The inability to
carry more than two of these RepA encoding plasmids at a time make them incompatible in a
population as during segregation each progeny will only get one of the two plasmids. This makes
pADAP not only self-incompatible but also incompatible with most other repA plasmids. In the
environment, this self-incompatibility would severely limit the opportunity for co-existence with
another RepA encoding plasmid and therefore limits the opportunity for recombination with a similar
pADAP-type. In an evolutionary context, this may have restricted these RepA plasmids to stop
recombining, forcing them towards specialization through natural selection driven means. It also
shows a good link between co-evolution of the plasmid with the bacterial host.
Alignments and description of iteron regions can be found in Supplementary Materials S.14
respectively.
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Figure 4-3: A schematic overview of a conserved iteron motif found upstream of the repA replication gene. This iteron motif was found on pADAP by Hurst et
al. (83). Motifs were found to be highly conserved in all pADAP plasmids, both in the motif and in their orientation upstream of the replication
gene. Iterons are associated with both promoting expression of the repA replication gene through autoregulation, but in presence of two or more
plasmids are also known to e involved in “handc ffing”. ) Pattern of iterons and DnaA-boxes found upstream of the replication genes in several
plasmids that share sequence homology with RepA found on pADAP. B) Sequence logo of the conserved iterons, the triple A and the TCC
nucleotides are the highest conserved within the motifs, sequence logos generated using WebLogo (297). C) The names of the species that
contained the compared plasmids, full plasmid name and description can be found in Supplementary Materials S.14. D) the evolutionary distance
between each RepA replication protein based on PhyML generated ML phylogenetic tree (259).
* Sequences of non-pADAP plasmids found in this study, that contain a replication gene with homologous iteron region but do not contain the
pADAP backbone, or portions of it.
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pADAP backbone
A key aim of this project was to determine whether previously sequenced virulence determinants
published by Hurst et al. (69, 83) were associated with any transposable mechanism that could
actively acquire or remove these PAIs. To discern the reason behind the dissimilarities of the
virulence regions, first, the capturing apparatus, i.e. the plasmid backbone, needed to be analysed.
The backbone consists of the replication and conjugation region as previously described by Hurst et
al (83), and was used to determine whether a plasmid is a pADAP-type (Figure 1-5).
From the 72 successfully sequenced strains 52 circular pADAP plasmid contigs were obtained. The
first step in comparing the plasmid sequences was to establish the most conserved “start” of the
plasmid. A full manually curated list of deviating ORFs of all pADAP-type plasmid backbones is
provided in Supplementary Materials S.40.

The conserved “start” of the p

P-type plasmids

Int2 was believed to be a potential integrase upstream of the repA gene (83), however, updated
ortholog hits in the RefSeq database revealed it to be a recombinase (further discussed in Section
9.1). Alignment of a 5 Kb region, 5’ and 3’ of the int2 / repA of each plasmid, revealed the element is
highly conserved across all pADAP-type plasmids assessed in this study. The nucleotide alignment
also showed a clear point of delimitation 524 bp upstream of the pADAP int2 gene (Figure 4-4).
The point of delimitation was used to set the residue numbering of the plasmid, making the T in the
(5’ TTGTAATAAA 3’) sequence the first residue number for all pADAP variants. Now that the start of
all plasmids was defined to the same homologous point, it was fairly simple to visually compare the
pADAP-type plasmids with one another.

63

Figure 4-4: The proposed start of the pADAP type plasmids. The start of the backbone was determined to be a non-coding sequence found 524 bp upstream of
the tyrosine recombinase encoding int2 gene in pADAP [NC002523]. The region between this point of delimitation and the int2 gene, does not
contain any repeats. A) percentage of nucleotide identity between all pADAP-type plasmids analysed in this project. B) Orientation between the
point of delimitation and int2. C) Frequency sequence logo plot showing the conservation of nucleotides for this delimitation point, an overall low
frequency means that gaps were introduced into the alignment. D) The dif recombination site needed for site specific recombination. Sequence
logos generated using WebLogo (297).
64

pADAP BRIGs analysis
The first attempt at plasmid comparisons was undertaken through the use of the Blast Ring Image
Generator (BRIG) tool (264) (full method is detailed in Section 2.3.10). BRIG takes query sequences
and performs a Blast+ (245) alignment against a reference sequence. The reference used in the BRIG
analysis was the pADAP reference plasmid [NC_002523]. The tool then outputs a circular figure that
shows which areas of the query sequences are similar to the reference sequence. It is important to
keep in mind that this does not show what the areas of dissimilarity in the queries contain (indels,
genomic reshuffling, HGT acquired genetic material, etc), making the figure only half the story (Figure
4-5).
.
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Figure 4-5: A Blast Ring Image Generator image of all the 57 pADAP type plasmids. The reference used was the A1MO2 strain pADAP [NC002523] sequence
obtained from NCBI.
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Based on the annotations of the plasmid encoded ORFs and the information of the BRIGs analysis 52
plasmids, out of the 84 total plasmids, were deemed pADAP or pADAP-like as they contained most of
the pADAP backbone, spanning from the point of delimitation to the pilL ORF. Of the remaining 34
non-pADAP plasmids, 5 were found to have some pADAP elements, most of which were the Sep
region or fragments thereof. A breakdown of the regions found based on the BRIGs analysis and
manual inspection can be seen in Figure 4-6.

Figure 4-6: A Venn diagram showing the summary of plasmids obtained from sequenced isolates.
The diagram shows the number of found plasmids, and if they contained pADAP
markers such as the pADAP backbone, the Afp particle associated with antifeeding
behaviour or the Sep region associated with gut clearance.

Although BRIG is a great tool to analyse similarities to a reference, it is not very effective at showing
dissimilarities in the query sequences. Based on this limitation, the sequences were extracted, and a
global alignment was made using Clustal Omega (258) in order to perform manually assessment of
regions of divergence. The backbone region from the point of delimitation to the pilL ORF was
approximately 62 Kb in size in the pADAP reference plasmid.
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Backbone similarity
A DNA sequence similarity matrix was produced to show the raw value of nucleotide similarity
between all pADAP variants (Section 2.3.10 contains a full description of the process). This provided
an insight into the groups of backbones. Most of the S. entomophila-based pADAP plasmids shared a
high DNA sequence identity to one another. Several outlier strains with distinct phenotypes were
analysed such as pPUNA18, which was most likely a plant associated isolate as the plasmid did not
appear to contain either SEP or AFP, but instead carried numerous plant associated effectors (see
Section 8.4 for more details), although has a very similar backbone to the S. entomophila pADAP.
There was also a small group of five sequenced plasmid including pG, p25E, p10novel and pE that
formed a unique group (Figure 4-7).
As the DNA sequence similarity between some of the backbones was very low, it was of some
interest to further define the areas of divergence. The backbone alignment was manually assessed,
and several sites of divergence were found that either had lost or acquired novel ORFs. Most of these
regions, as outlined in the subsequent sections, did not seem to code for anything that could be
considered to substantially alter the functionality of the plasmid or the bacterial host. These regions
however, do offer an insight into how HGT affects plasmids and how natural selection further divided
the pADAP plasmid family.
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Figure 4-7: A DNA similarity matrix of the pADAP backbones of all 52 pADAP-like plasmids. The backbone is the region between the conserved point of
delimitation (start) of the plasmid (Figure 4-4) and the pilL gene. Blue labelled strain names are S. entomophila, green S. marcescens, purple S.
liquefaciens and pink S. proteamaculans.
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The sea36-areA region
The first divergent region identified spanned ~2.5 Kb and comprised three sea ORFs and an areA
gene. ORFs were labelled with sea in the 2011 pADAP annotation to denote unique hypothetical
ORFs found on pADAP, and it stands for Serratia entomophila annotation (sea). For this study the sea
ORFs were re-annotated, their function described in the text and a detailed summary can be found in
Supplementary Materials S.8. The sea36-areA region is depicted in Figure 4-8 and the corresponding
isolate per sea36-areA type in (Table 4-1).

Figure 4-8: The sea36-areA nucleotide region. This region is approximately 2.5 Kb in size and
comprises of 4 genes on the pADAP reference, sea36 through sea38 and the areA ORF.
Several of the other pADAP type plasmids, however, have missing annotations due to
nucleotide changes, missing regions, a cleavage of the areA gene and the insertion of a
hypothetical gene, denoted with a *.

Table 4-1: Sea36-38, areA variant type per pADAP-type plasmid carrying isolate.
Type Species
A
Serratia entomophila
proteamaculans
marcescens
B
proteamaculans
C
D

E
F

proteamaculans
entomophila
proteamaculans
liquefaciens
proteamaculans
proteamaculans

Isolate
158, 176, 398, 626, 1100, Diarr, pADAP
145
WVU-005-1
149, 299, 336, 465, 1457, 1769, 1770, 1772, 12a, 12d,
28F, D, K, M, Puna18
1, 1137, Rm5
210, 345, Moraki_2
142, R10
376, 377
143, 1048, 1071, 10novel, 12newD, 25E, CfB, E, G
4, 163, 1129, 1A, 20093, SpF, LC, AGR96X, Sprot5
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The areA gene encodes a nitrogen metabolite regulator (298) however, a BLASTP search for the AreA
protein encoded by pADAP suggests that instead it is an anti-restriction ArdA protein (299), a protein
that can help HGT of MGEs by preventing DNA cleavage by restriction enzymes. This gene only
appears as one ORF in the pADAP plasmids found in S. entomophila. All other plasmids were
annotated with two AreA encoding ORFs. As all plasmids assessed appear to only have one ShineDalgarno (SD) sequence (5’ AGGAGG ’), it’s likely the split ORF is just an annotation artefact caused
by an in-frame stop codon that is not in-frame in the S. entomophila pADAP plasmids.
Most sea genes are of yet to be determined function, i.e. are designated as hypothetical genes. Since
the original annotation from 2011, several sea genes now have gene orthologues in the NCBI RefSeq
database with known function. In this context, the sea36 ORF was found to be homologous to a
helix-turn-helix transcriptional regulator, and sea38 has some AA similarity to an aerotaxis sensor
receptor (Aer) (Table 4-2) (300).
The Aer is an important internal sensory protein that can react to changing energy and oxygen states
in a cell (301) by signalling the cell to rapidly oxidize substrates such as ribose, galactose, maltose,
malate, proline, alanine, glucose, mannitol, mannose, sorbitol, and fructose (302). The Aer protein
has also been correlated to the ability of E. coli to colonize mouse colons, and is hypothesized to
upregulate flagella related genes, keeping the cells mobile and preventing cells to remain in one
place, adhere and colonize (303). Many grasses contain sugars in their roots, which is the main plant
area that these Serratia isolates are associated with, as well as the main dietary requirement for
grass grubs. Disruption in this region could have potential implications with colonization of the grass
grub and thus affect the pathogenicity. Unfortunately, this was found out at the end of the study and
thus no further in vivo assessment was undertaken.
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Table 4-2: Approximation of function of ORFs in the sea36-areA region based on BlastX hits.
Original annotation
sea36
sea37
sea38
areA

New annotation

Query Cover

E value

Per. Ident

Accession

MULTISPECIES: helix-turn-helix transcriptional regulator [Serratia]
MFS transporter [Brevibacterium iodinum]
Aerotaxis sensor receptor, flavoprotein [Escherichia coli]
Antirestriction protein ArdA [Yersinia massiliensis]

99%
76%
70%

1e-111
0.59
2.00E-11

94.59%
32.69%
41.24%

67%

3e-73

82.22%

WP_115185061.1
WP_101546461.1
WP_097331443.1
WP_172986820.1
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MGE insertions
Several other small divergent regions appear to be the result of seemingly random insertion of
transposons or other MGEs with no obvious virulence associated function.

4.8.1 Insertion between sea40-42 region
Within the pADAP backbone sequence from isolate 1100, a small ~2 Kb insertion was identified in the
sea40-42 region. The sea40 and sea41 ORFs are two parts of the HigBA toxin anti-toxin (TA) system.
A more in-depth description of the function of this and several other TAs can be found in Chapter 11.
Located downstream of this TA region in isolate 1100 is a 1931 bp insertion, containing two
hypothetical ORFs and a group II intron reverse transcriptase (Figure 4-9, Table 4-3). The insertion is
at the 3’ of the sea41 ORF and therefore unlikely to affect the functionality of the TA operon. There
appears to be no particular characteristic in prokaryotes associated with introns of this type (304). It
has previously been proposed that these group II introns often act as MGEs (305). Based on this
information, it is likely that this insertion has been a random acquisition with no consequence to cell
or plasmid functionality

Figure 4-9: The sea40-42 region in p1100. The pADAP sequence derived from the isolate 1100,
contained a 1931 Kb insert, positioned between sea41 and sea42. This region consists
of a group II intron and two hypotheticals. Sea40 is a higB and sea41 is higA. The
group II iteron related ORF appears to have no particular function in the Serratia
system.
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Table 4-3: Approximation of function of ORFs in the sea40-sea41 region based on BlastX hits.
Original
annotation
sea40
sea41
-

sea42

New annotation

Query
Cover

E value

Per.
Ident

Accession

mRNA interferase HigB [Serratia symbiotica]
type II toxin-antitoxin system HigA family antitoxin [Salmonella enterica]
hypothetical protein [Salmonella enterica]
group II intron reverse transcriptase/maturase [Salmonella enterica subsp.
Diarizonae]
hypothetical protein [Serratia entomophila]
MULTISPECIES: hypothetical protein [Serratia]

99%

8.00E-65

95.05%

99%

4.00E-62

63.27%

27%
99%

0.000001
0

93%
84%

CDS57329.1
EAB5051308.1
EBR7620815.1
ECG8656393.1

26%
99%

1E-62
6E-94

100%
90%

WP_010895838.1
WP_115185053.1

Table 4-4: Approximation of function of ORFs in the sea42-sea44 region based on BlastX hits.
Original
annotation
sea42
sea43
sea44
-

New annotation
MULTISPECIES: hypothetical protein [Serratia]
hypothetical protein [Serratia entomophila]
MULTISPECIES: DUF945 domain-containing protein [Yersinia]
DUF945 domain-containing protein [Serratia entomophila]
transposase [Pectobacterium polaris]
IS3 family transposase [Erwinia sp. OLMDLW33]

Query
Cover
99%
98%
30%
99%
98%
99%

E value

Identity

Accession

6E-94
5.00E-49
5.3
2.00E-139
3.00E-56
0

90%
100.00%
48.08%
100.00%
93.48%
98.59%

WP_115185053.1
WP_073999972.1
WP_010895855.1
WP_010895855.1
KFX15891.1
WP_099755280.1

E value

Identity

Accession

5.00E-49
5.3
2.00E-139
3.00E-56
0
3.00E-07

100.00%
48.08%
100.00%
93.48%
98.59%
27.27%

WP_010895854.1
WP_010895855.1
WP_010895855.1
KFX15891.1
WP_099755280.1
WP_001825652.1

Table 4-5: Approximation of function of ORFs in the sea43-sea45 region based on BlastX hits.
Original annotation

New annotation

sea43
sea44
sea45

hypothetical protein [Serratia entomophila]
MULTISPECIES: DUF945 domain-containing protein [Yersinia]
DUF945 domain-containing protein [Serratia entomophila]
transposase [Pectobacterium polaris]
IS3 family transposase [Erwinia sp. OLMDLW33]
autotransporter adhesin Ag43 [Escherichia coli]

Query
Cover
98%
30%
99%
98%
99%
98%
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4.8.2 Insertion between sea42 and sea43
In the isolates 10novel, 25E, E and G the pADAP backbone sequences had a 1946 bp insertion located
between the sea42 and sea43 ORF, encoding a Domain of Unknown Function (DUF) containing
protein encoding gene (Figure 4-10, Table 4-4). These three sea ORFs have no known function. With
BLAST results returning with hypothetical and transposon hits. The sea43 and sea44 ORFs were also
anotated as one single ORF in other plasmids analyzed in this study, that were annotated using more
current annotation pipelines, and are therefore is most likely one single ORF.

Figure 4-10: The sea42-44 region in p10novel, p25E, pE and pG. The pADAP backbone sequences
derived from the isolates 10novel, 25E, E and G, contain an inserted ORF with a
domain of unknown function, a hypothetical ORF (denoted with a *) as well as sea43
and sea44 being annotated as a single ORF using the new annotation pipeline.
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4.8.3 Insertion between sea44 and sea45
The sea44–45 region on the RM5 isolate’s pADAP plasmid contains a 1663 bp insertion. The inserted
region in the pRM5 encodes two putative functional transposable genes (Figure 4-11, Table 4-5). The
region itself has no apparent effect on virulence. The transposons are seemingly intact, and therefore
most likely active.

Figure 4-11: The sea43-45 region in pRM5. The backbone sequence from the RM5 pADAP plasmid
contains a DNA insertion of two transposases. These are generic mobile genetic
elements and other than transposing themselves in genetic regions, they have no
known function.
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Backbone insertion separating S. entomophila pADAP from other pADAP
A key finding was the identification of a ~3.9 Kb insertion between the traG and trbC gene in most
plasmids derived from S. proteamaculans but not in any S. entomophila hosted pADAP plasmids as
well as in two S. proteamaculans isolates that harbour pADAP orthologs and the US derived WVU005-1 plasmid (Figure 4-12, Table 4-6). The traG, trbC and trbB genes are part of the Tra/Trb region.
Tra is short for transfer, the translated product of tra genes are important for relaxing and linearizing
the plasmid, priming it for its transfer through the conjugative pore (169, 170). The ~3.9 Kb insertion
contains one ORF of interest, encoding for a serine recombinase (Table 4-7). Serine recombinases
help with resolving plasmid dimers during replication (306) but also facilitate recombination between
two plasmids containing a similar recombination sites (307-309). For cells containing only a pADAPtype plasmid, it is unlikely these recombinases serve any function other than resolution of plasmid
dimers, as the pADAP is either single copy or handcuffed prior to cell-division (Section 3.5), thus
negating the likelihood of recombination with variants. Enhanced recombination might be possible in
the presence of additional non-pADAP plasmids sharing similar recombination recognition sites. Of
note, the region contains a ~1.2 Kb intergenic region, which does not encode for any ORFs, however
might bind non-coding RNA (ncRNA), although no apparent known binding sites or repeat motifs
were identified in this region to confirm this.
This ~5.8 Kb acquired region was absent from all of the assessed S. entomophila pADAP plasmids.
This region was also found to be absent in the pADAP plasmids obtained from S. proteamaculans
isolates 142 and 145. This indicates that p142 and p145 plasmids are pADAP ortholog plasmids
encoding Sep region (Chapter 5) and Afp orthologs (Chapter 7). The WVU-005-1 plasmid shares the
type (A) in respect to Figure 4-12. As this WVU-005-1 plasmid is obtained from another continent, it
supports the theory that the region was not lost from the pADAP backbone, but instead was gained
in the backbone of pADAP-type variants found in S. proteamaculans and S. liquefaciens in a more
recent insertion event, and could serve as a time stamp, allowing further refinement of the origin of
pADAP.
Table 4-6: TraG, TrbC, TrbB insertion type of per isolate.
Type1 Species
A
Serratia entomophila
proteamaculans
marcescens
B
proteamaculans

Isolate
158, 176, 210, 345, 398, 626, 1100, Diarr, Moraki_2, pADAP
142, 145, 1137, 10novel, 25E, E, G, Puna18
WVU-005-1
4, 143, 149, 163, 336, 465, 1048, 1071, 1129, 1457, 1769, 1770,
1772, 12a, 12d, 12newD, 1A, 20093, 28F, CfB, D, SpF, K, LC, M,
AGR96X, R10, Sprot5
liquefaciens
376, ,377
C
proteamaculans 1, RM5
1
Type shown in Figure 4-12
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Figure 4-12: The traG, trbC and trbB region that splits the S. entomophila pADAP plasmids from the
S. proteamaculans pADAP-type plasmid variants. All chronic disease inducing S.
entomophila pADAP sequences, as well as the S. proteamaculans p142 and p145
sequences, share the same three genes (Type A). But most other pADAP plasmids have
an ~3.9 Kb inserted region containing two MGEs a polymerase, several hypothetical
genes and a Serine recombinase. * denotes hypotheticals (Types B, C).

These regions of insertion are great examples of evolutionary divergence between all plasmids. There
are some clear instances where individual isolates have acquired novel elements in backbone regions
of the pADAP such as the two heavily divergent regions that are seen in the sea36-areA region
(Section 4.7) and the traG, trbC and trbB region (Section 4.9), that clearly divide the dataset in
smaller subsets. Apart from the shorter regions of divergence described in the previous sections,
there are also two examples of large portions of DNA sequence dissimilarity that will be discussed in
the following section.
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Table 4-7: Approximation of function of ORFs in the TraG, TrbC, TrbB region based on BlastX hits.
Gene
traG

orfg1
orfg2

orfg3

orfg4

orfg5

orfg6

orfg7

orfg8

Hit
MULTISPECIES: phospholipase D family protein [Serratia]
Length:
178 Range:
Ident:
168/178(94%)
Pos:

Accession
WP_115185042.1
1 to 178
173/178(97%)

No hits
RNA-directed DNA polymerase [Vibrionales bacterium SWAT-3]
Length:
172 Range:
29 to 103
Ident:
38/77(49%)
Pos:
51/77(66%)
IS481 family transposase [Erwinia tracheiphila]
Length:
346 Range:
1 to 145
Ident:
109/152(72%)
Pos:
117/152(76%)
transposase (fragment) [Xenorhabdus bovienii str. kraussei Becker Underwood]
Length:
211 Range:
137 to 201
Ident:
53/66(80%)
Pos:
56/66(84%)
hypothetical protein [Serratia marcescens]
Length:
533 Range:
46 to 248
Ident:
168/203(83%)
Pos:
176/203(86%)
hypothetical protein [Serratia marcescens]
Length:
533 Range:
1 to 33
Ident:
29/33(88%)
Pos:
30/33(90%)
MULTISPECIES: hypothetical protein [Serratia]
Length:
313
Ident:
227/314(72%)
serine recombinase [Xenorhabdus bovienii]
Length:
207
Ident:
73/97(75%)

Eval:
Gap:

5E-121
0/178(0%)

Coverage:

0.9438

EDK27182.1
Eval:
Gap:
Eval:
Gap:
Eval:
Gap:
Eval:
Gap:
Eval:
Gap:

2E-13
2/77(2%)

Coverage:
WP_046371899.1

0.4935

Coverage:
CDH24895.1

0.7171

4E-64
14/152(9%)
2E-27
1/66(1%)

Coverage:
WP_139159366.1

0.803

Coverage:
WP_139159366.1

0.8276

Coverage:

0.8788

3E-109
5/203(2%)
8E-10
0/33(0%)

WP_013812557.1
Range:
Pos:

1 to 312
263/314(83%)

Eval:
Gap:

Range:
Pos:

112 to 207
80/97(82%)

Eval:
Gap:

5E-156
3/314(0%)

Coverage:
WP_038245689.1

0.7229

Coverage:

0.7526

5E-40
1/97(1%)
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trbB

trbC

thioredoxin fold domain-containing protein [Yersinia bercovieri]
Length:
333 Range:
1 to 331
Ident:
169/353(48%)
Pos:
219/353(62%)
MULTISPECIES: conjugal transfer protein TrbC [Serratia]
Length:
685 Range:
Ident:
667/684(98%)
Pos:

WP_145592828.1
Eval:
Gap:

2E-104
45/353(12%)
Coverage:

0.4788

WP_127147021.1
2 to 685
678/684(99%)

Eval:
Gap:

0
0/684(0%)

Coverage:

0.9751
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Conjugation region variants
As outlined in the previous sections, there is a lot of variation between pADAP backbones. Most of
the variation in DNA sequence between pADAP type backbones can be attributed to the insertions of
small regions. There are two pADAP-type plasmids however, that have larger variations, most
notably in the region transcribing the conjugative machinery (Figure 4-13).

The S. entomophila based pADAP plasmids have the region depicted as “pADAP” in Figure 4-13,
where most non chronic disease inducing, non-S. entomophila pADAP plasmids have the insertion
mentioned in Section 4.9, resulting in a region similar to the one depicted as “pAGR96X” in Figure
4-13. The two isolates with very distinct backbones are 465 and 1769. Isolate 465 has an insertion of
a potentially intact bacteriophage, between pilO and pilN, complete with genes encoding for head,
tail, and DNA packaging. Of interest, the same ~37 Kb bacteriophage encoding region is also found on
a non-pADAP plasmid present in isolate 591, sharing ~88% DNA sequence similarity. This
bacteriophage will be further discussed in Section 8.4.
Isolate 1769 is missing a ~23 Kb region, comprising everything from traT until the end of the Pil
cluster of genes. The last conserved ORF in the Tra cluster is the traU ORF, after which the region
goes directly into the demarcation region discussed in the Section 4.12. A full manually curated list of
deviating ORFs of all pADAP-type plasmid backbones is provided in Supplementary Materials S.40.
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Figure 4-13: An overview of the conjugation region nucleotide sequence variants. Most S. entomophila pADAP plasmids, as well the pADAP plasmids found in
isolate 142 and 145 and the WVU-005-1 S. marcescens plasmid, lack the indicated ~3.9 Kb insertion, previously described in Section 4.9. The
plasmid in Isolate 465 also has acquired a bacteriophage encoding region. Isolate 1769 has a ~20 Kb truncation of most of the tra and pil ORFs in
the plasmid. Top part of the figure represents a homology graph of aligned sequences sharing of all pADAP variants sharing this region.
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Non-New Zealand isolated pADAP-like backbone
At the latter stages of this study, the S. marcescens WVU-005 dataset, containing two plasmids, one
of which was designated WVU-005-1, was released. In silico analysis revealed that the WVU-005-1
plasmid contained most of the ORFs present in the pADAP backbone. The backbone of WVU-005-1,
shares ~80% nucleotide identity to that of the S. entomophila pADAP plasmid (Figure 4-7). However,
this is an average over the entire backbone. When looking at the actual alignment with the reference
pADAP, there are some distinct areas of substantial DNA sequence dissimilarity (Figure 4-14). The
most notable region of dissimilarity is from the point of delimitation to the second par gene (third on
WVU-005-1). The WVU-005-1 plasmid does not encode for a proper ortholog for int2 and repA, nor
does it encode the point of delimitation previously described in Section 4.4. The replication genes of
WVU-005-1 are located downstream of the backbone, in a region deemed the demarcation region, as
this is where most plasmids start deviating substantially. The demarcation region of WVU-005-1 is
marked as (I) in Figure 4-15. The WVU-005-1 plasmid does not encode for Afp or Sep, instead, the
plasmid is significantly smaller than pADAP, only 91,252 bp in size, and encodes some transposons
and secondary metabolites as later outlined in Section 8.6. The second plasmid carried by WVU-005
is WVU-005-2. The WVU-005-2 plasmid is 63,265 bp in size and encodes several Tra and Trb family
genes, that have no significant AA sequence similarity with any found on WVU-005-1 or other pADAPtype plasmids.
The S. marcescens isolate, containing WVU-005-1, was sourced from a clinical sample from West
Virginia, USA. This finding reveals that the backbone of pADAP-like plasmids is more widespread than
just New Zealand. Based on the conserved nature of the backbone, it is plausible that this backbone
is a generic capturing device that co-evolved with the Serratia genus. The differences between the
WVU-005-1 plasmid and pADAP is that the pADAP-type plasmids have apparently acquired a novel
replication region that is self-incompatible. This is a great example of co-evolution with the host,
where a generalist plasmid lost the ability to easily recombine with other pADAP-type plasmids
resulting in speciation in the direction of specialization through natural selection.
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Figure 4-14: Sequence comparison of pADAP [NC002523] and WVU-005-1 [CP041127].

Region of low selective pressure
Historically it was thought that insecticidal pADAP plasmids only contained a Sep and Afp island
(190), and there was no reason to believe any other type of island to be present in other isolates in
the AgResearch strain library. Most analysed plasmids had either pathogenic or non-pathogenic
phenotype, were shown to be similar sizes to pADAP and molecular screening methods such as PCR
often confirmed the presence of either the Sep region (161) or Afp region (161). When the sequence
of pADAP was published, it was shown that the pADAP variant pU143 (83) was missing the Sep island.
The characteristics of the AGR96X also revealed significant variance in the islands themselves (69).
This project further shows that some plasmid variants are missing the Sep islands, others the Afp
islands, some do not have either island but instead have completely different islands encoding a
diverse range of genes including TAs, phages, etc as outlined in Chapter 8. At the 3’ side of the
backbone there is a point that was previously assumed to potentially harbour a capturing mechanism
that facilitated acquisition of these novel genetic regions and PAI variants by the backbone. However,
the region itself, termed the demarcation region, is highly variable, with several non-conserved
elements found downstream of the sea1-sea3 ORFs (Figure 4-15, Table 4-8).
The demarcation region in pADAP is approximately 17 Kb and starts with a cluster of three sea genes.
The sea1 and sea2 ORF have no known ortholog in the RefSeq database and come back as
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hypothetical proteins. The sea3 ORF is identical to a NusG antiterminator. The NusG antiterminator
proteins help with transcription of longer regions by reducing the RNA-polymerase half-life (310),
and preventing early transcription termination through backtracking and hairpin-stabilized pausing of
RNA Polymerases (RNAP) (311). This demarcation region is flanked downstream by the accessory
clusters, whether it be a Sef/Sep or Afp region or a long region of nitrogen related genes as is the
case in pPuna18, and therefore the NusG may be required for proper transcription of such large
operons. All pADAP plasmids present in S. entomophila isolates analysed to date share the (A) type of
demarcation area, followed by the Sef fimbria region but in the S. proteamaculans there is no clear
correlation between the elements present in this small island and the type of island that follows as
can be seen in Table 4-9.
The predicted function of the IS elements depicted in Figure 4-15 are described in Chapter 9. Isolate
28F is the only pADAP-type plasmid that has the (D) island that is missing sea3 and sea4, in its place
there is a region containing a nuclease, domain of unknown function (DUF) 535 containing ORF and
two macrolide ORFs. These macrolide ORFs are putative TA proteins. More on these and several
other TAs can be found in Chapter 11. The recently sourced plasmid WVU-005-1 does not have the
sea1 nor sea2 ORF, instead only has a low homology sea3/nusG ortholog, followed by two replication
genes and a hypothetical gene. It appears this island does not in fact encode any capturing
apparatus, and instead could have been acquired through recombination prior to acquisition of other
identified accessory clusters. Insertion of transposons and other MGEs as well as the high sequence
and gene divergence indicates that this region is under very low selection pressure.
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Figure 4-15: Region of low selective pressure, garnering higher rates of mutation. The pADAP typestrain plasmid and all chronic S. entomophila pADAP plasmids contains the ~17 Kb
region demarcated with A), whereas the other plasmids contain a wide variety of
different ORFs. There is no correlation between MGEs and the island downstream of
the region. ORFs that are not annotated are hypothetical, unknown genes or genes
containing a Domain of Unknown Function (DUF)
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Table 4-8: Demarcation variant type per isolate as shown in Figure 4-15.
Type
A
B
C
D
E
F
G
H
I

Species
Serratia

entomophila
proteamaculans
proteamaculans
proteamaculans
proteamaculans
proteamaculans
proteamaculans
liquefaciens
proteamaculans
proteamaculans
marcescens

Isolate
158,176, 210, 345, 398, 626, 1100, Diarr, Moraki_2, A1MO2
142, 145
143, 1071, 10novel, 25E, CfB, D, E, G
149, 299, 336, 465, 1048, 1457, 1769, 1770, 1772, 12a,
12d, 12newD, K, M
28F
Puna18
1, 1129, R10, RM5
376, 377
4, 163, 1A, 20093, SpF, LC, AGR96X, Sprot5
1137
WCU-005-1

Table 4-9: Demarcation region types and their association with the Sep and Afp PAIs.
Sef/Sep on plasmid
+
+
-

Afp on plasmid
+
+
-

Demarcation region
A, F
F, B, C, D
G, H
E, I
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Chapter 5 Serratia entomophila pathogenicity toxin complex
The Sep proteins belong to the ABC toxin complex (Tc) family. As described by Hurst et al. (83), there
are both Sep and Spp variants of this toxin complex. Initially Sep variants were found in Serratia
entomophila and designated Sep for S. entomophila pathogenicity complex. In subsequent years,
PAIs were found in Serratia proteamaculans with low homology scores to Sep, but with the same
composition and function, these Tc orthologues were termed Serratia proteamaculans pathogenicity
(Spp). These ABC toxin complexes comprise of three components that form a syringe like structure
capable of transporting protein based toxins from the extracellular matrix (EM) through the outer
membrane (OM), into the periplasm (PP) of the target cell (47) (Figure 1-8).

Sep/Spp nucleotide similarity
A direct homolog of the Sep operon has previously been identified in the Yersinia frederiksenii strain
49 (90), which, like Serratia, is also part of the Yersiniaceae family (66). This homolog was designated
as TcYF. In this study five additional non-pADAP plasmids were identified that have acquired the Spp
PAI seemingly independently, which is a good indication of horizontal transfer of the pathogenic
element. The fact that the Sep operon is highly similar to the toxin complexes found in Photorhabdus
luminescens (190, 191, 312), reinforces this suggested shared ancestory through HGT (192). The
Sep/Spp islands on pADAP-type plasmids are flanked upstream by the Sef region, that will be
described further in Chapter 6, and downstream mostly by either the Afp region that will be
discussed in Chapter 7, or a conserved genomic island (GI) (313), designated as Region of Unknown
Function (RUF), discussed later in Section 8.1. There are also several Spp on plasmids that have no
additional ORFs between the PAI and the backbone.
The non-pADAP encoding Spp PAIs, encoded by isolates S-prot-1, Man4, 591, 49, Man3, D1 and
Sm1a, are almost exclusively flanked by a Sef fimbria cluster encoding region upstream. The nonpADAP carrying TcYF PAI found on Y. frederiksenii based p49 plasmid however, is the only Sep PAI
homolog that has no associated Sef region. All isolates with non-pADAP plasmids encoding for a Spp
PAI orthologs, were found to be avirulent through bioassays (Table 5-1). S-prot-1 was not bioassayed
but is assumed to have similar bioactivity. This suggests that in those instances, the Spp PAI is not the
only element required for bioactivity, and that there might be a regulatory difference between these
plasmids.
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Table 5-1: Bioassay results of non-pADAP Spp encoding isolates compared to A1MO2.
Strain
Grass Grub
Blank
A1M02
591
49
Man4
Sm1a
D1

Species

Disease%

0.0 ± 0.0
Serratia entomophila
83.3 ± 4.1
proteamaculans 0.0 ± 0.0
Yersinia frederiksenii
8.3 ± 5.8
Serratia proteamaculans 8.3 ± 5.8
proteamaculans 5.0 ± 8.3
entomophila
12.5 ± 12.5

Mortality%
0.0
3.6
8.3
0.0
12.5
0.0
87.5

±
±
±
±
±
±
±

Affected%
0.0
2.0
8.3
0.0
6.9
0
12.5

0.0
86.9
8.3
8.3
20.8
5.0
100

±
±
±
±
±
±
±

0.0
3.7
8.3
5.8
8.5
8.3
0.0

No MGE, such as IS and transposons, nor nucleotide “scars” that can indicate an active site of trans
positioning/mobilization of the PAI, were found to be shared among all Sep/Spp operons, however
elements were found to be shared within subsets of these Sep/Spp PAIs. MGEs will be discussed later
in Chapter 9. The sequence nucleotide similarity matrix of the Sep/Spp region shows that apart from
the S. entomophila pADAP based sep operon, there is very poor sequence conservation over all
operons, which correlates with the lack of shared MGE elements or “scars”, across these different
acquired Tc encoding islands, revealing a large evolutionary distance between the PAIs (Figure 5-1)
and divergence through means other than HGT.
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Figure 5-1: A DNA similarity matrix of the Sep/Spp regions obtained from 46 different plasmids, six of which are non-pADAP-type plasmids. Blue labelled strain
names are S. entomophila, green S. marcescens, purple S. liquefaciens, orange Y. frederiksenii and pink S. proteamaculans.
1
Non-pADAP-type plasmids.
2
p49 does not encode Sef region upstream, is avirulent and is the only Yersinia plasmid found with the Sep ortholog TcYF
3
The non-pADAP-type plasmid that shares the bacteriophage region with the pADAP-type plasmid p465.

90

Sep/Spp alignment features
The DNA regions in the Sep/Spp PAI that are causal for the low nucleotide sequence similarity
between PAIs (Figure 5-1) can be seen more clearly when looking at the sequence alignments and
annotations themselves (Figure 5-2, Table 5-2). Full DNA alignment of all the Sep/Spp encoding
region can be found in Supplementary Materials S.22. All Sep variants only contain one sepC ORF,
although annotation variations exist for the sepA ORFs. The Spp comprise of several variants with
different numbers of sppC ORFs as well as annotation variations, truncations, deletions and some
cases of absence of a sppC ortholog. Apart from variations in the sppC there are also annotation
variations in sppA and sppB. The DNA homology graph clearly shows that most regions of low
sequence conservation are in the A and C component of these toxin complexes, with the B
component being reasonably conserved across variants (>99%). Based on the resolved structure of
YenTc (197, 314, 315) and TcdTc (48), this conservation is in line with the structural formation of the
Tc, wherein the B component encapsulates the C and connects the B-C to the A as has been shown at
the structural level in the YenTc complex (197), which is a Sep ortholog (316). The B component is
also implicated in transportation of the C toxin through the SepA induced pore, as demonstrated in
the TcdTc ortholog found in Photorhabdus luminescens (48) (Figure 1-8).
Several degenerate and orphan components of the Spp complex were found in both pADAP-type
plasmids and non-pADAP-type plasmids, as depicted in Figure 5-2. There are two sepA/B orphans
that are not shown in Figure 5-2, as they are part of a highly conserved RUF GI found in several
plasmids. This RUF region is further discussed in Section 8.1.
Full DNA alignment of the Sep/Spp regions can be found in Supplementary Materials S.22.
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Figure 5-2: DNA alignment of all Sep and Spp orthologous regions.Refer to Table 5-2 for plasmid
types A-Z.
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Table 5-2: Sep / Spp variant type per isolate. pADAP-type plasmid variants are on the top and nonpADAP-type plasmids at the bottom.
Variant
pADAP-type
C
D
E
F
G
H
I

Species
Serratia

J
K
L
M
N
O
P
Q
R

Type

Isolate

proteamaculans

Spp
Spp
Spp
Spp
Spp
Spp
Spp

149, 465
RM5
1
1071
1772
28F
12a, 12d, M

liquefaciens
proteamaculans

Spp
Spp
Spp
Spp
Spp
Spp
Spp
Sep
Sep

376

entomophila

S
U
V
W

proteamaculans

Sep
Spp
Spp
Spp

25E
G
10novel
1048
E
CfB
142
145, 158, 176, 210, 398, 626,
1100, Diarr, K, Moraki_2, pADAP
345
143
R10
1129

liquefaciens
proteamaculans

Spp
Spp
Spp
Spp

377

Serratia

proteamaculans
proteamaculans
proteamaculans

Spp
Spp
Spp

S-prot-1
Man4
591

T

Yersinia

frederiksenii

TcYF

49

Degenerate A
Degenerate B

Serratia

entomophila
proteamaculans

Spp
Spp

Man3, D1

X
Y
Z
Degenerate A
Non-pADAP
A
B
C

12newD
1457
299, 336, 1769, 1770

Sm1a
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The low homology of the Tc encoding islands (Figure 5-1, Figure 5-2) shows that the islands have
undergone substantial DNA mutations, suggesting they are most likely one of the first elements
acquired by pADAP, as other acquired islands such as the RUF GI (Section 8.1) and Afp PAI (Chapter 7)
are conserved to a much higher degree at the nucleotide level. As shown in Figure 5-3, the GC
content of the Sep encoding region in pADAP also confirms that the acquisition was not recent, as
the GC% is similar to that of the replication region, and slightly higher than that of the rest of the
backbone (not shown), indicating amelioration. This is shown for all for all Sep and Spp encoding
variants in Figure 12-9. The GC content of PAIs and GIs will be further discussed in Chapter 12 where
the genetic diversity of the pADAP family of plasmids as a whole, is further analysed.

Figure 5-3: Comparison of the GC% of the Sep operon, compared to the replication region of the
pADAP plasmid. The Sep operon has a relatively similar, and overall higher GC% than
the entirety of the replication region has, indicative of a stable element in the plasmid.
The Sep is represented as the top feature map, and its GC% in pink, whereas the
replication region is represented as the bottom feature map, with its GC% in purple.
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Chapter 6 Serratia entomophila fimbriae
Located upstream of Tc cluster (Chapter 5), and downstream of the previously described
demarcation region outlined in Section 3.5 (Figure 1-6), the pADAP plasmid encodes for a Type 1
fimbria (83, 183). The region was designated as the Sef operon for Serratia entomophila fimbria.

Sef encoding region
The Sef encoding region encompasses ten ORFs, sefA-sefJ, as well as the sea19 ORF (Figure 1-6). For a
detailed view of the region as well as functional description of the ORFs and breakdown of types,
refer to Figure 6-1, Table 6-1 and Table 6-2 respectively. Across all Sef encoding regions of Serratia
isolates sequenced through this study, the sef encoding region was found to be highly conserved at
the nucleotide level and ORF orientation, as can be seen from the homology graph in Figure 6-1 as
well as the from the nucleotide distance matrix (Figure 6-2). Surprisingly the region is also highly
conserved in several non-pADAP plasmids that carry the Spp encoding PAI such as pD1, pS-prot-1,
p591, pSm1a, pM3 and pMan4, although these do contain the additional genes 3’ of the Sef encoding
cluster, as depicted in sequence type E, F and G (Figure 6-1). The Sef operon is almost co-located 5’ of
the Sep or Spp region, but missing from the TcYF cluster, as depicted in Figure 6-3.
Full nucleotide alignment of the Sef regions can be found in Supplementary Materials S.20.

Table 6-1: Sef variant type (see Figure 6-1) per isolate encoded on pADAP-type plasmid and nonpADAP plasmids.
Variant
Species
pADAP-type
A
Serratia

Isolate
entomophila

proteamaculans
liquefaciens
proteamaculans
proteamaculans

158, 176, 210, 345, 398,
626, 1100, Diarr, Moraki_2, pADAP
143, 145, 149, 336, 465,
1071, 1457, 1769, 1772, 12a,
12d, 25E, 28F, CfB, D, G, M, R10
1, 299, 1129, 1770, 10novel, 12newD, E, K
376, 377
142, 1048
RM5

proteamaculans
proteamaculans
proteamaculans

D1, S-prot-1
591, Sm1a
Man4

proteamaculans

B
C
D
Non-pADAP
E
Serratia
F
G
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Figure 6-1: Nucleotide alignment of all orthologous Sef regions. This region is co-located ’ to the
Spp operon in Serratia pADAP-type plasmids and non-pADAP-type plasmids. All nonpADAP-type plasmids were found to encode 4 additional genes, depicted in E, F and G,
located between the Sef and Spp operons.
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Table 6-2: Approximation of function of ORFs in the Sef region based on BlastX hits.
Type Name Size (AA) Closed functional description
Query Cover
E value
Identity Accession
A-G SefA
176 type 1 fimbrial protein [Aeromonas simiae]
98%
3.00E-69 64.77% QFI54445.1
A-G SefB
176 MULTISPECIES: type 1 fimbrial protein [Providencia]
88%
3.00E-41 45.86% WP_109913232.1
A-G SefC
844 fimbria/pilus outer membrane usher protein [Enterobacter ludwigii]
95%
0
61.14% WP_163387471.1
A-G SefD
245 fimbria/pilus periplasmic chaperone [Erwinia teleogrylli]
94%
2.00E-112 63.79% WP_058911439.1
A-G SefE
208 MULTISPECIES: type 1 fimbrial protein [Enterobacteriaceae]
82%
3.00E-54 51.46% WP_024547671.1
A-G SefF
174 type 1 fimbrial protein [Kluyvera intermedia]
85%
8.00E-44 49.32% WP_062777744.1
A-G SefG
263 fimbria/pilus periplasmic chaperone [Proteus hauseri]
92%
4.00E-81 46.75% WP_064719178.1
A-G SefH
175 MULTISPECIES: fimbrial protein [Providencia]
83%
1.00E-44 58.22% WP_109913237.1
A-E
SefI
271 adhesin [Proteus columbae]
41%
8.00E-09 39.32% WP_100158730.1
A-G SefJ
198 adhesin [Proteus columbae]
61%
6.00E-05 31.45% WP_100158730.1
A-G Sea19
409 EAL domain-containing protein [Hafnia alvei]
80%
3.00E-115 52.41% WP_166492956.1
E-G
NA
827 T9SS type A sorting domain-containing protein [Apibacter adventoris]
58%
3.00E-32 27.78% WP_146105740.1
E-G
NA
89 putative tansposase [Shimwellia blattae DSM 4481 = NBRC 105725]
98%
5.00E-46 96.59% AFJ45628.1
E-G
NA
267 IS3 family transposase [Serratia fonticola]
99%
0
90.60% WP_080670645.1
1
E-G
NA
213 EAL domain-containing protein [Serratia entomophila]
99%
9.00E-130 96.86% WP_010895790.1
1
This gene appears to be homologous to sea19
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Figure 6-2: A DNA similarity matrix of the Sef encoding regions derived from 45 different plasmids, five of which are non-pADAP-type plasmids. Of note is the
Yersinia frederiksenii p49 is the only Sep encoding plasmid that does not encode for a Sef region. Blue labelled strain names are S. entomophila,
green S. marcescens, purple S. liquefaciens and pink S. proteamaculans.
1
Non-pADAP-type plasmids.
2
The non-pADAP-type plasmid that shares the bacteriophage region with the pADAP-type plasmid p465.
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Figure 6-3: Nucleotide alignment of the entire Sep/Sef operon of all plasmids carrying this region.
All non-pADAP-type plasmids were found to encode 4 additional genes, depicted in E,
F and G, located between the Sef and Spp operons. The Y. fredrekensii p49 plasmid,
encoding for the TcYF, a Spp ortholog, does not encode Sef. Blue labelled strain names
are S. entomophila, green S. marcescens, purple S. liquefaciens, yellow Y. frederiksenii.
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Characterization of Sef
Type 1 fimbriae are associated with colonization of numerous types of organisms, from humans (183,
184), mice (185) and swine (186), to invertebrates such as nematodes (188) and insects (188). Most
Type 1 fimbriae produced by E. coli are encoded for by FimA-H (317) (Table 6-2). A schematic of the
Fim complex is depicted in Figure 6-4. In this fimbrial type, FimC is a chaperone that transports all
Fim components from the periplasm to the OM and FimC is homologous to SefD. FimD is an usher
protein that forms a complex that can transports fimbrial components across OM to the EM. SefC is
the Sef equivalent of FimD in function. FimA, a distant ortholog to SefA, is the protein that forms the
fimbrial rod and FimF, G and H form the tip fibrillum. FimH is associated with adherence (317). In E.
coli, the FimH adhesin binds to D-mannose residues found in glycoproteins on various types of cell
membranes (318).
Although Sef appears to form a Type 1 fimbria, the nucleotide sequence in its entirety does not have
any DNA orthologs in the RefSeq database. When analysing the amino acid sequences, the sefA-F
ORFs share amino acid similarity to Type 1 fimbriae orthologs, commonly found in E. coli. There is no
FimH ortholog present in the Sef gene cluster. FimH is the component of the Type-1 fimbria that is
needed for adherence to D-mannose residues, found on certain glycoproteins on cell surfaces (319).
SefH is orthologous to the fimbrial minor subunit StfF of the Stf fimbriae found in Salmonella enterica
(320). The Stf fimbria is a poorly described fimbria and not much research has been undertaken on
the individual components other than StfA (321). Some Salmonella-based fimbriae have been
implicated in mammalian gut colonization (322) however, the Salmonella enterica subspecies II
serovar, from which the StfF ortholog is derived, has only on rare occasions been linked to
mammalian infections (323). The Stf fimbria itself has been shown to have a no significant role in
intestinal colonization (321). Based on this information, it is not possible to derive functional
knowledge about SefH from its closest documented ortholog, StfF. Both SefI and SefJ share low
amino acid similarity with adhesins of the Morganella and Proteus genus (Table 6-3). These two
genera, together with the genus Providencia that encodes for a fimbrial protein, homologous to SefH,
are all gram-negative bacteria, often associated with humans and other mammals and on rare
occasions are implicated in mammalian diseases (324). As the role of these orthologous fimbrial
proteins and adhesins have not been determined in these bacteria, combined with their limited AA
sequence similarity to SefI and SefJ, it can only be assumed that they have a role in adhesion to a yet
to be determined substrate
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Figure 6-4: A simplified model of the Type 1 fimbriae typically found in E. coli. FimC transports the
FimH followed by FimG, FimF and FimA proteins from the periplasm to a FimD usher in
the OM. The FimD transports the fimbria components through the OM into the EM.
The FimH tip has high binding affinity for D-Mannose, a residue found in glycoproteins
on OMs. The Sef fimbria consists of mostly Type 1 fimbriae orthologs, although several
genes, most notably the sefH, sefII and sefJ appear to be unique. The sefH-J ORFs most
likely form the tip fibrillum, that adheres to something other than D-Mannose
residues. Figure is based on models by Busch et al. (317), Godaly et al. (318), Kolenda
et al. (325), Alonso-Caballero et al. (326) and Knight et al. (183).

Many attempts haven been made over the last several decades by several researchers, such as Hurst
et al (327), to find a site of colonization in grass grubs, but all have been unsuccessful, therefore it
could be possible that Sef does not play a role in adherence to cells in the grass grub gut, but instead
play a role in binding to the material that grass grub ingest or plant matter around which the grass
grubs reside. It is also plausible that these fimbriae serve a non- insect related function.
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Table 6-3: Closest unique functionally described orthologs for SefH-SefJ obtained using BlastX. Hypothetical proteins and redundant proteins were omitted.
Protein
SefH
174 AA residues

SefI
270 AA residues

SefJ
197 AA residues

Hit
MULTISPECIES: fimbrial protein [Providencia]
Length:
170
Range:
25 to 170
Ident:
85/146(58%)
Pos:
106/146(72%)
fimbrial minor subunit StfF [Salmonella enterica subsp. Salamae]
Length:
158
Range:
7 to 158
Ident:
71/159(45%)
Pos:
99/159(62%)
adhesin [Morganella morganii]
Length:
272
Range:
158 to 272
Ident:
44/117(38%)
Pos:
61/117(52%)
adhesin [Proteus columbae]
Length:
275
Range:
162 to 275
Ident:
46/117(39%)
Pos:
64/117(54%)
adhesin [Proteus columbae]
Length:
275
Range:
153 to 273
Ident:
39/124(31%)
Pos:
66/124(53%)
adhesin [Proteus mirabilis]
Length:
275
Range:
153 to 273
Ident:
39/123(32%)
Pos:
65/123(52%)

Accession
WP_109913237.1
Eval:
Gap:

6E-55
0/146(0%)

Eval:
Gap:

1E-33
9/159(5%)

Eval:
Gap:

4E-09
6/117(5%)

Eval:
Gap:

6.00E-09
8/117(6%)

Eval:
Gap:

4.00E-05
6/124(4%)

Eval:
Gap:

2.00E-04
4/123(3%)

Coverage:
83.0%
ECG8606686.1
Coverage:
90.0%
WP_107679199.1
Coverage:
41.0%
WP_100158730.1
Coverage:
41%
WP_100158730.1
Coverage:
61.0%
WP_088493555.1
Coverage:

61%
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Fimbriae expression
To determine if the Sef fimbriae were functional, the region from sefA to sefJ was cloned into an
arabinose induction vector, labelled inhouse as pAY2-4 to form pARA_Sef (Section 2.2.3,
Supplementary Materials Appendix AS.8). The vector was transformed into the Δfim E. coli strain
AAEC072A, also known as MG1655ΔfimA-H (217). This strain does not encode for a Type 1 fimbria.
To confirm Sef was being expressed, AAEC072A containing pAY2-4, and AAEC072A containing the Sef
expressing pARA_Sef vector, were both grown for 6 h and 24 h under arabinose induction, as
outlined in Section 2.2.20. At these times, the cell pellet and supernatant of culture were assessed
for the presence of Sef components using Sodium Dodecyl Sulfate-PolyAcrylamide Gel
Electrophoresis (SDS-PAGE), as outlined in Section 2.2.21. Visual assessment of the resultant SDSPAGE gel revealed the presence of several bands that were of similar sizes to the predicated sizes of
several Sef proteins present in the AAEC072A pARA_Sef that were absent in the AAEC072A pAY2-4
induced cultures (Figure 6-5).
Assessment of the induced cultures, grown o/n for approximately 24h, under Transmission electron
microscopy (TEM) revealed that the Sef expressing E. coli strain AAEC072 (pARA_Sef), indeed
produces fimbriae, as well as flagellum structures, whereas E.coli strain AAEC072, containing only the
pAY2-4 vector, only produces the flagellum (Figure 6-6). The flagellum is a filamentous apparatus,
used to provide locomotion (328) and sometimes sensory properties to the bacteria (329). Based on
these observations, the fimbriae expressed in AAEC072A with pARA_SEF are thus the Sef derived
from the Sef encoding operon. Additional comparative TEM images can be found in Supplementary
Materials S.22
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Protein kDa
SefA
SefB
SefC
SefD
SefE
SefF
SefG
SefH
SefI
SefJ

17.58
19.2
92.81
27.35
22.85
18.52
29.37
18.64
28.16
20.46

Figure 6-5: SDS-PAGE cultured supernatant and cell pellet comparison between ΔfimA-H E. coli strain AAEC072A (217) containing empty arabinose induction
vector pAY2-4 (-), and said Δfim E. coli transformed with the Sef expression vector pARA_SEF (+). Cultures were induced with 0.2 mg/ml arabinose.
Samples were taken at 6 h and 24 h. A 1:100 dilution of both cell pellet and supernatant of each timepoint for both WT and Sef expressing mutant
was put on an SDS-PAGE gel. Arrows denote location of possible fimbrial genes, refer to protein table (right) for predicted sizes. M = marker, band
sizes of marker are indicated on left hand side.
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Figure 6-6: Electron micrograph of the ΔfimA-H E. coli strain AAEC072A (pAY2-4) (217), and AAEC072 (pARA_SEF). A) AAE072CE (pAY2-4), a fimbriae null E. coli
strain. B) AAE072CE (pARA_SEF), containing the whole SEF operon and a Cm cassette for screening purposes. Green arrow denotes Sef, blue arrow
denotes flagellum. Refer to Supplementary Materials S.22 for additional examples.
105

Sef contribution to pathogenicity
Due to the correlation between Sep and Sef as can be observed in Figure 6-3, it is likely Sef is
involved with virulence in some unknown way. To determine the effect of Sef on the pathogenicity of
pADAP-bearing Serratia species against grass grub, an A1MO2 sefA-C deletion variant was
constructed as outlined in Section 2.2.11. For assessment of fimbrial production, the isolates were
grown o/n in LB-broth and assessed the following day by TEM. The A1MO2-isolate containing the
ΔsefA-C pADAP mutant showed no fimbriae formation under TEM (Figure 6-7). Approximately 100
cells were assessed per sample. No pADAPΔsefA-C cells were found to have fimbria. A similar
assessment of A1MO2 WT found, that approximately 10% of bacteria had fimbria. Based on these
observations, it can be concluded that the fimbrial deficient mutant does not produce any fimbria,
further validating the sef cluster as encoding the observed fimbriae. The observed presence of
fimbriae in only 10% of the WT population suggests that there could be an additional trigger needed
for proper expression of the Sef fimbriae structure.
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Figure 6-7: Comparison between A1MO2 WT (pADAP) and its A1MO2 pADAPΔsefA-C mutant derivative. A) Electron micrograph of A1MO2 with pADAP. B)
Electron micrograph of pADAPΔsefA-C mutant in which sefA, B and C were deleted. Green arrow denotes Sef.
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6.4.1 Bioassay results Sef null A1MO2 mutant
To determine if the A1MO2 ΔsefA-C mutant affected virulence, a dose response of A1MO2 WT and
the A1MO2 with pADAPΔsefA-C cultures were independently assessed by bioassay. Bioassays were
performed in duplicate. Assessment of resultant bioassay data showed that there was no difference
between the Sef producing WT and the Sef null mutant, with the predicted LD50 of 107 cells per larvae
for each strain. Based on this, it can be concluded that within the confines of the bioassay setup, the
Sef has no direct host associated effect (Table 6-4).
Table 6-4: Comparative bioassays of A1MO2 WT and the pADAPΔsef -C mutant carrying A1MO2
isolate.
Strain
Blank
pADAP 109
pADAP 108
pADAP 107
pADAP 106
pADAP 105
pADAPΔsefA-C 109
pADAPΔsefA-C 108
pADAPΔsefA-C 107
pADAPΔsefA-C 106
pADAPΔsefA-C 105

Disease%
0.0 ±
91.7 ±
66.7 ±
50.0 ±
4.2 ±
4.2 ±
87.5 ±
75.0 ±
45.8 ±
4.2 ±
0.0 ±

0.0
5.8
9.8
10.4
4.2
4.2
6.9
9.0
10.4
4.2
0.0

Mortality%
0.0 ± 0.0
8.3 ± 5.8
4.2 ± 4.2
0.0 ± 0.0
4.2 ± 4.2
4.2 ± 4.2
12.5 ± 6.9
12.5 ± 6.9
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0

Affected%
0.0 ±
100.0 ±
70.8 ±
50.0 ±
8.3 ±
8.3 ±
100.0 ±
87.5 ±
45.8 ±
4.2 ±
0.0 ±

0.0
0.0
9.5
10.4
5.8
5.8
0.0
6.9
10.4
4.2
0.0

Based on the lack of observed difference in dose response between pADAP and pADAPΔsefA-C
encoding A1MO2 strains, it is plausible that the Sef has an alternate function, such as binding to a
nutritional source that allows the Serratia to more easily be transported from the soil into the gut of
the larvae. Alternately, the Sef acts as an anchor to a location frequented by grubs in the rhizosphere
or it could help with adherence to other Serratia cells to increase colonization potential. To
determine if the carrot used in bioassays is a potential binding target, A1MO2 bearing a GFP
producing vector in conjunction with pADAP or pADAPΔsefA-C were assessed for adherence through
fluorescent microscopy.
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6.4.2 Adherence to carrot
To determine if the adherence is associated with a food source, adherence of bacteria to carrot slices
was compared between A1MO2 WT (pADAP) and the A1MO2 with pADAPΔsefA-C, using the method
as outlined in Section 2.2.22. These strains were transformed with an additional pUC30TGFPMut3
vector that encodes for a GFP. Images were taken with the microscope, as outlined in Section 2.2.23,
before (Figure 6-8) and after (Figure 6-9) washing with MilliQ ddH2O for 1 h. With reference to these
figures, it is evident that both the pADAP and the pADAPΔsefA-C mutant carrying cells have similar
levels of cells per surface before and after washing. High numbers of fluorescent cells were observed
in the liquid after washing in both strains with accordingly fewer fluorescent cells observed on the
carrot slices after washing. The diminished fluorescence is therefore an effect of detachment from
the carrot.
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Figure 6-8: 100x microscope image of the Xylem after ~16 h of incubation. A) Carrot slice inoculated with 5 µl of A1MO2 WT. B) Carrot slice inoculated with 5 µl
of A1MO2 carrying pADAPΔsefA-C
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Figure 6-9: 100x microscope image of the Xylem after 1 h of washing in MilliQ ddH2O. A) Carrot slice inoculated with 5 µl of A1MO2 WT. B) Carrot slice
inoculated with 5 µl of A1MO2 carrying pADAPΔsefA-C
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6.4.3 Oral injection of Sef defficient bacteria
To determine if fimbriae were involved in adherence to food post ingestion, a 1:10 dilution of the
A1MO2 WT (pADAP), and A1MO2 (pADAPΔsefA-C) samples, ~108 cells each, was independently
injected into the oesophagus of 3rd instar grass grub larvae as described in Section 2.2.23. A subset of
larvae was left unfed, and the others were provided with a ~3 mm3 carrot cube post injection, to see
if there was any adherence to carrot inside the gut, as an alternate hypothesis for colonization
location and binding affinity of Sef. The following day the guts were dissected out of each larva
(Figure 6-10) and assessed under fluorescent microscope.

Figure 6-10: Several examples of extracted grass grub guts used to assess for Sef binding. Areas of
the intestine are indicated as described by Jackson et al. (330).

For microscopy the guts were laterally dissected for proper view of the inside milieu. Images were
taken from several regions in the foregut/midgut but particularly the hindgut where food material is
transported to for processing (Figure 6-11).
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Figure 6-11: Examples of the regions analysed for localization of fluorescent cells. Images were taken at 100x magnification (10x objective, 10x lens).
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Unfortunately, very few fluorescent cells were found, similar to previous published data by Hurst et
al. (327). No localized fluorescence was observed inside the gut, with most fluorescent cells being
found in the liquid contents of the larval gut. In addition to this, no adherence to food particulates
was observed, for either the pADAP bearing or the pADAPΔsefA-C bearing strain. The only observed
clustering of fluorescent cells occurred inside the Malpighian tubules (Figure 6-12), however this is a
region known for autofluorescence (331) and therefore no distinction can be made between
bacterial cells or auto fluorescent events. Unfortunately, these pUC30TGFPMut3 bearing strains were
only constructed in the final stages of the PhD at the end of the C. giveni season. As previously
mentioned in Section 1.1, C. giveni is holometabolic, its larvae stage is only found in the months
approximately between January and June, unfortunately at the time of this experiment it was June,
meaning at this time, there were no healthy grass grubs to undertake additional imaging on.
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Figure 6-12: Fluorescent cells in and around the Malpighian tubules.
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Chapter 7 Antifeeding prophage
As outlined in Section 1.12, the Afp region found on the pADAP plasmid encodes a R-type tailocin-like
apparatus (161, 204), that is morphologically similar to type VI secretion systems (206), R-type
pyocins [184] and Photorhabdus virulence cassettes (PVC) structures (191). These apparati comprise
a base-plate, outer sheath and an inner tube-like structure with a pointed ending, and tail fibres
(194). Through TEM, the Afp was observed to exist in two forms, extended and contracted. Through
contraction of the outer sheath, the particle can forcefully protrude the inner tube (161) and
potentially inject virulence determinants. A schematic of the Afp structure and a model of how it
operates is depicted in Figure 1-10.

Afp PAI
The Afp PAI consists of two regulatory genes, 16 open reading frames (ORF) transcribing the proteins
needed for the Afp construction, and 2 ORFs encoding the virulence determinants (198). The
translated products of Afp ORFs afp1-16 share a high AA similarity to several PVC found in
Photorhabdus bacteria associated with pathogenic species of insect active nematodes (191). A full list
of ORFs encoding the Afp and their function in the formation of the Afp particle can be found in
Supplementary Materials S.4. The Afp causes cessation of feeding in the C. giveni larvae (161). Two
Afp variants were previously published, the second being named AfpX which is known to cause rapid
death in the grass grub, termed hyper-pathogenicity (69). In this study a third Afp type particle has
been identified: it resides on the pADAP-type plasmid found in S. proteamaculans isolate 1137, that
was isolated from samples obtained from around Ashburton, Canterbury (NZ). This novel Afp is
designated as AfpA.
This S. proteamaculans 1137 isolate is of interest as, based on sequence similarity of the backbone,
the plasmid is one of the most diverged from all others (Figure 4-7). Although there is substantial
nucleotide as well as amino acid dissimilarity between most ORFs, aside from afp17, the entire Afp
region appears to be present. The most divergent ORFs are afp13A and afp18A, with 29.7% and
47,2% amino acid similarity to their Afp counterparts respectively, eluding to different host range
and toxin. The AA alignments of Afp13A to Afp13 and that of Afp18A to Afp18 are shown in
Supplementary Materials S.26. A schematic of the three Afp variants is presented in Figure 7-1, and
the nucleotide distance matrix between all of the Afp regions is depicted in Figure 7-2.
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Figure 7-1: The three Afp encoding regions currently known. A and B have been previously
published as Afp (198) and AfpX (69), the region of C, identified in this study, is only
present in one isolate, 1137. The C variant, designated as AfpA, shows remarkable
nucleotide and amino acid sequence dissimilarity compared to both other PAIs (<70%).
AfpA lacks an afp13, afp17 and afp18 homolog.
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Figure 7-2: Distance matrix of all Afp PAIs analysed in this study. There is a clear separation of nucleotide conservation between the Afp, AfpX and the novel
Afp found in this study. The S. proteamaculans 1137 AfpA is the most dissimilar region and does not cluster with either Afp variant. Blue labelled
strain names are S. entomophila and pink S. proteamaculans.
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Afp distribution
Twenty-two pADAP-type plasmids were found to encode the Afp PAI. Ten of these came from S.
entomophila and the remainder from S. proteamaculans. The distribution of these Afp PAIs per
species, based on the isolates assessed in this study, is listed in Table 7-1.
Table 7-1: Distribution of isolates encoding pADAP Afp variants. The C type found in isolate 1137
has been named AfpA.
Type1
A (Afp)

Genus
Species
Serratia entomophila

Isolate
158, 176, 210, 345, 398, 626,
1100, Diarr, Moraki_2, pADAP
proteamaculans 142, 145
B (AfpX)
Serratia proteamaculans 4, 163, 1129, 1A, 20093, SpF,
LC, AGR96X, Sprot5
C (AfpA)
Serratia proteamaculans 1137
1
Type from Figure 7-1
Table 7-1 reveals some surprising results, firstly, the Type (A) Afp PAI, apart from the S.
proteamaculans isolates 142 and 145, is exclusively found in the chronic disease inducing S.
entomophila isolates. As previously outlined in Section 4.9, the plasmids obtained from S.
proteamaculans isolates 142 and 145 are highly homologous to S. entomophila pADAP plasmids in
both the backbone, as seen in the DNA similarity matrix (Figure 4-7), as shown in the DNA similarity
matrix of the Sep encoding region (Figure 5-1) and likewise with the presence of the S. entomophila
Afp (Figure 7-2). Chapter 12 contains more information on the pADAP plasmids found in these two S.
proteamaculans isolates. Another more interesting result however is that AfpX particle, that
previously was assumed to be exclusively causal for hyper-pathogenicity in grass grub larvae, appears
to be present in several isolates that do not appear as hyper-pathogenic as the AGR96X type strain.
Apart from isolate 1129, the plasmids carrying the AfpX PAI are identical to each other both in
backbone (Figure 4-7), as well as all plasmids sharing the (G) type demarcation region (Figure 4-15).
Except for p1129, none of these plasmids encode for Sep. Therefore, it is surprising that not all these
plasmid bearing isolates, most notably 4, 163 and Sprot5, produce the same bioactivity phenotype,
suggestive of a chromosomal component to the bioactivity.
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Table 7-2: Bioactivity of AfpX carrying isolates on grass grub. * Strain 1129 is the only strain that
encodes the Sep PAI and deviates from the rest by having the type F demarcation
region instead of G like the rest.
Isolate
4
163
1129*
1A
20093
AGR96X
LC
SpF
Sprot5

Disease%
92
17
21
0
5
10
11
35
50

±
±
±
±
±
±
±
±
±

8
8
8
0
8
8
4
8
8

Mortality%
8
33
75
80
90
90
88
60
40

±
±
±
±
±
±
±
±
±

8
10
9
13
8
8
5
8
8

Affected%
100
50
96
80
95
100
98
95
90

±
±
±
±
±
±
±
±
±

Alternately it is also plausible that isolates such as 4, 163 and Sprot5, with lower mortality rates,
maybe regulated differently through some yet to be determined function. Further study into the
chromosomal aspects of these strains is currently being undertaken by Amy Vaughan [unpublished
data], to understand the full scope of the system.

Novel Afp particle found in isolate 1137
To determine if an Afp particle is produced by the 1137 isolate, the AfpA was induced and purified as
outlined in Section 2.2.18. After purification, the samples were analysed under TEM to observe the
morphology of the particles. Many particles were found to be in contracted state, and the few that
were uncontracted seemed to have a slightly asymmetrical shape. The particles were found to be ~
100 nm, similar to Afp and AfpX. The AfpA particles can be seen in Figure 7-3.

Figure 7-3: Two electron micrographs of the novel AfpA particle extracted from isolate 1137. Scale
bars represent 50 nm. The particles are not as symmetrical as the Afp and AfpX
particles, and the tail fibres are not visible although these might have been damaged
in the purification process.
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Post ingestion by grass grub larvae, the Afp particle causes cessation of feeding activity, and is one of
the symptoms of amber disease that can persist up to several months. Amber disease eventually
leads to the death of the larvae due to a combination of malnourishment and sepsis, followed by
bacterial invasion of the hemocoel (81, 208). It has been shown that purified particles of Afp can
cause the antifeeding phenotype, and that ~500 particles are required for an LD50 (201). Bioassay
assessments of S. proteamaculans isolate 1137 revealed no bioactivity in grass grub (Table 7-3). This
likely reflects a difference in the tail fibres or toxins encoded by this Afp variant.

Table 7-3: Percent disease and mortality of S. proteamaculans 1137 compared to S. entomophila
A1MO2 (pADAP) and S. proteamaculans AGR96X (pAGR96X) and untreated control
towards grass grub larvae.
Strain
Control
A1M02
AGR96X
1137

Disease%
2.4 ±
83.3 ±
10.0 ±
0.0 ±

Mortality%
1.2
±
3.6
±
90.0 ±
2.8
±

1.7
4.1
9.0
0.0

Affected%
3.6 ±
86.9 ±
100.0 ±
2.8 ±

1.2
2.0
9.0
2.8

2.0
3.7
0.0
2.8

Based on the observed difference of the tail fibres and toxins of AfpA, the S. proteamaculans 1137
isolate was also bioassayed against other members of the Scarabaeidae family to find a possible
alternative host. These included Red headed cockchafer (Adoryphorus couloni), Manuka beetle
(Pyronata festiva) and Tasmanian grass grub (Acrossidius tasmaniae). A picture of these larvae can be
seen in Supplementary Materials S.9. These bioassays showed no bioactivity in any of the larvae
exposed to the 1137 isolate (Table 7-4).

Table 7-4: Percent disease and mortality of the S. proteamaculans 1137 isolate in non-grass grub
insects. Red headed cockchafer (Adoryphorus couloni), Manuka beetle (Pyronata
festiva), Tasmanian grass grub (Acrossidius tasmaniae). No apparent response can be
observed.
Bioactivity

Disease%

Red headed cockchafer
Manuka beetle
Tasmanian grass grub

0 ±
0 ±
0 ±

Mortality%
0.0
0
0.0

0.0
10
0.0

±
±
±

Affected%
0.0
10
0.0

0.0
10
0.0

±
±
±

0.0
10
0.0
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Based on bioassay results, it is plausible that the particle does not have the appropriate tail fibres to
adhere to grass grub or the other tested scarab species. It is also plausible that the p1137 encoded
Afp18A toxin is non-active or does not affect grass grub, as the Afp18A is only 47.2% similar to Afp18
on an amino acid level. The putative toxin in the p1137 encoded AfpA has no other functionally
annotated orthologs and is only ~25% homologous to AfpX18 (Table 7-5). The translated sequence of
the two separate tail fibre ORFs also have no direct ortholog in the RefSeq database (Table 7-6).
Based on these findings, it is likely that the AfpA particle has a yet to be defined target. Full
alignment of Afp13A to Afp13 and Afp18A to Afp18X can be found in Supplementary Materials S.26.
An alternate explanation to absence of bioactivity to the tested scarab species is that the production
of this novel AfpA is halted by the absence of a functional regulatory operon that is further discussed
in the next section.
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Table 7-5: Annotation of the predicted AfpA toxin based on BlastX hits.
Protein
Afp18A
1949 AA residues

Hit
MULTISPECIES: hypothetical protein [Pectobacterium]
2188
832/1431(58%)
AfpX18 [Serratia proteamaculans]
2285
415/934(44%)

Accession
WP_039484771.1
7 to 1399
1012/1431(70%)
810 to 1691
562/934(60%)

0
46/1431(3%)
58.1%
ANV21616.1
0
91/934(9%)
44.4%

Table 7-6: Annotation of Afp13A and Afp19A based on BlastX hits.
Protein
Afp13A
512 AA residues

Afp19A
555 AA residues

Hit
Afp13 [Serratia entomophila]
Length:
636
Range:
Ident:
172/470(37%)
Pos:
tail fiber protein [Serratia fonticola]
Length:
396
Range:
Ident:
104/210(50%)
Pos:
phage tail sheath family protein [Chromobacterium haemolyticum]
Length:
564
Range:
Ident:
161/348(46%)
Pos:
phage tail sheath family protein [Photorhabdus sp. CRCIA-P01]
Length:
486
Range:
Ident:
170/412(41%)
Pos:

Accession
AAT48350.2
1 to 437
241/470(51%)

Eval:
Gap:

8E-55
49/470(10%)

79 to 274
133/210(63%)

Eval:
Gap:

4E-45
23/210(10%)

224 to 562
220/348(63%)

Eval:
Gap:

7E-93
17/348(4%)

87 to 483
246/412(59%)

Eval:
Gap:

2E-92
20/412(4%)

Coverage: 36.6%
WP_021808099.1
Coverage: 49.5%
WP_081548074.1
Coverage: 46.3%
WP_118985780.1
Coverage:

41.3%
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Afp Regulatory genes
Both the Afp and AfpX bearing pADAP-type plasmids have an upstream regulatory region that is
considered to regulate transcription and release of the Afp particles (Figure 7-4). This entire region is
absent from p1137 and could potentially be the reason behind the absence of bioactivity with this
isolate.

Figure 7-4: The Afp and AfpX regulatory region, this region is entirely absent from p1137 with the
exception of the 11bp ops sequence. This region contains two holin genes, and two
lysis genes as well as an anfA1 gene that is required for transcription of the full Afp
operon. * denotes ORF with no known hit in RefSeq database.

The anfA1 ORF has been shown to be linked to the production of AFP particles (332). The anfA1 ORF
is a transcription elongation factor, which is required for the proper transcription of long regions
(333) by preventing backtracking and hairpin-stabilized pausing of RNAPs (311). The Afp operon is
~27 Kb in size and therefore it is understandable that without a mechanism to stabilize transcription
of the entire region, transcriptional factors will stop early on. Therefore, the anfA1 shares a similar
function to the sea3/nusG factor (outlined in section 4.12), in that they facilitate transcription of long
regions, and this is reflected in low level homology to NusG (Table 7-7). Besides anfA1 there are
several genes related to lysis and secretion such as anfA2. The AnfA2 encoding ORF appears to
encode for a 95 AA protein, with similarity to a Lambda holin family, part of the Holin Superfamily III
(334). Holins are required to transport endolysins Enp1 from the cytoplasm into the periplasm in
gram-negative bacteria that have both an outer and inner membrane (335). These endolysins then
in-turn destabilized the peptidoglycan in the periplasm (336). Once peptidoglycan disruption has
occurred, lysis of the cell can happen through the muramidase-type lysozyme Mur1 (198). All Afp
encoding plasmids contain the operon-polarity suppressor (ops) sequence (5‘ GGCGGTAGCAT 3’), an
element associated with the JUMPstart RNA sequence that improves downstream transcription. The
AfpA region found on p1137 lacks this region, except for the 11bp ops sequence. Absence of this
regulatory region on p1137 could lead to impaired transcription of the afpA operon or prevent the
bacterial cell from lysing in order to release the AfpA particle. This could be tested by cloning the
regulatory region into the p1337, upstream of the AfpA operon. Full alignment of the region is found
in Supplementary Materials S.20
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Table 7-7: Approximation of function of regulatory ORFs of Afp and Afpx based on BlastX hits.
Protein
AnfA1
148 AA residues
AnfA2
95 AA residues
Hypothetical
95 AA residues
enp1
153 AA residues
hol1
67 AA residues
mur1
141 AA residues

Hit
MULTISPECIES: transcriptional antiterminator NusG [Enterobacteriaceae]
Length:
149
Range:
3 to 146
Eval:
2E-13
Ident:
48/150(32%)
Pos:
75/150(50%)
Gap:
11/150(7%)
phage holin, lambda family [Serratia entomophila]
Length:
95
Range:
1 to 95
Eval:
3E-60
Ident:
94/95(99%)
Pos:
94/95(98%)
Gap:
0/95(0%)
No functionally described hits

Accession
WP_087638535.1

lysis protein [Serratia entomophila]
Length:
153
Range:
Ident:
145/149(97%)
Pos:
holin [Citrobacter amalonaticus]
Length:
104
Range:
Ident:
42/67(63%)
Pos:
lysozyme [Serratia entomophila]
Length:
141
Range:
Ident:
139/141(99%)
Pos:

WP_010895800.1
5 to 153
148/149(99%)

Eval:
Gap:

1E-103
0/149(0%)

36 to 102
50/67(74%)

Eval:
Gap:

5E-21
0/67(0%)

1 to 141
140/141(99%)

Eval:
Gap:

4E-98
0/141(0%)

Coverage:
97.0%
WP_010895797.1
Coverage:

99.0%

Coverage:
97.3%
WP_103780163.1
Coverage:
62.7%
WP_010895802.1
Coverage:

98.6%
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Chapter 8 Novel acquired regions
The S. entomophila reference plasmid pADAP (83) was found to have two virulence determinants Sep
and Afp as described in detail in Chapter 5 and Chapter 7. With the work undertaken on the S.
proteamaculans strain AGR96X (69) as well as S. proteamaculans pU143 plasmid (83), it became
evident that there were pADAP variants that were lacking either the Sep or Afp encoding regions
respectively. With the work undertaken on the Sep region (90), there was also evidence of nonpADAP type plasmids encoding Sep. It was therefore assumed these islands can actively undergo
transposition. As shown in Chapter 4 there is a high rate of sequence conservation across the pADAPtype backbone, as even the S. marcescens WVU-005-1 plasmid still maintained a large portion of
DNA, with high similarity to the pADAP-type backbone (Section 4.11). This WVU-005-1 plasmid was
found in a non-New Zealand isolate, which was obtained from a human clinical sample instead of
insects, making it very unlikely both WVU-005-1 and pADAP share a recent common ancestor. If the
backbone is considered a capturing device, it would be logical to assume that it could also capture
novel regions other than Sep or Afp. Several of these acquisitions are described in this Chapter.

Novel region of unknown fuction
One of the most conserved novel regions identified in this study, is a GI of unknown function,
designated as Region of Unknown Function (RUF). This region is approximately 39 Kb in size and is
only found in S. proteamaculans based pADAP-type plasmids assessed in this study (Figure 8-1, Table
8-1, Supplementary Materials S.28).
As the DNA similarity matrix shows (Figure 8-2), this RUF region is highly conserved with an average
of 99% sequence conservation. There are two distinct operons with a potential pathogenic property,
the first is a cluster of fimbrial formation proteins followed by adhesin and exotoxin elements. The
second region is a cluster of tightly packed hypothetical ORFs, that, until the reannotations of the
RefSeq database, had hits to Type IV secretion system proteins. For the ease, these regions were
designated Novel1 and Novel2 respectively.
The Novel2 region is also found independently in the two S. proteamaculans pADAP plasmids p1457
and p299, denoted as type (B) in Figure 8-1. Another variation of the region, denoted as type (C) in
Figure 8-1, can be found in several plasmids, including three non-pADAP plasmids (Table 8-1). This
variant region (C), has most of the Novel1 region, but has the Novel2 region inverted. No elements
are found that were directly tied to the reorientation of Novel2 region in the (C) type.
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All plasmids encoding RUF GI also encode for the Sep/Spp, but do not encode for an Afp PAI.
However, not all Sep/Spp encoding plasmids contain this region: it is therefore not mutually exclusive
to Sep/Spp encoding plasmids.

Figure 8-1: A schematic of the RUF GI. Top graph represents DNA similarity between all plasmids
encoding for this region. There are several hypothetical ORFs, IS elements and
transposases present. The (B) type, containing only Novel2, is found exclusively in
p1457 and p299. The (C) type is mostly found in non-pADAP plasmids and features the
fimbria/toxin region and a cluster of hypothetical ORFs (refer to Table 8-1 for isolates
encoding A, B or C clusters).

Table 8-1: Distribution of isolates carrying each type of RUF GI.
Genotype
pADAP-type
A

Species

Isolate

Serratia

proteamaculans

B
Non-pADAP
C

Serratia

proteamaculans

149, 336, 465, 1769, 1770
1772, 12a, 12d, 28F, D, M
299, 1457

Serratia

proteamaculans

591, Ma3, Man4, S-prot-1
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Figure 8-2: A DNA similarity matrix of the novel regions obtained from 17 different plasmids. Blue
labelled strain names are S. entomophila and pink S. proteamaculans.

No BlastN hits were found for the RUF region, nor for the Novel1 and Novel2 sub-regions, meaning
that no known orthologs of the island are currently present in the RefSeq database. As the two subregions Novel1 and Novel2 were found to be conserved in other pADAP and non-pADAP-type
plasmids, they were deleted using targeted mutagenesis as outlined in Section 2.2.11 through 2.2.13,
in order to determine whether these regions are associated with bioactivity against grass grub.
Isolate 149 was the first isolate found in this study to contain the RUF on its pADAP-type plasmid, and
therefore was used as the reference for this region. The regions were deleted using the method
described in Section 2.2.11, 2.2.12 and 2.2.13. Besides independent targeted deletions of the two
novel sub-regions of p149 RUF GI, the Sep region was also mutated using an inhouse vector
143SpRVpJP5603, deleting portions of the SepA and B region. All three p149 plasmid mutants were
bioassayed as described in Section 2.4.1, together with the 149 WT and A1MO2 isolate, as well as the
appropriate positive and negative controls. The results are shown in Table 8-2.
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Table 8-2: Bioassay results of S. proteamaculans p149 mutants compared to the S. proteamaculans
149 and S. entomophila A1MO2 WT strains.
Strain
Control
A1M02
149
149ΔSprV
149Δnovel1
149Δnovel2

Disease%
2.4 ±
83.3 ±
13.9 ±
0 ±
8.3 ±
8.3 ±

Mortality%
1.2 ±
3.6 ±
11.1 ±
0 ±
0 ±
0 ±

1.7
4.1
5.8
0.0
3.0
3.0

Affected%
3.6 ±
86.9 ±
25.0 ±
0 ±
8.3 ±
8.3 ±

1.2
2.0
5.3
0
0
0

2.0
3.7
7.3
0
3
3

The bioassay results show that the 149 WT itself is not highly bioactive in grass grub, with only a
basal level of activity observed at day 12. The mutant of the Spp region shows complete loss of any
residual bioactivity. The knockout of the Novel1 and Novel2 regions resulted in minor reduction of
bioactivity compared to wildtype, and therefore it is likely that these regions themselves do not
contribute to the insecticidal activity in grass grub, and that Spp is the main virulence determinant on
the p149 plasmid. The 149 strain was also tested on three other beetle species found in NZ to find
potential alternate hosts that the novel regions could have effects on and these results are shown in
Table 8-3.

Table 8-3: Bioassay results of isolate S. proteamaculans 149 against several non-Grass grub beetle
species.
Insect
Red Headed Chafer
Manuka beetle
Tasmanian Grass Grub

Disease%
0 ±
0 ±
0 ±

0.0
0.0
0.0

Mortality%
0 ±
10 ±
0 ±

0.0
10.0
0.0

Affected%
0.0 ±
10 ±
0.0 ±

The bioassays against larvae of several other New Zealand based beetle species showed no
significant bioactivity (Table 8-3). It is therefore likely that either the novel region is associated with a
yet to be determined organism or has yet to be determined alternate. Full functional description of
the ORFs can be found in Supplementary materials S.28. Full alignment of the region is found in
Supplementary Materials S.20
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Region downstream of Sep
As mentioned in the previous section, most Sep encoding pADAP-type plasmids are flanked by RUF,
however not all Sep encoding plasmid transcribe for this GI. Those plasmids that encode for the Sep
PAI, but not RUF, do not have a consistent shared downstream region, instead are often flanked by
one or two transposable elements at the 3’ side before transitioning back into the pADAP backbone
region of replication described in Section 4.4.

Afp downstream regions of divergence
As outlined in the Chapter 7, there are three types of Afp PAIs found in the plasmids assessed in this
study. These three are the Afp, AfpX and AfpA PAIs. The Afp and AfpX variants have a regulatory
region upstream as described in Section 7.4, whereas the AfpA containing isolate 1137 has no
upstream associated region, except for the demarcation island discussed in Section 4.12.
Downstream these three Afp variants also have very divergent regions as described in the following
sub-sections.

8.3.1 pADAP Afp downstream region
The pADAP plasmids found in the S. entomophila, all share a nucleotide similarity throughout the
entire plasmid including the backbone, Sep and Afp regions. The p142 and p145, were the only two S.
proteamaculans plasmids found to bear the S. entomophila pADAP. Each of these pADAP plasmids
contain an int1 protein and several Sea ORFs downstream of the Afp PAI (Figure 8-3, Table 8-4).

Figure 8-3: The downstream Afp region of pADAP plasmids approximately 9 Kb in size. Refer to
Table 8-4 for isolates encoding type A, B or C. Top graph represents DNA similarity
between all plasmids encoding for this region.
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Table 8-4: Distribution of isolates carrying each type of downstream Afp region.
Type1
A
B

Species
Serratia

entomophila
entomophila
proteamaculans
C
entomophila
proteamaculans
1
Type defined in Figure 8-3

Isolate
345, 398, Diarr, pADAP
210, 1100, Moraki_2
145
158, 176, 626
142

Table 8-5: BlastX hits of sea24-32. These elements seem to mostly be transposable elements with little effect of Afp production or release.
Original annotation New annotation
Query Cover E value
Identity
99%
0
100.00%
sea24
ISNCY family transposase [Serratia entomophila]
81%
1.00E-21
91.04%
sea25
ISNCY family transposase [Serratia sp. S4]
99%
8.00E-63
100.00%
sea26
ISNCY family transposase [Serratia entomophila]
99%
0
100.00%
sea27
ISNCY family transposase [Serratia entomophila]
99%
0
100.00%
sea28
ISNCY family transposase [Serratia entomophila]
57%
7.00E-11
84.85%
Sea29
nuclear transport factor 2 family protein [Serratia sp. BW106]
99%
1.00E-140 99.48%
sea30
DUF2913 family protein [Serratia entomophila]
0.84
32.18%
sea31
latent-transforming growth factor beta-binding protein 1-like [Meriones unguiculatus] 67%
34%
5.2
26.67%
sea32
5’/3’-nucleotidase SurE [Halovivax asiaticus]

Accession

WP_010895822.1
WP_083906151.1
WP_010895822.1
WP_010895825.1
WP_010895826.1
WP_099062043.1
WP_010895828.1
XP_021508259.1
WP_007698437.1
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These sea ORFs found in the downstream Afp regions of pADAP plasmids mostly encode for IS Not
Classified Yet (ISNCY) family transposases (Table 8-5). Further analysis of this cluster of ISNCY
transposases is provided in Section 9.2.3.

8.3.2 Colicin associated region
Five plasmids assessed in this study were found to contain a highly conserved ~6 Kb region that
encodes a Colicin based antimicrobial / post-segregational killing system (PSKS) (Figure 8-4, Section
11.2).

Figure 8-4: The ~6 Kb colicin associated region, located ’ of the Afp encoding region of pADAPtype plasmids found in isolates 4, 163, 1129, 1A and SpF. Top graph represents DNA
similarity between all plasmids encoding for this region.

This region contains several genes of interest, not documented previously on pADAP-type plasmids.
These include an anti-restriction and anti-modification protein ArdR (299) ortholog, a protein that
prevents genetic modification by foreign DNA. Another ORF unique to the pADAP system is a YdeA
(337) ortholog. The YdeA is part of the major facilitator superfamily (MFS), a family of proteins that
transport molecules across the OM through use of protons. YdeA is directly correlated to L-Arabinose
and Isopropyl-β-d-Thiogalactopyranoside export.
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Table 8-6: Closest functional BlastX hits for ORFs present in the 1129-like downstream Afp region.
Original annotation
Afp17X
NA
NA
NA
NA
NA
NA
NA
NA
NA

New annotation
Query Cover E value Identity Accession
NAD:arginine ADP-ribosyltransferase [Photorhabdus australis]
96.0%
0
67.7% OCQ51405.1
Uncharacterised protein [Yersinia enterocolitica]
86.0%
5E-19
90.7% CFQ34327.1
transposase for insertion element IS1222 [Yersinia enterocolitica subsp. Enterocolitica WA-314]
66.0%
2E-63
95.1% EKA28337.1
antirestriction protein ArdR [Salmonella enterica]
98.0%
3E-25
62.8% EAX5070673.1
putative phage membrane protein [Salmonella enterica subsp. Enterica]
91.0%
2E-43
61.9% VEA23963.1
YdeA protein [Shigella sonnei]
72.0%
7E-19
58.0% ARB02219.1
MULTISPECIES: hypothetical protein [Enterobacteriaceae]
87.0%
2E-19
63.5% WP_017901039.1
RES family NAD+ phosphorylase [Serratia sp. S4]
92.0%
0
90.2% WP_017891074.1
lipid II-degrading bacteriocin [Pantoea ananatis]
97.0%
1E-72
44.9% WP_110286972.1
colicin M resistance protein [Pantoea sp. Sc1]
87.0%
3E-14
32.5% EIB96703.1

Table 8-7: Closest functional BlastX hits for ORFs present in the downstream AfpX region.
New annotation
Query Cover E value Identity Accession
IS3-like element ISSen4 family transposase [Citrobacter freundii]
72.0%
9E-85
80.0% WP_000928387.1
MULTISPECIES: hypothetical protein [Klebsiella]
99.0% 4E-163
54.5% WP_101880745.1
MULTISPECIES: hypothetical protein [Enterobacteriaceae]
82.0%
2E-12
50.9% WP_020804422.1
MULTISPECIES: hypothetical protein [Serratia]
84.0%
1E-21
62.3% WP_060452169.1
Restriction endonuclease [Pectobacterium carotovorum]
99.0%
0
93.8% ALG88642.1
MULTISPECIES: type II toxin-antitoxin system VapC family toxin [Serratia]
99.0%
5E-78
94.9% WP_048796372.1
AbrB/MazE/SpoVT family DNA-binding domain-containing protein [Kosakonia sp. WCHEs120001]
98.0%
6E-44
93.4% WP_131413711.1
histidinol-phosphatase [Salmonella enterica subsp. Enterica]
99.0%
0
93.6% EBG3215765.1
DNA-binding protein [Citrobacter sp. Wls710]
97.0%
0
59.6% WP_137349397.1
hypothetical protein [Serratia plymuthica]
52.0%
6E-25
69.0% WP_037429921.1
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Two ORFs encoded on this region are a colicin ortholog and a colicin M resistance protein ortholog
(as labelled in Figure 8-4). These two proteins form a bactericidal TA system that can act as an
antimicrobial towards non anti-toxin bearing cells, as well as a PSKS that helps stabilize the plasmid
within a population. More on this particular TA is outlined in Section 11.2.

8.3.3 AfpX associated region
Four of the AfpX encoding pADAP-type plasmids, p20093, pLC, pAGR96X and pSprot5, contain a ~13
Kb downstream region that also transcribes a PSKS (Figure 8-5, Table 8-7), that differs to that of the
colicins mentioned in the previous section. The VapBC-like TA is a bacteriostatic TA, which through
the cleavage of tRNAs, can force cells into a metabolic persister state (148). Further detail on VapBC
TA is presented in Section 11.3. Of interest, a ~4.6 Kb homologous portion of the region was found
on a plasmid from a French S. entomophila isolate 220 (Figure 8-5,). This p220 plasmid only shares
the VapBC TA, histidinol-phosphatase and a truncated portion of the restriction endonuclease found
on the downstream AfpX region of the S. proteamaculans plasmid, pAGR96X.

Figure 8-5: The ~13 Kb AfpX associated region of, p 009 , pLC, p GR96 and pSprot5 located ’ of
AfpX encodes for a VapBC TA. Similar region identified in the p220-1 plasmid. Top
graph represents DNA similarity between all plasmids encoding for this region.
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8.3.4 AfpA associated region
The S. proteamaculans pADAP-type plasmid from isolate 1137 contains a distinct ~13 Kb region,
located 3’ of the AfpA PAI (Figure 8-6), previously outlined in Section 7.3. This AfpA associated region
consists of several ORFs also present on the downstream AfpX region, as well as several distinct ORFs
encoding a protease, transposase and SOS-response associated protein.

Figure 8-6: The ~13 Kb AfpA associated region, located ’ of the p1137 encoding GI. The p1137
AfpA associated region (B) compared to the AfpX associated region of pAGR96X (A).
Top graph represents DNA similarity between pAGR96X and p1137 plasmids encoding
for this region.
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Table 8-8: Closest functional BlastX hits for ORFs present in the downstream AfpA region.
Size (AA) Query Cover E value Identity Accession
New annotation
390
MULTISPECIES: hypothetical protein [Pantoea]
99.0%
1E-98
42.9% WP_105099763.1
116
SOS response-associated peptidase [Salmonella enterica]
31.0%
1E-06
64.9% EAZ4751223.1
160
MULTISPECIES: hypothetical protein [Enterobacteriaceae]
99.0%
1E-93
98.1% WP_022631300.1
69
MULTISPECIES: hypothetical protein [Enterobacteriaceae]
98.0%
3E-38
97.1% WP_031280849.1
456
ISNCY family transposase [Klebsiella quasipneumoniae subsp. Quasipneumoniae]
99.0%
0
92.5% OVY28499.1
333
CAAX protease [Serratia marcescens]
99.0%
0
93.7% WP_149570805.1
874
MULTISPECIES: histidinol-phosphatase [Enterobacteriaceae]
99.0%
0
92.6% WP_063097007.1
72
hypothetical protein ACN56_05890 [Escherichia coli]
79.0%
0.009
42.1% OKS95488.1
1264
DNA-binding protein [Salmonella enterica subsp. Diarizonae]
97.0%
0
59.5% EBF4785257.1
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pPuna18 plant associated island
One of the outlier plasmids analysed in this study is a pADAP-type plasmid found in the S.
proteamaculans Puna18, named for the location where it was found, Punakaiki, on the West Coast of
New Zealand’s South Island. This plasmid encodes the pADAP-type backbone, previously outlined in
Section 4.3, and shares 94.1% nucleotide similarity to the S. entomophila pADAP backbones as
previously discussed in Section 4.6, and only 85.9% to the S. proteamaculans pAGR96X. The pPuna18
plasmid does not contain the ~3.9Kb insertion in between the traG and trbC ORFs located on the
backbone, previously described in Section 4.9, that is associated with the majority of all S.
proteamaculans pADAP-type plasmids analysed in this study. The absence of this insertion makes the
pPuna18 plasmid backbone more similar to those of pADAP and WVU-005-01 and might provide
additional evidence that this insertion has been acquired at a later time point. Therefore it is likely
that the pADAP and pPuna18 backbones are more indicative of the ancestral Serratia associated
capturing apparatus.
Importantly, the point of demarcation, previously discussed in Section 4.12, is where the pPuna18
starts to diverge from other pADAP-type plasmids. Downstream of the demarcation region, on the 3’
side, the pPuna18 does not encode for the pADAP associated PAIs and GIs such as Sef (Chapter 6),
Sep (Chapter 5) or Afp (Chapter 7), or the newly identified RUF GI discussed in Section 8.1, or other
elements that may relate to an insect association. The novel pPuna18 region, presented in Figure 8-7,
encodes for numerous metabolite related proteins, most notably a large cluster of 12 Nif ORFs. Nif
genes are involved with fixation of nitrogen from freely available nitrogen (N2) to ammonia (NH3)
which is then convertible to ammonium (NH4), which can be taken up by plants for further
metabolization (338, 339). Other elements found on this novel region are two ORFs highly
homologous to Flavodoxin proteins. Flavodoxins facilitate electron transfer to nitrogenase (340).
There also appear to be three separate operons with ABC transporter encoding ORFs (341). ABC
stands for ATP binding cassette, and members of the ABC transporter family of proteins which are
implicated in the transport of a range of substrates (342, 343). Full annotation of the novel pPuna18
ORFs is shown in Figure 8-7 and in Supplementary Materials S.30.
Several other metabolite-associated ORFs are encoded on the pPuna18, but the majority appear to
be involved in plant associated metabolites. It’s possible that the S. proteamaculans isolate Puna18
has used the Serratia associated capturing apparatus to co-evolve with plant species, as the S.
entomophila pADAP bearing A1MO2 type-strain appears to have co-evolved with larvae of the C.
giveni. Based on shared nucleotide similarity and general orientation of the backbone of pPuna18
compared to other pADAP-type plasmids, it is likely all these plasmids started with one shared
capturing apparatus and diverged based on target organisms each isolate cohabitates with.
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Figure 8-7: The ~114 Kb novel region identified in pPuna18. The region encodes for 116 proteins,
including a nitrogen fixing cluster, a range of transposable elements and metabolite
associated proteins. Detailed annotations the pPuna18 plant associated island can be
found in Supplementary Materials S.30.

The S. proteamaculans isolate Puna18, carrying the pPuna18 STAMP which encodes for a ~24 Kb
nitrogen fixation cluster, orthologous genes of which, encoded by the Sinorhizobium meliloti megaplasmids pSymA and pSymB, have facilitate microbe-plant interactions in rhizobia (344). The
pPuna18 nif cluster showed 90.4% nucleotide sequence identify to the plasmid pRahaq202 (GenBank
accession no. CP003246.1) found in Rahnella aquatilis, a plant symbiont associated with growth
promotion (345). These findings suggest that S. proteamaculans isolate Puna18 most likely interact
with plants rather than C. giveni larvae.
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Spb Bacteriophage
Two plasmids assessed in this study were found to carry a putative bacteriophage. The bacteriophage
associated region (Figure 8-8), termed Serratia proteamaculans bacteriophage (Spb) is approximately
~ 37 Kb in size and is found in the pADAP-type plasmid p465 and the non-pADAP-type plasmid p591.
The Spb regions of p465 and p591 share an 88.2% nucleotide sequence similarity.

Figure 8-8: The ~37 Kb Spb bacteriophage associated region found in S. proteamaculans pADAPtype plasmid p465 and the non-pADAP-type plasmid p591. The region encodes for 48
proteins, of which the majority have phage associated orthologs in the RefSeq
database. Top graph represents DNA similarity between all plasmids encoding for this
region. Refer to Supplementary Materials S.31 for detailed annotations.

The putative phage particle has been designated Spb, for Serratia proteamaculans Bacteriophage.
The region contains eight phage tail encoding ORFs, two baseplate-encoding ORFs as well as a third
ORF belonging to a baseplate protein family (spb26, not depicted in the figure), four phage head
associated ORFs, a DNA circulation protein and a Phage terminase encoding ORF. As all units of a
bacteriophage appear to be encoded on the Spb island it is likely this is an active, functional
bacteriophage. Further evidence of this is its presence on two distinct plasmids. The region itself
does not encode of a lysis cassette.
There are several phages that replicate in a bacterial host through the formation of a small circular
replicon, i.e. plasmid, such as the such as the Bacteriophage P1 found in E. coli (346) and the
Bacteriophage LE1 found in Leptospira biflexa (347). Through a literature search this is the first
example of a putative functional plasmid encoded bacteriophage. There are man-made replicons
consisting of a plasmid ori and a phage genome, such as the pEMBL plasmid family (348).
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These types of replicons are referred to as phagemids (349). Even though bacteriophage insertion
and replication from a plasmid source is therefore plausible, no literature was uncovered discussing
plasmid-based bacteriophages.
The Spb region contains several hypothetical ORFs, DUF encoding ORFs and a cluster of
transcriptional regulators. It is possible that this additional region is accidental carryover from the
DNA packaging, or that it’s a later acquisition with undefined phage regulatory purposes. This
potential of it being a later acquisition is further supported by a sudden drop in GC% compared to
that of the majority of the bacteriophage encoding ORFs (Figure 8-9). As shown, the GC% does vary
across the region, with most of the phage encoding ORFs having an average GC% of >60%.

Figure 8-9: The GC% of the ~37 Kb Spb bacteriophage associated region found in S. proteamaculans
pADAP-type plasmid p465

Full list of BlastX hits for each ORF in the region are present in Supplementary Materials Appendix
AS.31.
The GC content of the Spb region shows significantly higher GC% than the surrounding area (Figure
8-10), approximately 55.4% for the S. proteamaculans p465 plasmid and 55.5% for the S.
proteamaculans p591 (not shown in Figure 8-10), compared to the GC% of the remainder of these
plasmids which is 49.0% and 49,9% respectively.
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Figure 8-10: GC content of bacteriophage region found on p465 compared to entire plasmid.

No scar or insertion site has been observed for the region as it inserted intergenic in the PilO ORF for
p465. AT-rich spikes are present at the edges of the inserted bacteriophage, further suggesting active
transposition events. Using RepFind, a tool to identify repeated motifs in a submitted DNA sequence
(350), no significant repeated elements were found flanking the conserved bacteriophage encoding
region, nor any shared transposable elements other than the identified elements presented in Figure
8-8.
To define if Spb encodes a functional bacteriophage, two genetic regions of the Spb, I) a portion of
head associated ORFs and II) a portion of the tail associated ORFS, were independently as well as
consecutively deleted through cloning and targeted mutagenesis as described in Section 2.2.11
through 2.2.13. These would serve as control for TEM post MitC induction. In addition to this, to omit
the feasibility of the chromosomally encoded phages being expressed, the chromosome sequence
was assessed, where no phage encoding regions were identified. Several attempts were made to
purify the bacteriophage as described in Section 2.2.18, and record electron micrographs of it using
TEM as described in Section 2.2.19, but no phage like entities were observed.

WVU-005-1 novel region
The WVU-005-1 plasmid derived from a clinical S. marcescens sample, contains a pADAP-type
plasmid that shares the majority of the pADAP backbone, as described in Section 4.11. The only point
of divergence in the backbone is the origin of replication not being similar to that of pADAP, and
instead the replication genes are present in the region described as the demarcation region as
previously outlined in 4.11 and Section 4.12. The WVU-005-1 plasmid does not carry any of the
known or newly identified pADAP virulence associated regions such as Sep or Afp, or any accessory
regions identified through the course of this study as outlined in this chapter. Instead, the WVU-0051 plasmid encodes a range of secondary metabolic enzymes.
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As this US based isolate is unlikely to have had any recent interaction with the New Zealand based
isolates assessed in this study, it is safe to assume the ancestral Serratia associated capturing
apparatus (i.e. what has become the current pADAP backbone) was very similar.
It is likely a distant geological split as well as time spent occupying different niches has led to the loss
of its repA and using a replication protein more in tune with S. marcescens.
Full annotation of the novel region found on WVU-005-1 is provided in Supplementary Materials
S.32.

Figure 8-11: The ~25 Kb novel region identified in WVU-005-1. The region encodes for 29 proteins,
of which the majority are transposable elements or metabolite associated proteins.
Full annotations of this region can be found in Supplementary Materials S.32.
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Chapter 9 MGE elements and HGT Drivers
In a paper by Hurst et al. published in 2003 (192), possible horizontally acquired regions and
elements were identified in pADAP. In 2011 the complete pADAP plasmid was sequenced and all its
features annotated (83). The putative PAI found on pADAP such as the Sep and Afp encoding regions
included regions with high DNA identity to known IS elements. Other elements found were
designated as integrases (int) and transposases. Apart from the annotated elements the plasmid also
contained numerous predicted ORFs that were designated as S. entomophila annotation (sea)
followed by a number, as at the time no known homologs were present in the NCBI database to infer
their function. Through this project, several of these pADAP sea ORFs have now been shown to
encode for some sort of MGE or HGT driver. A full list of the reannotation of the pADAP sea ORFs can
be found in Supplementary Materials S.8. This chapter goes further into the detail of MGE found on
pADAP.

Integrases or not?
The annotation of pADAP revealed numerous MGEs and hallmarks of horizontally acquired regions.
In addition to this, pADAP itself is also a major driver of HGT and, due to the presence of a
conjugative pore and sex pili, can be considered a mobile genetic element. Several pADAP-related
HGT drivers of genetic regions have already been documented in previous studies undertaken by
Hurst et al. (83), two of which were described as integrases, designated int1 and int2. However,
recent annotation has found that they are in fact not integrases. Int1 is a member of the IS3 family
transposase. Transposases belonging to the IS3 family such as IS911, the most well-known member
of the IS3 family member, are simple transposable elements. They transcribe their own transposase
that helps with transposition of the region by circularizing it and cleaving it out of the region (351,
352). These MGEs are often implicated in the rapid genetic changes and drivers of genome
streamlining through inactivation of unnecessary genes by intergenic insertion (353). Upon insertion
into a new region, short imperfect terminal inverted repeat sequences (IRs) are often left by IS3
members. In the case of the int1 ORF a degenerate 7 bp repeat with the consensus sequence (5’
GCGGATG 3’) was identified, flanking the int1 ORF as seen in Figure 9-1. Four copies of this motif are
present, twice outside of the int1 ORF and twice internal to the ORF itself.
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Figure 9-1: The region surrounding int1. Int1 is an IS3 family transposable element. The A-D
features observed in pADAP, denote short imperfect terminal IRs often associated
with these types of transposable elements (353).

The int2 element appears to be an integral part of the backbone of pADAP type plasmids as it is
highly conserved and present in all pADAP plasmids, even the outlier plasmids with non-insecticidal
features such as pPuna18. The int2 ORF shares homology with several resolvases in S. marcescens,
Edwardsiella tarda and several other prokaryotes. The Int2 element contains a conserved C-terminal
DNA breaking-re-joining enzyme domain, which is highly homologous to a putative recombinase
found in the orf18 of the Yersinia enterocolitica F plasmid (83). Upstream there are no conserved
element other than the point of demarcation of the pADAP plasmid origin as described in Section 4.4.
Downstream the Int2 gene is flanked by an atoX and staB gene and followed by the origin of
replication and the plasmid backbone.

IS elements
There were two remnant IS elements on the pADAP plasmids that were designated as IS S.
entomophila 1 (Isse1) by Hurst et al. (83). The Isse1 element contains homologous areas to the SamB
UV protection protein encoded by Salmonella enterica subsp. enterica serovar Typhi. Isse2, which is
an IS66-like element, shows an >80% AA similarity with IS elements in E. coli and Shigella species
(192). Both IS elements reside downstream of the sepC ORF. Several pADAP variants, including the
pU143, previously discussed by Hurst et al. (83), are missing the Isse2, IS91-like elements and the afp
gene cluster. Although this absence was suggested to be correlated with acquisition of the Afp region
by pADAP through HGT, it is highly unlikely IS elements can facilitate transpositions of islands this
size. Apart from the two annotated IS elements, several sea ORFs have been re-annotated as IS
elements. Revised annotations are listed in Supplementary Materials S.8.
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9.2.1 Sea14 and 15
Both sea14 and sea15, residing in the demarcation region outlined in Section 4.12, and are highly
homologous to ISKra4 family transposases (354). These ISKra4 family transposases are part of the
prokaryotic Mutator-like transposases group 4 (p-MULT 4) which differ to other types of transposase
as they are flanked by long terminal inverted repeats (TIRs) (355). The ISKra4 is the simplest
transposable element in this group, consisting of only one ORF encoding its own transposase (354).
Both sea14 and sea15 conform to this single ORF encoded transposase construction, as neither ORF
has any apparent connection to ORFs surrounding it. In relation to the TIRs, no inverse repeats are
present around sea14 or sea15, indicative of degenerate elements, that are probably non-functional.

9.2.2 Se1-3
The region between Sep and Afp on the pADAP plasmid encodes four ORFs homologous to
transposases. The first homolog is sea23 which has high homology to IS91 family transposases. IS91
transposases are similar to the IS911 transposases mentioned in section 9.1, in that IS911 was one of
the earliest identified transposable elements that could transposition through a rolling-circle
mechanism (356) and seems to have a bias for virulence regions (357). In the same region there are
three annotations for se1, se2 and se3 that all seem homologous to IS66 family transposases.
Transposases belonging to the IS66 family comprise of three ORFs as is the case in the se1-3 region
(358). They also characterized as containing a 25 bp inverted repeat that is described as being
imperfect, in agreement with this, a 37 bp inverted repeat was observed on both sides of the se1-3
region (Figure 9-2).

Figure 9-2: The DNA region surrounding se1-se3. These three elements are homologous to IS66
famil transposases. The two “imperfect” inverted repeats are shown at the ottom
and clearly shows a conserved sequence with several mismatches.
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9.2.3 Sea24-28
The sea24 through sea28 ORFs are found to be highly similar to the ISNCY family of transposases
(359). ISNCY stands for IS Not Classified Yet, and therefore no known function has been disseminated
yet. The 5’ region of sea24 is identical to the 5’ region of sea27, and the 3’ region of sea24 is identical
to sea26. It is therefore assumed that sea26 and sea27 were one ORF at one time and sea24 is most
likely a truncated duplication of said ORF. It is very likely that sea25 inserted into this ORF and is the
cause of the truncation of sea24, a schematic of the homology between sea24, sea26 and sea27 can
be seen in Figure 9-3. No repeat motifs were identified in the vicinity of this sea24-sea27 region.

Figure 9-3: The ISNCY family transposase-like ORFs of sea24, sea26 and sea27 share highly
conserved regions. The downstream region of sea27 is almost identical to the
upstream region of sea24, the downstream region of sea24 is almost identical to
sea26. Potentially sea26 and sea27 at some point was a duplication of sea24 that
mutated over time.

Other potential HGT indicators
Several other possible regions have been identified that may be implicated in HGT, including several
hypothetical ORFs, designated sea5-7, co-located to the pADAP type VI pilus and ortholog in Y.
ruckeri. In addition to this, two large DNA repeats, 785 bp in size, have been found which at some
point might have played a role in the integration of the PAIs. Oriented in the same direction in
pADAP, these repeats were found 44 kb apart, one downstream of the Sep PAI, the other upstream
of the type IVa pilus cluster (96, 192).
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Both sea4 and sea21 share a 785 bp repeat, and it is assumed that these two ORFs are paralogs. They
reside on both sides of the sep/sef region. The pADAP-type plasmid pU143 (83), only has one of
these two repeat regions that partially encode sea4 and sea21. Due to the absence of the Afp PAI in
pU143, it is postulated that this repeat was obtained by pADAP during the acquisition of the Afp PAI
or that the duplication allowed insertion of the island through some unknown mechanism. Based on
the data from this study it is unlikely that this repeat element was needed for acquisition of Afp, as
only the chronic disease inducing pADAP plasmids, carried by S. entomophila, encode for the sea21
ORF. All other pADAP-type plasmid analysed in this study including the alternate Afp bearing
plasmids such as the hyper-virulent AfpX bearing plasmids and the p1137 AfpA bearing variant do not
contain the sea21 element and only encode for sea4. Therefore, it is more likely that the shared
repeat between sea4 and sea21 may reflect a region of low selective pressure that allowed for
insertion of large elements without disrupting the functionality of the plasmid.
As shown in this chapter, several elements thought to facilitate active acquisition of novel genetic
material, are either different mechanisms than previously thought, such as the int1 and in2 ORFs not
actually being integrases, were simple transposases that are mostly self-transposing and not
affiliated with transposition of entire genetic islands like most IS elements, or similar to other sea
ORFs, are of a yet to be determined function and have no MGE properties. Based on the assessment
of pADAP encoded MGE, this study has found that elements such as sea4-21 and int1 are unlikely to
actively acquire or excise large GI’s from the pADAP plasmid. Further evidence of this was supported
by the absence of any observed HGT through in vitro and in vivo experiments, as outlined in Chapter
10.
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Chapter 10 Plasmid stability and fitness experiments
Plasmids are often equipped with a slew of genes that regulate the expression and replication of
themselves and the genes contained on them in the cell, and therefore are often seen as a metabolic
burden to the cell. This metabolic burden is why plasmids are often considered to be parasitic in
nature and are sometimes referred to as selfish genetic elements (SGE). One hypothesis that drove
this study was the possibility that plasmids or energy costly genetic elements such as those encoding
for toxic effectors would be a handicap to the host cell, and thus active selection to remove them
during low nutritional periods would happen so as to alleviate the host from this burden. This
hypothesis was broken down in two sub-hypotheses. The first sub-hypothesis was that the plasmid is
lost during times of stress by most of the population and that non-plasmid bearing cells would
outcompete a small population that maintained the plasmid. The second sub-hypothesis was that
active HGT of pathogenicity islands could either facilitate acquisition of novel genetic material or
excise pathogenicity islands, and thus lower the metabolic cost of harbouring the plasmid. There are
studies, however, that show that co-evolution of plasmid and the primary chromosome can result in
lower metabolic cost, thus negating the parasitic traits of the plasmid (156).

Pathogenicity islands are not as unstable as predicted
The production of costly elements such as toxic effectors could be a handicap to the fitness of the
host cell, as exemplified by Patel et al. (360) where they found the fitness of non-toxin producing
bacteria, they call “cheats”, is higher than those that do produce toxin. Members that do not
produce toxic effectors outcompeted the producers (361). Because of the negative effect toxin
production supposedly can have on the fitness of the host cell, there is an assumed negative
selection for genomic regions that encode for large energy intensive translational products,
particularly during periods of low nutrition or stress. To determine if HGT of PAIs or the entire pADAP
was happening in vivo, the backbones of five pADAP variants, as well as the Sep PAI and Afp PAI were
tagged using antibiotic resistant markers. As one hypothesis was that non Afp or non-Sep pADAPtype plasmids could be a result of an excision event as opposed to a precursor of an integration
event, the previously published Afp deficient strain, pU143 (83) was also tagged. The final list
consisted of six different isolates containing their respective tagged pADAP mutant (Table 10-1).
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Table 10-1: Plasmid mutants used to examine HGT of PAIs. pU143 was only tagged in the backbone
and Sep region as this plasmid is void of Afp.
Isolate
145
1100
210
398
143
626

Plasmid Backbone
p145All
CmR
p1100All
CmR
p210All
CmR
p398All
CmR
pU143BS
CmR
p626All
CmR

Sep
SpR
SpR
SpR
SpR
SpR
SpR

Afp
KmR
KmR
KmR
KmR
KmR

Several other plasmids were tagged, but due to the natural antibiotic resistance of some isolates or
lack of recombination, were not carried through to the triple tagged state. The complete list of
tagged plasmid mutants can be found Section 2.2.3. Using the plasmid mutants in Table 10-1, two
experiments were performed, the first being an in vitro culture experiment to see if loss of PAIs
happens in optimal lab settings, the second experiment was an in vivo bioassay experiment where an
attempt was made to observe if PAI loss happens during infection of grass grub larvae.

10.1.1 In vitro plasmid and PAI loss experiment
The six plasmid mutants were cultured for 10 days as outlined in Section 2.2.15. No antibiotics were
added during the growth. At the final day dilutions were plated out on LB-agar plates devoid of
antibiotics. For each plasmid mutant 100 of the overnight grown colonies were patched over to LBagar plates containing either Chloramphenicol 90 µg per ml (Cm90), Spectinomycin 160 µg per ml
(Sp160) or Kanamycin 50 µg per ml (Km50). The Cm90 plates would show presence of plasmid
backbone, the Sp160 plates the presence of the Sep PAI and the Km50 the presence of the Afp PAI.
Of the 100 assessed colonies for each plasmid mutant, growth on all antibiotic plates was observed.
This leads to the assumption that no loss had happened in these optimal growth conditions or at
least it happened in a rate lower than 1:100.

10.1.2 In vivo plasmid and PAI loss experiment
Another experiment undertaken with the six plasmid mutants was performing a bioassay as outlined
in Section 2.4.1. Serratia bacteria were extracted from the grub after 12 days as outlined in Section
2.3.1. For each plasmid mutant 100 of the overnight grown colonies were patched over to LB-agar
plates containing either Cm90, Sp160 and Km50 and assessed as described in Section 10.1.1. The
observation was made that growth happened on all antibiotic plates. Therefore, it can be concluded
that no excision of PAIs had happened in vivo, or that it happens in a rate lower than 1:100.
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Plate experiments to confirm plasmid loss
Eleven representative strains for each of the pADAP genotype were analysed for the stability of the
respective plasmid they were carrying. The plasmids in isolates 149, 299, 465, 626, 1048, 1129, 1137,
1769, D, Agr96X and Puna18, were tagged with a CmR tag, as explained in Section 2.2.14. To
determine the stability of the pADAP-type plasmid in their respective hosts, these strains were
cultured in different growth conditions to be further assessed at the ten-day time point. The growth
conditions were either regular LB-broth, M9 minimal medium broth with 0.4% casamino acid as
carbon source or LB-broth spiked with 0.5 μg / ml of Mitomycin C (MitC). The M9 growth medium
would simulate conditions of nutritional stress, known to facilitate loss of larger plasmids (362, 363).
The MitC can induce DNA crosslinking, a lethal event for bacteria, and this action activates SOSresponses in the host (364-366). SOS-response in bacteria is tied to loss of plasmid, through halting
replication, preventing segregation/conjugation or destabilizing the plasmid through direct MitC
induced DNA damage, although not every plasmid is affected equally (367, 368). The experiment was
performed as described in Section 2.2.15. The final Colony-forming units (CFU) were grown on plates
containing Cm90 and were scored for growth. All assessed colonies appeared to still be Cm90
resistant as shown in Table 10-2 and therefore conclude that no plasmid loss occurred or happened
in a ratio lower than 1:200. The summary data for this experiment can be found in Supplementary
Materials S.32.
Table 10-2: Plasmid retention after 10 days for all 11 representative pADAP genotypes. Table
contains the results of an antibiotic plate screening of colonies obtained after 10 days
on different culture conditions. Dilutions of the cultures were plated out on LB, and
200 colonies grown on those were patched over to Cm90 LB-agar plates. If colonies
grew on the patched plates, it was assumed the plasmid was retained as non-tagged
wildtype strains did not grow on Cm90 LB-agar plates.
Isolate
LB
M9
MitC
149
200/200 200/200
200/200
299
200/200 200/200
200/200
465
200/200 200/200
200/200
626
200/200 200/200
200/200
1048
200/200 200/200
200/200
1129
200/200 200/200 200/2001
1137
200/200 200/200
200/200
1769
200/200 200/200
200/200
D
200/200 200/200
200/200
AGR96X
200/200 200/200 200/2002
Puna18
200/200 200/200
200/200
Average
100.0%
100.0%
100.0%
1
The culture density was not stable and dropped to 106 CFU /ml on two days but recovered the day
after.
2

A formation of a ring of lytic cell debris could be observed on certain days on top of the MitC

culture.
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Flow cytometry experiments to confirm plasmid loss
The experiment described in Section 10.2 was repeated using a different method of analysing
plasmid loss per cell. The plasmids in isolates 149, 299, 465, 626, 1048, 1129, 1137, 1769, D, Agr96X
and Puna18, were tagged as explained in Section 2.2.14 with a Green Fluorescence Protein mutation
3 (GFPmut3) (213) tag from the pUC30T_GFPmut3 plasmid described by Barbier et al (212). The
isolates containing the GFPmut3 were cultured as described in Section 2.2.15. At the tenth day the
samples were prepared for flow cytometry as described in Section 2.2.16. During the experiment
there appeared to be a noticeable number of events that were not actual cells passing through the
capillaries, since most prokaryotic cells are significantly smaller than the eukaryotic cells for which
these machines are often intended. This resulted in a small amount of error in the analysis, but
nevertheless similar results to those found in Section 10.2 was observed. In Table 10-3 it can be seen
that the negative control did not contain any fluorescent cells on the Fluorescein isothiocyanate
(FITC) channel, meaning the cells do not get excited at ~495 nm or do not emit at ~519 nm, so all
registered fluorescent events are true events. The positive control reveals the previously mentioned
error of non-cell events registered as the events measured are not all fluorescing. The isolates
analysed all have a remarkable 85% or higher retention of plasmid based on analysis of thousands of
cells, even in harsh conditions such as the MitC induction. Therefore, it is highly unlikely that cells can
easily lose the pADAP plasmid in short time periods, a longer lasting study would be able to confirm
this further.
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Table 10-3: Plasmid retention after 10 days for all 11 representative pADAP genotypes. Table
contains the average percentage of fluorescent events in the gates that were
predetermined based on the positive and negative controls. Elimination of all
background noise was unsuccessful, resulting in 2,1% of the positive sample still
reporting non-fluorescent events, meaning similar results are to be expected in the
other samples.
Isolate
LB
M9
MitC
Controls LB
149
94.3% 92.5%1 86.2%
Negative
0%
299
92.8% 85.6% 83.5%
Positive
97.9%
465
93.2% 90.0% 88.1%
626
93.4% 89.8% 91.8%
1048
87.6% 90.1% 89.9%
1129
93.1% 94.9%2 85.0%
1137
91.4% 91.4% 93.7%1
1769
94.4% 90.4% 90.0%
D
90.8% 90.8% 86.2%
AGR96X 91.9% 89.3% 94.0%
Puna18 89.6% 89.0% 87.1%
Average 92.1% 90.3% 88.7%
1
One replicate in these samples displayed events that did not conform to the predefined gates,
therefore the replicate was removed.
2

One replicate could not be analysed due to a break in the vial, preventing the machine from

forming a vacuum.

152

Fitness cost of pADAP
As shown in the previous section of this chapter, there is strong evidence that the pADAP plasmids
are not easily lost, and act more as a secondary chromosome or chromid. The question then became,
why is plasmid loss not happening? To find this out a 24 h fitness test between A1MO2 wildtype
strain from which pADAP was first isolated (218) and 5.6 which is a pADAP heat cured mutant (218)
was performed. The experiment was run as described in Section 2.2.17. The results of the
experiment are shown in Figure 10-1.

Figure 10-1: Several growth experiments performed on a plasmid bearing wildtype and its plasmid
null counterpart. The 5.6 mutant is a pADAP heat-cured mutant of A1MO2 typestrain
(81).
From this experiment no difference in fitness between plasmid bearing and plasmid null cultures
were found under optimal laboratory growth conditions. There is no real observable difference
between the A1MO2 and 5.6 replicates. However, under minimal medium and MitC growth
conditions, there is a strong fitness benefit for the pADAP carrying A1MO2 as opposed to the plasmid
null 5.6. The drop of 5.6 growth after reaching the highest cell density point is of note. These Serratia
bacteria harbour numerous bacteriophages (369) which are known to be produced when SOS
response is triggered, which is something MitC does.
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The pADAP plasmid contains two SOS-repressor genes psiA (370) and psiB (371). It is most likely that
the presence of psiA and psiB limit the number of cells entering the lytic cycle, which in turn limits
production of the chromosomal bacteriophages under stress condition, which it in turn limit the rate
cells in the population being affected with lysis. Further work needs to be undertaken to confirm that
this is the actual reason behind the fitness benefits of pADAP under MitC induction. The slightly
higher stationary phase CFU under M9 growth conditions could be a result of pADAP suppressing
transcription of chromosomal genes as some plasmids are known to do (127), most notably genes
correlated to metabolism (129), thus conserve energy for reproduction, resulting in a higher cell
density. No such experiment has been performed using RNAseq on pADAP to confirm this.
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Chapter 11 Toxin Anti-toxin
Due to the assumed parasitic nature of plasmids it is often believed that the host would lose the
plasmid over time due to its sometimes-unfavourable selection traits. However, many plasmids are
stable, even in stressful conditions as exemplified in Chapter 10. The duality of the plasmid being a
burden that should be negatively selected on, but meanwhile are found wide spread and are hard to
remove even in optimal lab settings is referred to as the ‘plasmid paradox’ (154).
One key feature of parasitosis is the inability of a host to easily remove the parasite (372). Plasmids
can employ several ways of forcing their perpetuation inside a bacterial population. One of these
systems is referred to as PSKS, sometimes also called addiction systems (373) which involves TA
genes (143). Toxins are accumulated in the cytoplasm and during segregation will be distributed
among daughter cells. To survive, these cells will require an, often less stable, RNA or protein-based
anti-toxin to counteract the toxin. Another type of TA are systems that secrete anti-microbials, and
only anti-toxin carrying cell can survive in their surroundings. Variations of these two exist. Several
pADAP-type plasmids in this study were found to have either one or several TAs or TA-like systems
present, which could explain their persistence in the population.

HigAB
The translated products of the ORFs sea40 and sea41, located in the backbone of all pADAP-type
plasmids, share AA identity to HigAB TA orthologs (Table 11-1). This TA operon is present in the
conjugation region of the backbone as previously described in Section 4.8.1 and shown in Figure
11-1.

Figure 11-1: Replication region of the pADAP backbone. The HigAB orthologous sea40/sea41
operon is situated downstream to the psiA/psiB SOS-repressor operon.
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This group of HigAB TAs are bacteriostatic, meaning they do not destroy the cell, but instead induces
growth arrest. This group is involved with cleavage of mRNA (374) and thus inhibiting translation of
certain genes similar to the VapBC system of TAs (375). The HigB (Sea40) protein is the toxin in this
ORF cluster and the HigA (Sea41) the antitoxin that negates the functionality of HigB through docking
with HigB.
An orthologous TA found in Salmonella choleraesuis serotype typhimurium, designated SehAB was
shown to autorepress its own operon and can disrupt the autorepression in periods of nutritional
stress (376). The paper by De la Cruz et al. (376) on SehAB demonstrates the importance of the TA in
the ability of S. typhimuriums to colonize mice lymph nodes.
The HigAB TA system is also associated with biofilm formation and production of virulence factors in
Pseudomonas aeruginosa (377) and higB (under the ORF name ympt1.66c) has also been determined
to be one of the key factors in the ability of Yersinia pestis to infect a mammalian host with the
bubonic plaque by enabling the bacteria to persist in macrophages (378).
Unfortunately, this link between HigAB and the Sea40 and Sea41 was not identified until the end of
the PhD and therefore no experiments have been performed to show the correlation between this
cluster and colonization, virulence or plasmid stability.
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Table 11-1: BlastX hits of sea40 and sea41. These elements seem to encode a HigAB orthologous TA.
Protein
Sea40

Sea41

Hit
cytoplasmic protein [Serratia grimesii]
Length:
103
Range:
3 to 103
Eval: 8E-68
Ident:
99/101(98%)
Pos:
100/101(99%)
Gap:
0/101(0%)
mRNA interferase HigB (modular protein) [Serratia symbiotica]
Length:
157
Range:
57 to 157
Eval: 8E-65
Ident:
96/101(95%)
Pos:
99/101(98%)
Gap:
0/101(0%)
MULTISPECIES: helix-turn-helix domain-containing protein [Serratia]
Length:
147
Range:
1 to 147
Eval: 4E-101
Ident:
144/147(98%)
Pos:
147/147(100%)
Gap:
0/147(0%)
type II toxin-antitoxin system HigA family antitoxin [Salmonella enterica]
Length:
148
Range:
1 to 147
Eval: 4E-62
Ident:
93/147(63%)
Pos:
117/147(79%)
Gap:
0/147(0%)

Accession
WP_061807487.1
Coverage:
98.0%
CDS57329.1
Coverage:
95.1%
WP_127147056.1
Coverage:
98.0%
EAB5051308.1
Coverage:

63.3%

Table 11-2: BlastX hits of the two TA ORFs found on p1129. These elements seem to encode a Colicin orthologous TA.
Protein
TA OrfA

TA OrfB

Hit
lipid II-degrading bacteriocin [Pantoea ananatis]
Length:
270
Range:
5 to 267
Ident:
118/263(45%)
Pos:
170/263(64%)
colicin M-like protein [Pantoea sp. SJZ147]
Length:
133
Range:
1 to 130
Ident:
69/130(53%)
Pos:
92/130(70%)
colicin M resistance protein [Pantoea sp. Sc1]
Length:
122
Range:
11 to 122
Ident:
38/116(33%)
Pos:
65/116(56%)
Microcin-M immunity protein [Enterobacter cloacae]
Length:
117
Range:
1 to 115
Ident:
31/125(25%)
Pos:
61/125(48%)

Accession
WP_110286972.1
Eval:
Gap:

9E-73
5/263(1%)

Eval:
Gap:

2E-41
1/130(0%)

Eval:
Gap:

3E-14
4/116(3%)

Eval:
Gap:

2.2
10/125(8%)

Coverage:
TWD38167.1

44.9%

Coverage:
EIB96703.1

53.1%

Coverage:
VAF17058.1

32.8%

Coverage:

24.8%
157

Colicins
Five pADAP-type plasmids were found to encode for a colicin orthologous TA. Colicins are secreted
proteinaceous anti-microbial compounds (146). These colicins are frequently paired with a plasmid
encoded immunity proteins (379), to form a TA system.
There are many types of colicins, some associated with pore-forming, some with DNAse or RNAse
activity, and one that is associated with the degradation of cell membrane lipids (380). Colicins
exploit different outer membrane protein (OMP) transport systems, mainly the Tol-Pal system (Type
A) and the TonB transport system (Type B), to get internalized (381).

Colicin systems are commonly found on E. coli associated plasmids, but have been found in the
Yersiniaceae family of bacteria as well, such as a Type A colicin 28b homolog in Serratia marcescens
(382). The plasmids identified in this study which encode a colicin TA encode for a Type B Colicin M
homolog lipid II-degrading bacteriocin (Table 11-2) (383). These ORFs appear to be the first colicin M
genes identified the Serratia genus. Colicin M is transported across the OM through a FhuA
membrane transporter (384). This FhuA protein has a cork domain that “opens” upon interaction
with the TonB box domain (385). The TonB box domain facilitates the transition of ColM through the
FhuA transporter. Once the ColM enters the periplasm, it degrades the peptidoglycan structure
(386). The process with which ColM disrupts bacterial cell activity is shown in Figure 11-2.

158

Figure 11-2: An illustration showing the process with which Colicin M disrupts bacterial cell
activity. Interaction of ColM with FhuA and the TonB box, results in internalization of
ColM into the periplasm. Here the ColM degrades the peptidoglycans resulting in
destabilization of the IM.
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The region on which the colicin TA operon is encoded is positioned 3’ of the Afp encoding cluster, as
characterized in Section 8.3. The colicin M region can be seen in Figure 8-4, and has only been
identified on pADAP-type plasmids, p4, p163, p1129, p1A, pSpF.
Often only a subpopulation of the actual colicin encoding cells are producing the toxin as a direct
effect of the arms race for nutrients between sensitive cells, resistant cells and toxin producing cells
with encoded anti-toxins (145).
Manual assessment of chromosome annotations of isolate 1129 revealed no additional
chromosomally encoded bacteriocins. To confirm that bacteriocins were actually produced by the
colicin orthologous TA operon, the colicin region was deleted using the methods described in Section
2.2.11, Section 2.2.12 and Section 2.2.13, creating the p1129Δcolicin plasmid mutant (Section 2.2.3).
To determine the anti-microbial effects of this colicin M encoding region against other bacteria, the
1129 WT and 1129 containing the p1129Δcolicin were cultured o/n, and bacteriocin extracted using
the purification method described by Hockett et al. (224), as outlined in Section 2.2.18. The protocol
by Hockett et al. was then used to perform a soft-agar overlay screening using both the WT and the
mutant to determine presence of bacteriocins. The indicator bacterium used in the soft-agar overlay
was Dh10B (215). A 5 µl droplet of a 1:1, 1:5 and 1:10 dilution for each sample was added to the softagar overlay. Plates were left for approximately 6 h, and clearing was only observed in droplets from
the WT sample, but regular growth was observed in the p1129Δcolicin mutant bearing isolate (Figure
11-3). This indicates that a bactericidal bacteriocin was produced by the TA operon on the p1129
plasmid.
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Figure 11-3: 100x microscope pictures of plates spotted with purified protein samples. The left
column represents pictures taken from ColM containing spots, purified from WT
isolates. Right column represents spots from purified ΔColM mutant sample. Indicator
strain was Dh10B + pUC30TGFPMut3

These bacteriocins act as anti-microbials in nature, reducing competitive bacteria, but also act as
PSKS by destroying plasmid free segregants.
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VapBC
Four pADAP-like plasmids as well as one non-pADAP-type plasmid in this study were found to contain
a VapC homolog toxin and an AbrB homolog antitoxin, containing a VapB domain (Table 11-3, Table
11-4).
Table 11-3: Isolates containing a VapBC orthologous TA encoding plasmid.
Species
pADAP-type
Serratia
Non-pADAP
Serratia

Isolate
entomophila

AGR96X, Sprot5, LC, 20093

proteamaculans
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The VapBC locus, found downstream of several AfpX encoding pADAP-type plasmids as previously
described in Section 8.3, encodes a bacteriostatic TA system, similar to HigAB mentioned in Section
11.1. The VapBC loci is one of the most common Type II TAs, Type II referring to the mechanism to
nullify the toxin is by a protein based antitoxin, interacting directly with the protein based toxin
(147).
The antitoxin can negatively autoregulate the vapBC operon by binding to the toxin and forming an
octamer, consisting of four VapB and four VapC particles (387) (Figure 11-4). This (VapB2C2)2 octamer
structure is sometimes referred to as the VapBC octamer (VapBCO) complex (388). The VapBCO
complex is formed when a VapC homodimer binds to the VapB homodimer and form a “bridge”. Two
VapBC “bridges” are required for the formation of the VapBCO complex (389). Abundance of VapC
monomers can destabilize the VapBCO complex by invading the VapBCO complex. This results in the
VapBCO complex associated VapC to form dimers with the free-floating VapC monomers and
breaking away. This in turn causes the release of the DNA bound VapBCO complex and leads to
resumption of transcription of the operon. This concentration dependant regulatory system is also
referred to as conditional-cooperativity (388). The operon of TA loci most commonly starts with the
antitoxin gene such as vapB.
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Table 11-4: BlastX hits of the two TA ORFs (orfA and orfB), located downstream of the AfpX region.
Protein Hit
TA orfA type II toxin-antitoxin system VapC family toxin [Brenneria roseae]
Length:
138
Range:
1 to 138
Eval:
8E-92
Ident:
131/138(95%)
Pos:
135/138(97%)
Gap:
0/138(0%)
PIN domain-containing protein [Yersinia massiliensis]
Length:
138
Range:
1 to 138
Eval:
7E-90
Ident:
126/138(91%)
Pos:
133/138(96%)
Gap:
0/138(0%)
TA orfB AbrB/MazE/SpoVT family DNA-binding domain-containing protein [Kosakonia sp. WCHEs120001]
Length:
76
Range:
1 to 76
Eval:
5E-44
Ident:
71/76(93%)
Pos:
74/76(97%)
Gap:
0/76(0%)
Virulence-associated protein vagC [Klebsiella pneumoniae]
Length:
89
Range:
14 to 89
Eval:
4E-43
Ident:
69/76(91%)
Pos:
73/76(96%)
Gap:
0/76(0%)

Accession
WP_136157135.1
Coverage: 94.93%
WP_145494113.1
Coverage: 91.30%
WP_131413711.1
Coverage: 93.42%
AWM64240.1
Coverage: 90.79%
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Figure 11-4: An illustration of the VapBC complex modes of function. If equal amounts of VapB and
VapC are present, two homodimers of VapB and VapC can form the VapBC complex.
Two VapBC complexes can then in turn form the VapBCO complex that is able to
upregulate the transcription of the VapBC operon. If VapC is present in a higher
concentration than VapB, it is able to bind to tRNAfMet and cleave it, causing growth
arrests by preventing global translation of mRNA.

VapC is known for its ability to cleave the prokaryotic initiator Transfer RNA N-Formylmethionine
(tRNAfMet) (390). The tRNAs are required for interfacing between messenger RNA (mRNA) and AAs,
and the synthesis of proteins exclusively starts with a methionine derivative containing a formyl
group, making tRNAfMet essential for translation of all prokaryotic mRNA. The VapC cleaves the
tRNAfMet between the anticodon stem and loop, preventing the tRNA from being used to initiate
translation, thus depleting the cell of its initiation tRNA, and preventing global cellular translation
(375). Cleavage is performed by a ribonuclease PilT N-terminal (PIN) domain (391).
During nutritional stress the unstable VapB antitoxin is degraded more easily by ATP-dependant Lon
proteases, making more VapC monomers available to deplete tRNAfMet (388). This results in a halted
cellular translation, including that of the vapBC operon, eventually spiralling into a complete halt of
cellular translation due to the lack of freely available tRNAfMet. This leaves the cell in a metabolic
persister state, where it is metabolically dormant until exposed to new nutrients (392).
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As a side effect of the dormant state, the cell becomes more tolerant to xenobiotic effectors that
disrupt metabolic pathways (148) and could potentially increase shelf life of the biopesticide product,
or could be used to re-activate dormant cells a season after application.
To determine if the plasmid is less stable with the absence of the VapBC complex in vitro, the 10 day
growth experiment described in Section 10.1.1 was performed with the presence of the XΔNOVa
VapBC deficient mutant Hurst [unpublished data] (Section 2.2.3).
The results (Table 11-5) reveal that the plasmid is stable within the confines of the experiment
regardless of absence or presence of the VapBC construct. The table contains the results of an
antibiotic plate screening of colonies obtained after 10 days on different culture conditions. Dilutions
of the cultures were plated out on LB and patched overnight to LB plates containing Cm for AGR96X
and Spec for XΔNOVa respectively to determine plasmid loss.

Table 11-5: Plasmid retention after 10 days for all AGR96X and the VapBC null Δ OVa mutant.
LB
AGR96X

M9

MitC
2

100/100
94/94
100/100
100/100
XΔNOVa
1
Lytic-rings were seen on top of the broth at several time points.
2

100/1001
100/1001

Not enough colonies were present to assess 100.

165

Chapter 12 Evolutionary divergence
The previous chapters described the relationship between plasmid sequences obtained from the S.
entomophila, S. ficaria, S. grimesii, S. liquefaciens, S. marcescens, S. proteamaculans, and Y.
frederiksenii isolates analysed in this study. This chapter is intended to provide a comprehensive
summary of the diversity within the pADAP plasmid family.

Overview of pADAP-types
The backbone of all pADAP-type plasmids are relatively conserved (Chapter 4) albeit several
insertions have been observed (Section 4.7, Section 4.8). The most notable insertion in the backbone
is a ~3.9 Kb insertion between the traG and trbC gene (Section 4.9). This 3.9Kb inserted region is only
present in pADAP-type plasmids harbored by S. proteamaculans and S. liquefaciens isolates and
therefore is a good indicator of an evolutionary split between pADAP and the other pADAP-type
plasmids. Apart from smaller regions of divergence between the member of the pADAP family
plasmid backbones (as defined in Sections 4.7 through 4.8.3), several highly divergent backbones
were identified (Figure 12-1).
The S. proteamaculans pADAP-type plasmid p465 encodes a putative functional bacteriophage,
designated as Spb, inserted between the Type IVa pili ORFs pilO and pilN. The ~35 Kb Spb encoding
region shares 88% DNA similarity with an homologous bacteriophage encoding region of the S.
proteamaculans non-pADAP plasmid p591 (Section 4.10, Section 8.4).
The S. proteamaculans p1769 pADAP-type plasmid is missing approximately 23 Kb of the conjugative
region from traT to pilL, as outlined in Section 4.10, but surprisingly still encodes a variant of the
demarcation region as discussed in Section 4.12. As described in Section 12.4.2, the 1769 isolate
appears to not be affected in its ability to conjugate the plasmid to other Serratia cells.
The last highly divergent pADAP-like plasmid is that of S. marcescens WVU-005-1, sourced from the
NCBI RefSeq database, originating from a US based clinical sample. Though encoding a different
replication region as outlined in Section 4.11 and Section 4.12, the backbone region of WVU-005-1
has a surprisingly high DNA similarity of 79% to pADAP (Figure 4-7). This is of interest as the plasmid
is not associated with the endemic grass grub.
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Figure 12-1: The five most notable divergent pADAP-backbones. The AGR96X variant is shared
with numerous other S. proteamaculans and S. liquefaciens derived pADAP-type
plasmids.

Due to the highly conserved gene synteny, shared throughout all these plasmids including the WVU005-1, these pADAP-type plasmid backbones, starting from int2 to pilL can therefore be considered a
Serratia associated capturing apparatus (SACA) that seems specific to Serratia spp. The core genetic
make-up of the SACA will be discussed in Section 12.2.
The elements captured by this device include the previously published Sep (Chapter 5) (161) and Afp
(Chapter 7) (161) encoding PAIs, including variants of the Afp such as the AfpX PAI (69), which appear
highly stable as outlined in Chapter 10. In this study several novel regions have been identified such
as the RUF GI (Section 8.1), several conserved regions downstream of Afp and it’s variants (Section
8.3), a cluster of ORFs found on WVU-005-1 (Section 8.6) and a predicted plant associated GI found
on pPuna18 (Section 8.4). These data are summarized in Figure 12-2, showing the synteny map for 12
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different pADAP-like genotypes. The isolates in which each pADAP-like genotype was identified are
listed Table 12-1.

Figure 12-2: Synteny map of the pADAP family plasmid types. The reference pADAP plasmid
[NC_002523] (83) is depicted as type A, the plasmid obtained from strain AGR96X (69)
is depicted as type B. Colours symbolizes regions of interest as outlined in previous
chapters and sections. Green the backbone region (Chapter 4), Blue the Sep and Sef
region (Chapter 5, Chapter 6), purple the Afp region (Chapter 7), red the novel RUF
region (Chapter 8) and unmarked regions are unique to the plasmid type in question
and described in the figure. Synteny blocks are based on progressiveMauve alignment
of all pADAP-type plasmids (393).
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Table 12-1: pADAP-like plasmid genotype per isolate.
Genotype1 Serratia species Isolate
A
entomophila
158, 176, 210, 345, 398, 626, 1100, Diarr, Moraki_2, A1MO2
proteamaculans 142, 145
B
proteamaculans 4, 163, 1A, 20093, SpF, LC, AGR96X, Sprot5
C
proteamaculans 336, 1770, D
D
liquefaciens
376, 377
proteamaculans 1, 143, 1048, 1071, 10novel, 12newD, 25E, CfB, E, G, R10, RM5
E
proteamaculans 1129
F
proteamaculans 1137
G
proteamaculans Puna18
H
proteamaculans 149, 1772, 12a, 12d, 28F, M
I
proteamaculans 299, 1457, K
J
proteamaculans 465
K
proteamaculans 1769
L
marcescens
WVU-005
1
Genotype defined in Figure 12-2
With reference to Figure 12-2 and Table 12-1, plasmids belonging to group C and K contain both the
Sef (light blue), Spp (dark blue) and RUF (red) GIs, however these plasmids have the Sep/Spp and RUF
region inversed relative to the orientation of Sep and RUF found in most pADAP-type plasmids, i.e.
the Spp/RUF region is not 5’ > 3’ downstream of Sef, but instead is 3’>5’ (Figure 12-2). It is not clear
whether this rearrangement of the RUF GIs orientation is due to independent acquisition or due to
genomic reshuffling. These plasmids, except for pD, have a degenerate SppA directly downstream of
the Sef island shown as ‘Degenerate A’ in Section 5.2 and Figure 5-2. It is therefore likely that in
plasmids p336, p1770, p1769 and potentially pD, the Spp has undergone a rearrangement event at
some point in time. Based on coverage plots, there appears to be equal amounts of plasmid DNA to
chromosomal DNA (Section 3.5), strongly suggesting these plasmids are single copy, and no isolates
were identified to carry more than one pADAP-type plasmid, most likely due to a process called
handcuffing (Section 4.2).
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Genetic diversity within genotypes
Although 12 distinct pADAP-type plasmids were identified (designated A-L in Figure 12-2), there is
still significant genetic diversity within each group. As outlined in Section 3.4, plasmids were
annotated using the Prokka feature annotation tool (249). The CDSs of all pADAP-type plasmid, as
produced by Prokka, were clustered using Roary as outlined in Section 2.3.12. The output of the
Roary clustering, using a 90% AA similarity cut-off, shows that within plasmids belonging to similar
genotype (Table 12-1, Figure 12-2), there is significant discrepancy between the conservation of AA
of certain CDSs (Figure 12-3). A very small portion of these differences in presence and absence can
be explained by de novo annotation artefacts created by Prokka, as for example illustrated by the
cleavage of the areA ORF compared to the pADAP reference, as described in Section 4.7. However,
these artefacts can only account for a very small percentage of the diversity of CDSs within
genotypes. The majority is caused by genetic diversity of these CDSs. It a clear example of genetic
drift due to low selective pressure, as exemplified by the high diversity within the Sep encoding
region (Chapter 5). This genetic drift can be interpreted as evolutionary distance between the
plasmids, as mutation rate in plasmids are substantially higher than the chromosome (394). The
plasmid still requires substantial time to accumulate enough mutations to account for AA identity to
drop below the 90% cut-off used by Roary. Raw output obtained from Roary can be viewed in
Supplementary Materials S.32, as well as a longer format plot showing labels for each ortholog
cluster in Supplementary Materials S.38.
Using the Scoary toolset (267), as outlined in Section 2.3.13, the Roary output was analysed for
statistically significant CDSs correlated to user defined classifiers such as ‘Chronic’, ‘Hyper’, ‘Mixed’
and ‘Non-path’ phenotype, based on bioassay data generated for each isolate (Section 12.4).
Unfortunately, the Scoary toolkit was unable to determine any ORFs to be directly correlated to one
of these phenotypical classifiers with enough statistical significance (empirical p-value ≤ 0.05). This is
likely due to the highly diverse plasmids, sequenced for this study, coupled with the small sample size
of some of these pADAP-type shown in Figure 12-2. Full outputs of the Scoary analysis are presented
in Supplementary Materials S.39.
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Figure 12-3: A visualization of the absence/presence matrix produced by Roary. On the X-axis are
the 53 pADAP-type plasmids, and on the Y-axis the 528 orthologous gene groups.
There are several unique regions observable in this plot. A larger plot with readable
labels for each orthologous group on the Y-axis is provided in Supplementary
Materials S.32. Blue labelled strain names are S. entomophila, green S. marcescens,
purple S. liquefaciens and pink S. proteamaculans.
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Based on the backbone conservation discussed in Chapter 4, and the variation of carried PAIs and GIs
as described in the previous Section 12.1, as well as the disparity between CDSs in plasmids proposed
to be of similar genotype as shown in Figure 12-3, it is clear that most plasmids have undergone
substantial change through HGT facilitated indels and nucleotide mutation and replacement through
recombination. This is also reflected in the nucleotide distance matrix presented in Figure 12-4.
Looking at the meta-data obtained from the Roary clustering, as shown in Figure 12-5 and Figure
12-6, some key features of the pADAP-type plasmid family can be observed.
The plasmids belonging to the pADAP plasmid family contain at least 39 core genes, the majority of
which make up the pADAP-type backbone. This cluster of core genes can also be observed in the
block of Replication/Conjugation associated CDSs present in most plasmids show in the
absence/presence matrix (Figure 12-3). On average there are approximately seven unique genes (i.e.
encoding proteins of <90% AA similarity), per plasmid, although this number is slightly skewed by the
inclusion of outliers such as pPuna18 (unique region 114680bp, containing 119 unique CDSs) and
WVU-008-1 (unique region 28330bp, containing 30 unique CDSs).
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Figure 12-4: A DNA similarity matrix of the complete sequence of all 52 pADAP-like plasmids. Blue labelled strain names denote S. entomophila, green S.
marcescens, purple S. liquefaciens and pink S. proteamaculans.
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Figure 12-5: Graphs displaying general statistics of the plasmids assessed in this study. These statistics include total genes per plasmid, unique genes not found
in rest of the set, genes in the set found in 95% of samples, average counts of genes, core genes and unique genes, and general statistics about the
size of the entire CDS dataset. Blue denotes the S. entomophila strains, purple, S. liquefaciens, green, S. marcescens and pink, S. proteamaculans.
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Figure 12-6: Plots depicting plasmid size (top), and violin plot representing CDS size distribution for each pADAP-type plasmid (bottom). Blue denotes the S.
entomophila strains, purple, S. liquefaciens and pink, S. proteamaculans.
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Co-evolution of pADAP-type plasmids to chromosome of isolates
As discussed in Chapter 4, the pADAP backbone could be referred to as SACA, as it has been found in
numerous different species of Serratia and has been shown to contain several different types of GI
and PAIs (Chapter 5 - Chapter 8). To determine whether these regions have been recently been
acquired, or were a distant acquisition that underwent further speciation, the nucleotide bias, GC
skew and codon usage of each plasmid was analysed. Methods used to perform these analyses are
outlined in Section 2.3.14.

12.3.1 Nucleotide bias
One means of discerning if genetic elements are horizontally acquired or have co-evolved with their
chromosomal hosts is by analysing the GC skew (121, 395). Most studies indicate that a lower GC%
compared to the global average is indicative of HGT derived genetic material (396, 397). Amelioration
of novel genetic material to its host mostly occurs through undergoing base mutations from weaker
double hydrogen bound AT to stronger triple hydrogen bound GC nucleotides, in order to conform to
its host GC% (398). Using this information, an attempt was made to show that the pADAP type
plasmids most likely have been acquired over a long evolutionary distance and have co-evolved with
their Serratia counterpart (as outlined in Section 2.3.14). Analysing the nucleotide bias of CDSs on
the backbones of the plasmids, generated using the GCUA toolset (268), revealed that the GC% is
approximately 49% for each Serratia species (Figure 12-7), whereas the chromosomal GC% for S.
entomophila is approximately 51% and that of S. proteamaculans and S. liquefaciens is ~53%, as
identified by Amy Vaughan [unpublished data]. As the WVU-005 dataset was added after this analysis
was performed, the data for the pADAP-type plasmid WVU-005-1 was not included in the graph. The
nucleotide bias for the CDSs found in the backbone of WVU-005-1 is A=25.1%, C=25.3%, G=26.2%,
T=23.0% compared to a 58% chromosomal GC%.

The GC% of the assessed plasmids do not deviate much from their chromosomal counterparts. These
results are not surprising when realizing that there are pADAP-type plasmid variants that are
potentially plant associated (pPuna18), based on the carriage of plant related secondary metabolites
and enzymes, or even mammalian associated (pWVU-005), therefore are unlikely to have crossed
paths with isolates associated with insects, which make up the majority of the dataset assessed in
this study. Instead, these results are indicative of speciation through co-evolution with the
chromosomal components of the isolate and provide a clue towards determining whether the SACA
has been deep-rooted Serratia associated element.
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When assessing the nucleotide bias of CDSs of the entire plasmid (Figure 12-8), the S.
proteamaculans based plasmids show significantly more variant nucleotide distributions. This shows
that although the backbones of the pADAP family of plasmids have ameliorated to the chromosomal
nucleotide bias over a potentially longer period of evolutionary time, some of the GIs and PAIs such
as Sef, Sep and Afp, outlined in Chapter 5 - Chapter 8, have not undergone this process yet, and
therefore have likely been recently acquired, although variations are slight. No change was observed
in the S. entomophila pADAP plasmids, indicating that these plasmids are fully optimized to their
chromosomal counterparts and haven’t undergone substantial change in recent times. The WVU005-1 plasmid was again not included in the figure, but displays little difference A=25.0%, C=25.7%,
G=26.7%, T=22.6% relative to the nucleotide bias found in the plasmid backbone.
Raw nucleotide bias data, as well as the R-script used to generate their respective plots, are provided
in Supplementary Materials S.40, S.40 and S.40.

12.3.2 GC skew of GIs and PAIs
When a GC skew is overlaid on top of the synteny map, it become clear which GI’s and PAIs, or parts
thereof, have a significant GC skew relative to the pADAP-type backbone (Figure 12-9). The RUF GI
(discussed in Section 8.1), shown in red in Figure 12-9, shows a very low GC%, indicative of a more
recently acquired sequence. Most notably, the area surrounding the orphan sppA/sppB (visualized in
Figure 8-1, light red in Figure 12-9) reveals a substantial drop in GC% compared to the rest of the
plasmid, which is to be expected as they are remnant paralogs, meaning there is very low selective
pressure on them, if any at all, allowing for higher mutation rates without affecting pathogenicity or
plasmid stability.
Areas surrounding Afp17/18 also show lower GC%, indicative of higher mutation rates. These
findings are in line with a recombination hotspot. Higher rates of mutations are also a known feature
to have for organisms in a predator-prey relationship (399), as is the case with pADAP bearing
Serratia isolates and their grass grub larvae prey. Routine mutation are key in speciation, and
genomic drift (394).
When comparing plasmids derived from S. entomophila such as Type A (pADAP), F (p1137) or G
(pPuna18) to a S. proteamaculans type such as Type B (pAGR96X) in Figure 12-9, the divergent
backbone region outline in Section 4.9, is also visually represented by a drop in GC% at the ~27 Kb
point only found in the S. proteamaculans plasmids such as Type B in Figure 12-9. This drop overlays
with the inserted region and shows that this region is a more recently acquisition in S.
proteamaculans pADAP-type plasmids, as opposed to a recent loss by S. entomophila and S.
marcescens pADAP-type plasmids.
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Figure 12-7: Whisker plot showing the nucleotide biased in the pADAP-type plasmid backbone CDSs. Although it seems as if the S. proteamaculans have more
divergence nucleotide bias, this can also be explained by the larger number of S. proteamaculans pADAP-type plasmids in this dataset. The S.
proteamaculans group also contains two outlier strains, 1769, which is missing portion of the conjugation region and the p465 plasmid backbone,
which has a Mu-like phage inserted into it.
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Figure 12-8: Whisker plot showing the nucleotide biased over all pADAP-type plasmid CDSs. Although it seems as if the S. proteamaculans have more
divergence nucleotide bias, this may reflect the larger number of S. proteamaculans pADAP-type plasmids in this dataset.
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Figure 12-9: A GC distribution plot, overlaid on top of a synteny map for a representative of each of
the 12 pADAP genotypes.
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12.3.3 Codon usage analysis
Another way of assessing whether horizontally acquired MGEs, such as these pADAP plasmids,
frequently change hosts or whether they have co-evolved with their host over a long evolutionary
time, is by analysing the amino acid frequency and codon usage bias (400). As bacteria reside in
different micro milieus, their nutritional intake will be substantially different. Meaning, for some
bacteria, certain amino acids can be more or less abundant than others. Using the GCUA toolset
(268) as outlined in Section 2.3.14, all translated CDSs obtained from the pADAP-type plasmids were
analysed for amino acid frequency, codon usage, and stop codon bias. Figure 12-10 displays that
amino acids residues such as Leucine (Leu) and Alanine (ALA) are heavily favoured over Tryptophan
(Trp) and Cysteine (Cys) for example. As shown, there is little variation between the different
plasmids despite being associated with different target organisms such as the pADAP carrying S.
entomophila and pAGR96X bearing S. proteamaculans being insecticidal plasmids associated with
grass grub larvae, the S. marcescens associated WVU-005-1 being associated with mammals, and the
S. proteamaculans isolate carrying pPuna18, which encodes for a nitrogen fixation cluster, most likely
being a plant associated plasmid.
The amino acid frequencies themselves are not noticeably different from frequencies observed in
other organisms, as there is an innate bias in amino acid usage such as an abundance of Leucine and
Serine residues in almost all types of organisms (401, 402). Leucine residues have a high propensity
to be buried due to their non-polar hydrophobic qualities: their main function is maintaining a stable
hydrophobic core and are rarely directly involved with protein function. Serine is a lightly charged
residue found on the inside and surface of many proteins, most notably in active sites of proteases,
lipases etc. The frequency of amino acids can therefore not be affected too much in order to be able
to make stable protein products. The less abundant residues such as the mentioned Tryptophan and
Cysteine both serve specialist functions and are used less frequently across all organisms. Tryptophan
is hydrophobic residue with non-polar side chain, it helps in forming sharp turns in tertiary structures
and Trp plays a crucial role in anchoring membrane proteins. Cysteine is generally considered a polar
and hydrophilic residue. The Cys residue contains a sulphur group which is able to form strong
disulphide bonds in proteins, increasing rigidity and provide resistance from proteolytic activities
from enzymes.
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The codon usage used to make mRNA however has been shown to change from species to species
within the same genus (400). Plasmids containing CDSs that heavily bias towards certain types of
transfer RNA (tRNA) could deplete availability of needed tRNAs and reduce chromosomal mRNA
production, potentially resulting in lower fitness of the cell (129, 154). Therefore, codon usage could
result in incompatibility between plasmid and chromosome. A heatmap configuration of the codon
biased expressed in relative synonymous codon usage frequency (RSCU) (403) is presented in Figure
12-11 for the pADAP-type backbone, and Figure 12-12 for the entire pADAP-type plasmids. The RSCU
score is the observed frequency of amino acids compared to the expected frequency of all
synonymous codons being present equally.
Through the assessments of the heatmaps depicted in Figure 12-11 and Figure 12-12, it was observed
that there is a high affinity towards CGC and low affinity towards AGA and AGG to encode for an
Arginine (Arg) residue, as well as a high affinity towards CUG and low affinity towards CUA to encode
for a Leucine (Leu) residue. Other than these two examples, most codons are relatively equally used
across all plasmids assessed in this study. No significant differences are observed between codons
used in the pADAP-type backbones compared to the CDSs of the entire plasmids.
Assessments of the stop codon bias in pADAP-type plasmids, revealed that all plasmids exhibit the
UAA, UAG, UGA stop codons of which UAG is used the least prevalent. Models by Povolotskaya et al.
(404) show that UAA codons are overly present in bacteria with low GC% and UGA in GC rich
bacteria. They also showed that UAG is negatively selected on based on substitution rates. With the
pADAP-type plasmids showing an average GC content of 49% (Figure 12-7), as well as having a
chromosomal GC% of 51%, 53% and 53% for S. entomophila, S. proteamaculans and S. liquefaciens
respectfully as assessed by Amy Vaughan [unpublished data] (Section 12.3.1), they conform to the
predicted stop codon distribution observed in the Povolotskaya model.
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Figure 12-10: Average frequency of amino acids used in each pADAP-type plasmid. Blue labelled strain names are S. entomophila, purple S. liquefaciens, pink S.
proteamaculans.
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Figure 12-11: Codon usage plot for pADAP-type plasmid backbone CDSs. This plot reveals the codon biased for the plasmid backbones. Apart from the two
outliers 1769, which is missing the conjugation region and the 465 plasmid backbone, which has a Mu-like phage inserted into it, there are no
noteworthy differences in codon bias. Blue labelled strain names are S. entomophila, purple S. liquefaciens, pink S. proteamaculans.
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Figure 12-12: Codon usage plot for pADAP-type plasmid backbone CDSs. This plot reveals the codon bias for the pADAP-type plasmids. Blue labelled strain
names are S. entomophila, purple S. liquefaciens, pink S. proteamaculans.
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Figure 12-13: Stop codon bias analysis performed on all pADAP-type plasmids. Blue labelled strain names are S. entomophila, purple S. liquefaciens, pink S.
proteamaculans.
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pADAP-type plasmid and chromosomal host correlation
As exemplified in the previous Sections 12.1, Section 12.2 and Section 12.3, a hypothesis was formed
that the pADAP family of plasmids were once a SACA, comprising the elements found on the pADAP
backbone, which has accrued different PAIs and GIs over a long evolutionary timeframe. Through this
time, older elements such as the Sep GI have potentially undergone large amounts of mutations
leading to further speciation and resulting in different bioactivity in grass grub larvae, presented in
Table 3-1. This mutation through low selective pressure might have been a result of certain
subspecies moving out of the grass grub associated milieu and entering other ecosystems.

12.4.1 Phylogeny
As outlined in Section 4.1Chapter 4, RepA is the core replication element needed for replication of
pADAP-type plasmids. There are RepA orthologs found on numerous non-pADAP plasmids as
depicted in Figure 4-1. Therefore, the RepA can be used to display the evolutionary distance between
pADAP-type plasmids. The nucleotide alignment-based ML tree, depicted in Figure 12-14, displays
clear clustering of the S. entomophila pADAP plasmids as a separate group.
In Section 12.3, an attempt was made to show that despite the potential handcuffing described in
Section 4.2, the main limitation behind pADAP-plasmids recombining and optimizing PAIs by
exchanging them out for more efficient PAIs such as AfpA or Afp for AfpX, is most likely due to the
limited interaction these isolates have with one another. To show this, a 16s based phylogenetic tree
was correlated to a phylogenetic tree generated using 13 core pADAP-type backbone genes (as
outlined in Section 2.3.15) that were found in all pADAP-type plasmids analysed in this study. Using a
tanglegram approach, the two trees were linked to one another. This analysis was undertaken to see
if plasmids would cluster to members of the same genotype as shown in Section 12.2, based on only
these 13 core backbone ORFs, as well as see if these clusters show similarities to the clustering of the
chromosome.
The 16s ML tree tangled to the pADAP-type core backbone gene super tree is presented in Figure
12-15. The figure reveals that all chronic disease inducing pADAP plasmids originating from S.
entomophila (as well as the two pADAP plasmids found in the S. proteamaculans isolates 142 and
145) cluster together in the plasmid backbone tree, and correlates nicely with the clustering of the S.
entomophila 16s tree. This shows that the pADAP plasmid is a plasmid that is most notably
associated with S. entomophila rather than S. proteamaculans, with the S. proteamaculans 142 and
145 isolates being the exception.
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In the instance of p142 and p145, these are indicative of the potential for these pADAP plasmids to
be transferred to different species within the Serratia genus as is shown experimentally in Section
12.4.2.

Figure 12-14: A repA ML tree. Blue labelled strain names are S. entomophila, green S. marcescens,
purple S. liquefaciens and pink S. proteamaculans.
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Figure 12-15: 16s ML tree tangled to the pADAP-type core backbone gene supertree. Blue labelled strain names are S. entomophila, green S. marcescens,
purple S. liquefaciens and pink S. proteamaculans.
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No S. proteamaculans associated pADAP-type plasmid was observed in a S. entomophila isolate. The
two S. liquefaciens isolates 376 and 377 cluster into their own 16S group, however their pADAP-type
plasmids appear to be S. proteamaculans derivatives, potentially indicating that the S. liquefaciens
isolates have acquired the plasmids later than S. proteamaculans, and potentially through an S.
proteamaculans donor.
The outlier S. marcescens strain WVU-005, as expected, clusters with the S. marcescens 16s reference
sequences. However, the WVU-005-1 plasmid is the most distinct plasmid based on the 13 backbone
ORFs, and may indicated that the pADAP-type backbone potentially has been around of a very long
time, and thus are only seeing a distinct branch of pADAP-type plasmids in this study.

12.4.2 Conjugation of pADAP-type plasmids
Based on the results presented in the previous section in this chapter, the reason behind the
divergence of pADAP-type plasmids, and the lack of convergence towards one optimal insecticidal
plasmid is most likely the lack of opportunities to exchange plasmids, as well as limitations in plasmid
recombination. The outlier plasmids WVU-005-1 and pPuna18, found in S. marcescens and S.
proteamaculans respectively, are great examples of the SACA having acquired GIs with no apparent
insecticidal functionality, and therefore illustrate speciation and exemplify that the pADAP-type
backbone has co-evolved with the Serratia genus over a long evolutionary timeframe.

Grkovic et al. (85), showed that conjugation from the S. entomophila into other Serratia species was
possible, and that the conjugated plasmid was able to induce the pathogenic response in grass grub
larvae in a bioassay. It also showed that the S. liquefaciens 377 isolate (wrongly labelled S.
proteamaculans in the article), upon conjugation, lost its original plasmid, which this study showed to
be a pADAP-type plasmid. This loss is likely due to the self-incompatibility of pADAP-type plasmids
(Section 4.2). In another article by Glare et al. (86), it was shown that the pADAP plasmid could be
conjugated into other members of the Enterobacteriaceae family, albeit with an additional
mobilization cluster cloned into the plasmid. These examples show that pADAP has very little
problem transferring from S. entomophila to S. proteamaculans.

To confirm whether it’s also possible to transfer from S. proteamaculans to S. entomophila, several
triple tagged pADAP-type plasmids were conjugated to the pADAP heat-cured mutant of the S.
entomophila A1MO2 typestrain, labeled 5.6 (81), as well as a plasmid-free S. proteamaculans strain,
labeled 3041 or Tukino (81).
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The S. proteamaculans pADAP plasmid p145 as well as the S. entomophila pADAP plasmids p210,
p398 and p1100, were triple tagged by recombining CmR, SpR and KmR cassettes into the plasmid
backbone, Sep region and Afp region respectively, as further discussed in Section 2.2.14. The S.
proteamaculans pADAP plasmid p142 as well as the pADAP-type plasmids p149 and p1129 were only
tagged in the backbone with a CmR cassette. The S. proteamaculans pU143 plasmid does not encode
for Afp therefore was only tagged in the backbone and Sep region with CmR and SpR respectively.

Table 12-2: Results of trans conjugating tagged plasmids to plasmid free strains 5.6 and 3041.
Species
Isolate
Plasmid
5.6*
Serratia
entomophila
210
p210All
✓
Serratia
entomophila
398
p398All
✓
Serratia
entomophila
1100
p1100All
✓
1
Serratia
proteamaculans
142
p142BB
✓
Serratia
proteamaculans
143
pU143BS2
✓
Serratia
proteamaculans
145
p145All
✓
1
Serratia
proteamaculans
149
p149BB
✓
Serratia
proteamaculans
1129
p1129BB1
✓
* isolates were transformed with the TcR pACYC184ΔCM to facilitate screening

3041*
✓
✓
✓
✓
✓
✓
✓

BB = Backbone tagged, BS = Backbone + Sep tagged, ALL = Backbone + Sep + Afp tagged
1

Plasmids were only CmR tagged in the backbone

2

Plasmid does not contain Afp, therefore was only CmR and SpR tagged in backbone and Sep region

respectively

All results were validated using Box-PCR profiles (Section 2.2.6), and Kado and Liu (Section 2.2.10) to
determine the donor plasmid was conjugated into the proper recipient cell [unpublished data].
Occasionally the pACYC184ΔCM vector transferred to the donor cell, but through the double
validation using Box-PCR and mega plasmid visualization, it was possible to define the correct transconjugants and validate conjugation from one species to another. Bioassays performed with several
transconjugants also showed that pathogenicity was transferred, as previously shown by Grkovic et
al. (85) and Glare et al. (86) (Table 12-3). Of note, higher virulence was noted in the S.
proteamaculans 145 WT as opposed to S. entomophila 5.6 or S. proteamaculans 3041 carrying the
p145 plasmid (Table 12-3). Similar observation was made for the S. proteamaculans 210 WT
compared to the S. entomophila 5.6 carrying the p210 plasmid, however the S. proteamaculans 3041
carrying p210 mutant produced similar bioassay results. These findings suggest the presence of a
chromosomal component in the bioactivity towards grass grub larvae.
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Table 12-3: Bioassay results of transconjugants of S. entomophila (210 and 1100) and S.
proteamaculans (145) based pADAP plasmids conjugated into the plasmid free S.
entomophila (5.6) and S. proteamaculans (3041 / Tukino) type strains.
Strain
Control
5.6
3041
145
5.6 + p145_ALL
3041 + p145_ALL
210
5.6 + p210_ALL
3041 + p210_ALL
1100
5.6 + p1100_ALL

Disease%
2.4 ±

1.7

95.8
66.7
66.7
90.9
75.0
91.7
87.5
75.0

4.2
14.2
14.2
6.3
13.1
8.3
6.9
13.1

±
±
±
±
±
±
±
±

Mortality%
1.2
± 1.2

4.2
0.0
8.3
4.5
0.0
0.0
8.3
8.3

±
±
±
±
±
±
±
±

4.2
0.0
8.3
4.5
0.0
0.0
5.8
8.3

Affected%
3.6 ± 2.0

100.0
66.7
75.0
95.5
75.0
91.7
95.8
83.3

±
±
±
±
±
±
±
±

0.0
14.2
13.1
4.5
13.1
8.3
4.2
11.2

These results, combined with the results shown by Grkovic et al. (85) and Glare et al. (86), show that
there is no limitation behind pADAP plasmid transfer within the Serratia genus apart from the
physical location of donor and recipient cells carrying different pADAP-type plasmids.
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Chapter 13 Summary of the pADAP family of plasmids and their
features
When combining the results from all previous chapters, including the results presented in this
chapter, the data revealed an abundance of evolutionary traits such as mutation, HGT, acquisition
and deletion of genetic material, DNA shuffling and inversion of GIs occurring in these pADAP-type
plasmids. This reveals that natural selection is allowing plasmids to evolve in different directions and
potentially enabling their bacterial hosts to thrive in different niche environments. Although the
initial goal of this study was to define correlation between presence and absence of major
pathogenicity associated islands such as Sep and Afp PAIs and the bioactivity the isolates have
towards C. giveni larvae, the results of this work revealed evidence towards genomic drift of
plasmids, and indirectly chromosomes, to optimize bacterial fitness in numerous ways that may
reflect an arms races for bacterial dominance.
As a summary of the results accumulated through this study, a figure was generated (Figure 13-1). In
this figure the genetic types of each identified PAI and GI are shown using a colour key shown in the
top left of the figure. This figure encompasses all the information presented in previous chapters.
With reference to Figure 13-1, it is evident that there is a high degree of plasmid diversity.
A proposed model of the evolution for the pADAP plasmid family is depicted in Figure 13-2. This
figure is meant to illustrate the hypothesized events that led to the formation of all the pADAP
genotypes outlined in Section 12.1. As previously touched on, it’s most likely a Serratia associated
capturing apparatus, that consists of portions of the replication and the conjugation regions of the
pADAP backbone, has co-evolved with different Serratia species and isolates for a long duration. It’s
unclear how long, as plasmids do not conform to fixed rates of mutation and often allow for HGT of
large GIs or small MGEs and have lower selective pressure. In reference to Figure 13-2, this model
assumes that regions observed more frequently, have been acquired prior to the ones that appear in
smaller sub-populations.

There is very little correlation between presence or absence of certain GIs and the phenotype
produced by the bacteria, nor is there any correlation between geographical location and type of
pADAP-type plasmid carried by the isolate. The only conserved group of plasmids are the pADAP
plasmids found in S. entomophila.
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The pADAP carrying S. proteamaculans isolates 142 and 145 however, although carrying a highly
conserved pADAP plasmid, do not have the same bioactivity as pADAP bearing S. entomophila
isolates, indicative of a chromosomal aspect to pathogenicity as well. Further study into the
chromosomal aspect is currently being undertaken by Amy Vaughan and will hopefully shine more
light on the intricate mechanics surrounding proliferation, colonization and pathogenicity of pADAPtype plasmid bearing bacteria.
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Figure 13-1: A high level overview of all the data accrued throughout the course of this study. The
backbone tree shows the genetic similarity of plasmids based on 13 core backbone
genes (Section 12.4). Each column represents the specific type of genetic makeup as
described in previous chapters, Genotype (Section 12.1), Pathotype (Section 3.2),
Backbone (Section 4.10), Demarcation region (Section 4.12), Sef (Chapter 6), Sep
(Chapter 5), Afp (Chapter 7), RUF (Section 8.1), Country (Section 3.3). Due to large
range of divergent Sep, only Sep bearing (green) and degenerate (purple) are shown.
Additional data such as presence of additional plasmids in bacterial cell, and province
from which isolate was obtained are also presented. Blue labelled strain names are S.
entomophila, green S. marcescens, purple S. liquefaciens and pink S. proteamaculans.
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Figure 13-2: A model of the evolutionary speciation of the pADAP family of plasmids. This model is based on findings of this study and the assumption that
regions shared more frequently are result of one shared event, and regions shared less frequent have happened subsequently. Blue branches are
S. entomophila, green S. marcescens, purple S. liquefaciens, pink S. proteamaculans, orange Y. frederiksenii.
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The Serratia supergenome
Plasmids allow diverse taxa to obtain novel genetic material. Plasmids shared between different taxa,
also referred to as communal plasmids, are part of what is called the supergenome (117). The
supergenome consists of shared genetic sets of MGE that can be exchanged between a communal
pool of bacteria, and sometimes between several pools in different hosts or environments.
The pADAP plasmid family analysed in this study has at one point been part of this supergenome but
now act more as secondary chromosomes or chromids. Instead several isolates analysed in this study
carry additional plasmids, or do not carry a pADAP plasmid at all and instead carry other plasmids
that might fulfil this role of actively partaking in the supergenome. Some of these non-pADAP
plasmids carry pADAP elements such as the Sep encoding region found on a plasmid of Y.
frederiksenii 49, identified by Dodd et al. (90) and discussed in Section 5.1.
Other non-pADAP plasmids such as the S. entomophila pD1 and the S. proteamaculans p591, pMan4
and pSm1a were also found to carry Sep as well as Sef elements. The p591 also carried a seemingly
functional bacteriophage encoding region, also found to be encoded on the S. proteamaculans based
pADAP-type plasmid p465 (Section 8.5). Other elements such as the shared VapBC element with nonpADAP plasmid p220-1 (Section 11.3) were identified as well. This revealed that although the pADAPtype plasmids do not appear to actively transfer genetic elements, there are numerous non-pADAP
plasmids seemingly capable of still acquiring and transferring novel material. To demonstrate the
complexity of bacterial plasmids, a synteny analysis for all plasmids assessed in this study was
performed. The synteny blocks were converted to a binary absence/presence matrix to show regions
shared with different plasmids (Figure 13-3). These regions however vary in size which is not
reflected in the figure.

Full nucleotide sequence identity between all plasmids was obtained though alignment of all
plasmids in this study using the MAFFT toolset (405). Results were converted into a nucleotide
distance matrix, presented in Figure 13-4. These figures show that even when excluding the
chromosomal differences between isolates, the differences in the plasmid genomes of closely related
bacteria can be vast, and much effort is needed to model the exact functional impact this genomic
disparity has on bioactivity.
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Figure 13-3: Absence/presence matrix of shared synteny blocks among several pADAP-type and
non-pADAP plasmids. Blue labelled strain names are S. entomophila, green S.
marcescens, purple S. liquefaciens, pink S. proteamaculans, grey S. grimesii, black S.
ficaria, orange Y. frederiksenii. Analysis was performed using progressiveMauve (393).
Full dataset including block sizes and location are provided in Supplementary
Materials S.44.
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Figure 13-4: A DNA similarity matrix of the complete sequence of all plasmids sequenced in this study. Blue labelled strain names are S. entomophila, green S.
marcescens, purple S. liquefaciens, pink S. proteamaculans, grey S. grimesii, black S. ficaria, orange Y. frederiksenii. Larger version of this image is
presented in Supplementary Materials S.45.
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Chapter 14 General discussion
Conclusion and Discussion
The pADAP plasmid (81) was first isolated from a C. giveni bioactive strain designated A1MO2 (77),
resulting in the formation of two insecticidal products based on the phage resistant strain 626. The
first product being Invade™ by Coated Seed NZ Ltd. (65, 78) and the second being Bioshield™ by
BioStart™ (87), both garnering some commercial success. The pADAP plasmid was found to encode
for two separate insecticidal elements, the Sep Toxin complex (161) and the Afp anti-feeding
prophage particle (161). New isolates with bioactivity were believed to contain the same clonal
pADAP plasmid until sequencing revealed pADAP elements having been horizontally transferred to a
Y. frederiksenii 49 plasmid (90) and new Afp variants with different pathogenic phenotypes were
found such as AfpX found in S. proteamaculans AGR96X (69). Based on these findings, this study
commenced with the goal of sequencing a large number of inhouse isolates with different
geographical, phenotypical and experimental features to analyse the genetic diversity of the
pathogenic elements found on the plasmids and determine whether these elements were
horizontally acquired, and to experimentally prove active transfer of these elements to other cells.
The data accumulated through the course of this study enabled further prediction of the origin of the
pADAP plasmid family and its acquired regions. The S. entomophila related pADAP-type plasmids
share a high percentage of similarity in both phenotype, gene absence/presence and nucleotide
level, outliers such as the two pADAP carrying S. proteamaculans isolates 142 and 145
notwithstanding. The previously observed divergent band patterns in S. proteamaculans on Kado
and Liu plasmid visualization gels (81), as well as DraI restriction profile gels (84, 94), suggested
genetically diverse Sep and Afp PAIs. Through genomic sequencing and annotations, it has become
clear the diversity presented on these plasmid visualization and restriction gels reflected a heavily
diverse set of plasmids, both pADAP-types and non-pADAP types. These results are similar to other
studies on comparative plasmidomics undertaken with Rickettsia (406), Sulfolobus (407), Klebsiella
pneumoniae (408), Listeria monocytogenes (409) and in Bacillus thuringiensis and Bacillus cereus
(63). In each of these studies, an array of dissimilar plasmid variants was identified, despite being
hosted by closely related bacterial isolates belonging to one specific species or genus.
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Plasmids have been shown to be a driver in the rapid adaptability of bacteria to new environmental
factors due to low selection pressure that enables acquisition, deletion and optimization of encoded
genes. One paper by Drake et al. (410) suggests the F plasmid found in E. coli has a five to 20 times
higher mutation rate than the chromosome, which is estimated to be 1/300 base per genome per
replication. This results in plasmids evolving quicker than their chromosomal counter parts, leading
to chromosomally similar isolates having vastly differentiated plasmids.
The rapid evolution of these plasmids further stimulates genomic drift of the cell as it allows for
speciation into niche micro milieus.
The diverse nature of pADAP-type plasmids might be a result of strains residing in a specific niche
where pathogenicity is not under high selective pressure, for example, for isolates residing in areas
void of grass grub, or alternatively, being associated with a yet to be determined host organism.
Another possibility is that certain sub species of Serratia take on a role of “cheats”, and profit from
the pathogenicity of bioactive pADAP-type carrying Serratia species. Further to this, the hypervirulent nature of some variants may limit their capacity to spread, where rapid infection and death
of the host, limits the opportunity to spread, through reduced host contact. This may make
convergence of all pADAP-type plasmids towards one efficient plasmid unlikely.

There is no observable incompatibility between pADAP-type plasmids and Serratia isolates, based on
conjugation experiments undertaken in this study and previous studies undertaken by Grkovic et al.
(85) and Glare et al (86). Therefore, it is likely that the genetic diversity of pADAP is a result of
isolates having limited or no contact and/or occupying different niches.
This study identified several novel regions including a previously undescribed putative exotoxin
effector present in several pADAP-type plasmids, a novel Afp variant designated as AfpA, found on
the p1137 plasmid, a bacteriophage found inserted between the between pilO and pilN ORF in the
conjugative region of p465, and several novel regions downstream of the Afp, AfpA and AfpX regions,
one of which encodes a VapBC toxin-antitoxin system.

An attempt was also made to confirm whether the Sep and Afp pathogenicity associated islands
(PAIs) are still mobile through mutating the plasmids with antibiotic cassettes and observing the loss
of resistance, both in vivo and in vitro, but no loss was observed. Fitness experiments revealed that
the A1MO2 pADAP carrying strain has fitness benefits over the pADAP heat-cured strain 5.6 in
several growth conditions including nutritional stress as well as under MitC induced DNA damaging
stress.
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Based on all these findings, it can therefore be concluded that these pADAP plasmids are highly
stable, and do not pose much of a burden on the host’s fitness in the confines of the experimental
design. Based on the similarity of the pADAP backbone from plasmids found in S. entomophila, S.
proteamaculans and S. marcescens, combined with aforementioned experiments performed in this
study and studies done by Glare et al. (86) and Grkovic et al. (85), it appears the pADAP type plasmids
are easily transmittable to non-plasmid bearing Serratia cells that, once infected with the plasmid,
are unable to easily rid themselves of it.
A major factor in the genetic diversity of the pADAP plasmid family is most likely the limited contact
between pADAP-type plasmid carrying bacterium and their ability to interact with the greater
Serratia supergenome. The S. entomophila and S. proteamaculans species that carry pADAP are
tightly associated with the grass grub larvae, as bioassays on closely related species often show no
bioactivity. It is also known that grass grubs, upon reaching the beetle stage, do not traverse long
distances from their site of emergence, therefore limiting the distance that pADAP-type plasmid
carrying Serratia bacteria can spread.
Another factor limiting spread is the death of infected larvae, reducing adult mediated transfer of the
Serratia pathogen. Therefore it is likely that the majority of the genetic diversity, seen in the samples
analyzed in this study, are a localised homogenization of the pADAP-type plasmid for that specific
area, where interaction with non-pADAP carrying bacteria may increase the frequency of HGT of the
plasmid.

As each region differentiated its pADAP and allows Serratia species to enter new niches, the
interaction with these differenntiated pADAP is further diminished, resulting in distinct pADAP
genotypes. The driving force between the pADAP disparency is mostly due to HGT facilitated natural
selection, vertical transmission and point mutations, and less likely due to active HGT of large
genomic islands and direct genetic recombination between pADAP elements.
The Figure 14-1 is provided to illustrate the previously outlined reasons behind the limited spread of
the pADAP-type plasmids.
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Figure 14-1: Examples of limitations of pADAP spread and convergence towards one pADAP genotype. A) a simplified schematic of the Serratia bacterium, B)
Plasmids are single copy, as additional plasmids will result in dimerization of the two in a process called handcuffing, C) Plasmids can conjugate to
other Serratia cells that experience no chromosomal anomalies that inhibit pADAP stability, D) Plasmids cannot conjugate to other Serratia cells
already carrying a pADAP-type plasmid due to the reason mentioned in (B), E) Several plasmids carry TA operons that produce anti-microbial
compounds, preventing interaction between plasmid bearing and plasmid free bacteria, F) Several plasmids carry PSKS TAs that produce toxic
compounds, killing or debilitating progeny deprived of a pADAP replicon.
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Concluding remarks
Although there are many plasmid-based factors involved with virulence, two of four of Koch’s
postulates revolve around the notion that disease associated effectors should always cause disease.
However, none of the disease inducing isolates discussed in this study or in previous studies were
shown to have a 100% success rate with a maximum dose challenge. This indicates that there is much
more to learn about the disease states of the chronic Amber disease, and the hyper-pathogenicity
induced by AfpX encoding plasmids. Several AfpX encoding pADAP-type plasmid carrying isolates also
show that the hyper-pathogenicity observed in bioassays performed with the AGR96X type strain are
unique to that strain, and not unique to the plasmid. Therefore, there must be additional
chromosomal factors involved, potentially regulating AfpX production, or help with host infection in
some unknown way. The work in understanding the chromosomal aspect of these diseases is
currently being undertaken in another PhD study by Amy Vaughan.
It is also a known fact that bioassays performed on different days, different seasons or using grass
grub larvae obtained from different regions, can occasionally have surprisingly different results, with
one isolate showing as much as a 15.1% standard error rate based on triplicate bioassays. This
suggests that the grass grubs themselves also have means of preventing disease, and it has been
postulated that there might be genetic components involved, or even C. giveni sub species. Little
work has been undertaken on this endemic species with deep rooted ties to New Zealand culture and
agricultural industry and research in this field could identify weaknesses or resistance mechanisms
present in grass grub larvae that could become useful in future population control.
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Supplementary materials
The following documents are in support of statements made in previous chapters. Supplementary
data can be downloaded from https://www.doi.org/10.25400/lincolnuninz.12736217

Sequenced samples
The following document is an excel sheet containing all the characteristics associated with the
sequenced strains. This includes names and alternative names, locations, sequencing technologies,
plasmid size based on the Kado and Liu megaplasmid visualization protocol (219) undertaken by
Dodd et al (94), pathogenicity values based on maximum oral challenge bioassays (81) undertaken by
Hurst [unpublished data] and this study, plasmid size based on assembly results (this study), the
breakdown of the elements contained on the pADAP plasmid such as AFP, SEP and backbone (this
study), classification of variant types, and any additional comments.

M9 minimal medium recipe
The following tables contain the recipe for M9 minimal medium

Table S-1: Recipe for M9 minimal medium.
M9 5x Stock
64 g
Na2HPO4-7H2O
15 g
KH2PO4
2.5 g
NaCl
5.0 g
NH4Cl
Adjust to 1000 ml with distilled H2O

M9 working solution
700 ml
MilliQ dH2O
200 ml
M9 (5x) Stock
2 ml
1M MgSO4
20 ml
Casamino acid (20% w/v)
100 µl
1M CaCl2
Adjust to 1000ml with MilliQ dH2O
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Kado and Liu buffers
The following tables contain the buffer recipes used to perform a Kado and Liu megaplasmid
visualization.
Table S-2: Recipes for the Lysis solution and E buffer used in Kado and Liu megaplasmid
visualization.

Lysis solution
0.121 g
Tris base
6 ml
SDS (10%)
0.82 ml
2M NaOH
Make up to 20 ml with MilliQ dH20

E buffer (20x)

E buffer working solution
90 ml
MilliQ dH2O
10 ml
E buffer (20x)

0.968 g
Tris base
3.3 ml
3M NaAc
4 ml
0.5M EDTA
Make up to 100 ml with MilliQ dH20
Adjust pH to 7.9 with glacial acetic acid

PCR reagents and settings
The following tables contain the reagents used for a PCR reaction, and the temperature and time
settings for a default PCR program
Table S-3: The buffers and reactants used for PCR reaction.
Reagent

1 reaction

Taq DNA Polymerase PCR Buffer (Invitrogen™) 5 µl (10X)
MgSO4 (Invitrogen™)

2 µl (20 mmol)

dNTPs (Invitrogen™)

1 µl (25 µmol)

Milliq dH20

39.8 µl

Purified DNA template (~25 ng/µl)

1 µl

Forward and Reverse Primers

0.5 µl of stock (50 µM)

Platinum™ Taq DNA Polymerase (Invitrogen™) 0.2 µl
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Table S-4: The touchdown PCR program used in this study. * temperatures and time differed
slightly based on size of amplified product and primer set.
Step Temperature Time Repeats
1

95

3m

2

95

30 s

3

58*

30 s

4

72

1 m*

6

95

30 s

7

55*

30 s

8

72

1 m*

10

4

∞

x1
x5

x30

Substrate list
The following table contains the antibiotics used in this study and their default concentrations.
Table S-5: Substrate list. Unless stated otherwise, these are the stock concentrations used.
Abbreviation
Full name
Cm90
Chloramphenicol
Km50
Kanamycin
Ap400
Ampicillin
Sp160
Spectinomycin
Gm15
Gentamicin
Tc30
Tetracycline
ALA50
5-aminolevulinic acid
X-gal50
5-bromo-4-chloro-3-indolyl--D-galactoside
Ara20
Arabinose
1
1µl of stock was used per 1 ml of medium

Stock concentration1
90 mg
/ ml
50 mg
/ ml
400 mg
/ ml
160 mg
/ ml
15 mg
/ ml
30 mg
/ ml
50 mg
/ ml
50 mg
/ ml
200 mg
/ ml

Primer sets
The following document is an excel sheet containing all major primer sets used in this project.
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Restriction Digestion reagents
The following tables contain the reagents used for a restriction digestion reaction of DNA material
Table S-6: Restriction digestion reagents. *Buffer is restriction enzyme dependant.
PCR product
10 μl
Buffer*
1 μl
Restriction enzyme
20 μl
DNA
69 μl
MilliQ dH2O

Vector DNA
10 μl
Buffer*
1 μl
Restriction enzyme
4 μl
Vector DNA
85 μl
d mg water

Cloning constructs
The following document is an excel sheet containing all constructs used for cloning
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Bioassay example
This picture shows grass grub used to test bioactivity of novel pADAP-type carrying isolates. Most
grubs in the left column are visually healthy, apparent from the greyish hue and darkened gut, and
have ingested 100% of the previously provided carrot cube. The top two cells of the middle column
contain dead grubs. The right column contains several diseased grubs characterized by the yellowish
appearance and the lighter coloured gut, caused by Sep induced gut clearance. Many grubs in the
right tray have not fed due to Afp exposure. Bottom right larvae is near death.

Figure S-1: An example of a grass grub bioassay. In this figure there are three rows of 6 grubs, each
column is fed with a different pathogenic bacterial strain. An empty column is added
between sets to eliminate possibilities of cross contamination.
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pADAP ORFs with new descriptions
The following table contains the reannotation of ORFs that were previously annotated with incorrect names or descriptions due to them not having any proper
homologs in the NCBI database previously.

Table S-7: Updated functional description of previously described ORFs based on BlastX hits.
Original annotation
anfa2
atoX
enp1
int1
int2
mur1
parA
remS
spa3

New annotation
phage holin, lambda family [Serratia entomophila]
type II toxin-antitoxin system Phd/YefM family antitoxin [Serratia entomophila]
lysis protein [Serratia entomophila]
IS3 family transposase [Serratia entomophila]
tyrosine-type recombinase/integrase [Serratia entomophila]
lysozyme [Serratia entomophila]
plasmid-partitioning protein SopA [Serratia entomophila]
N-6 DNA methylase [Serratia entomophila]
NusG-type transcription antiterminator [Serratia entomophila]

Query Cover
98%
98%
99%
99%
99%
99%
99%
99%
99%

E value
2E-36
5E-46
7E-110
4E-150
2E-173
2E-99
0
0
9.00E-116

Per. Ident
100%
100%
100%
100%
100%
100%
100%
100%
98.75%

Accession
WP_010895797.1
WP_010895832.1
WP_010895800.1
WP_010895821.1
WP_010895831.1
WP_010895802.1
WP_010895835.1
WP_010895837.1
WP_010895762.1
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Reannotation of sea ORFs and hypothetical proteins
The following table contains the reannotation of ORFs that were previously annotated as sea, due to them not having any proper homologs in the NCBI database.
This reannotation shows some additional hits although most appear to have some MGE-like functionality.

Table S-8: Reannotation of sea ORFs using BlastX.
ORF

New annotation

sea1
sea2
sea3
sea4
sea5
sea6
sea7
sea8
sea9
sea10
sea11
sea12
sea12’
sea13
sea14
sea15
sea16
sea16’
sea17
sea18

hypothetical protein
hypothetical protein
NusG-type transcription antiterminator [Serratia entomophila]
hypothetical protein
replication regulatory protein RepA [Serratia entomophila]
DNA replication protein [Klebsiella pneumoniae subsp. Pneumoniae]
Replication protein [Serratia liquefaciens]
ATP-binding protein [Serratia entomophila]
ATP-binding protein [Serratia entomophila]
SIR2 family protein [Yersinia enterocolitica]
GIY-YIG nuclease family protein [Serratia entomophila]
ATP-dependent helicase [Enterobacter asburiae]
DEAD/DEAH box helicase [Escherichia coli]
class I SAM-dependent DNA methyltransferase [Dickeya paradisiaca]
ISKra4 family transposase [Yersinia mollaretii]
ISKra4 family transposase [Hafnia alvei]
hypothetical protein
hypothetical protein
transcriptional regulator [Enterobacter sp. A8]
hypothetical protein

Query
Cover

E value

Per. Ident

Accession

99%

6.00E-117

100.00%

WP_010895762.1

98%
94%
85%
99%
99%
99%
99%
98%
99%
96%
99%
99%

2.00E-59
7.00E-12
0
3.00E-80
0
0
0
0
5.00E-59
8.00E-105
4.00E-131
5.00E-145

100.00%
85.29%
87.18%
100.00%
100.00%
97.92%
100.00%
75.91%
81.65%
80.00%
97.83%
86.96%

WP_010895764.1
PJR18670.1
WP_129983194.1
WP_010895767.1
WP_010895767.1
WP_100273950.1
WP_010895770.1
WP_080972471.1
SPW42256.1
WP_015854718.1
WP_145559240.1
WP_103008330.1

98%

8.00E-32

33.19%

WP_130626660.1
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sea19
sea20
sea21
sea22
sea23
sea24
sea25
sea26
sea27
sea28
Sea29
sea30
sea31
sea32
sea33
sea34
sea35
sea36
Sea37
sea38
sea39
Sea40
sea41
sea42
Sea43
sea44
sea45
sea46
Se3
se2
se1

EAL domain-containing protein [Serratia entomophila]
hypothetical protein
hypothetical protein
Transposase [Serratia fonticola AU-AP2C]
IS91 family transposase [Vibrio vulnificus]
ISNCY family transposase [Serratia entomophila]
ISNCY family transposase [Serratia sp. S4]
ISNCY family transposase [Serratia entomophila]
ISNCY family transposase [Serratia entomophila]
ISNCY family transposase [Serratia entomophila]
nuclear transport factor 2 family protein [Serratia sp. BW106]
DUF2913 family protein [Serratia entomophila]
latent-transforming growth factor beta-binding protein 1-like [Meriones unguiculatus]
5’/3’-nucleotidase SurE [Halovivax asiaticus]
glycosyl transferase family 1 [Crocinitomicaceae bacterium]
hypothetical protein
StbA family protein [Serratia liquefaciens]
helix-turn-helix transcriptional regulator [Serratia entomophila]
MFS transporter [Brevibacterium iodinum]
aerotaxis sensor receptor, flavoprotein [Escherichia coli]
hypothetical protein
mRNA interferase HigB (modular protein) [Serratia symbiotica]
type II toxin-antitoxin system HigA family antitoxin [Salmonella enterica]
hypothetical protein
hypothetical protein
hypothetical protein
autotransporter adhesin Ag43 [Escherichia coli]
hypothetical protein
IS66 family transposase [Serratia entomophila]
IS66 family insertion sequence element accessory protein TnpB [Serratia entomophila]
IS66 family insertion sequence hypothetical protein [Serratia entomophila]

99%

0

100.00%

WP_010895790.1

51%
100%
99%
81%
99%
99%
99%
57%
99%
67%
34%
25%

4.00E-12
9.00E-15
0
1.00E-21
8.00E-63
0
0
7.00E-11
1.00E-140
0.84
5.2
1.4

80.56%
81.40%
100.00%
91.04%
100.00%
100.00%
100.00%
84.85%
99.48%
32.18%
26.67%
38.03%

ERK06032.1
POC78681.1
WP_010895822.1
WP_083906151.1
WP_010895822.1
WP_010895825.1
WP_010895826.1
WP_099062043.1
WP_010895828.1
XP_021508259.1
WP_007698437.1
MBG27488.1

99%
99%
76%
70%

7.00E-103
2.00E-119
0.59
2.00E-11

98.06%
100.00%
32.69%
41.24%

WP_128865566.1
WP_010895843.1
WP_101546461.1
WP_097331443.1

99%
99%

8.00E-65
4.00E-62

95.05%
63.27%

CDS57329.1
EAB5051308.1

98%

3.00E-07

27.27%

WP_001825652.1

99%
98%
99%

0
1.00E-63
5.00E-83

100.00%
100.00%
100.00%

WP_010895794.1
WP_010895795.1
WP_010895793.1
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Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

DUF2514 family protein [Serratia entomophila]
lysozyme [Serratia entomophila]
hypothetical protein
phage IX holin family protein [Serratia entomophila]

99%
99%

2.00E-101
2.00E-101

100.00%
100.00%

WP_010895740.1
WP_010895739.1

98%

2.00E-57

100.00%

WP_010895738.1

Plasmid copy number from coverage plot
The following documents are custom Bash shell scripts containing the steps used to generate the coverage per contig as well as the custom R script used to
convert the output to an understandable plot. Both scripts contain hardcoded paths and data specific naming conventions and should therefore only serve as
examples.
https://github.com/IamIamI/pADAP_project/tree/master/Plasmid_copy_from_coverage
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RepA orthologs used in this study and subsequent alignment
The following table shows the reference replication proteins used for the RepA comparison.

Table S-9: All orthologous RepA proteins that were used in the RepA comparison.
Species
Erwingella
Erwinia
Edwardsiella
Enterobacter
Enterobacter
Erwinia
Erwinia
Erwinia
Escherichia
Nissabacter
Rahnella
Rahnella
Rahnella
Rahnella
Salmonella
Serratia
Serratia
Serratia
Serratia
Serratia
Serratia
Yersinia
Yersinia

americana
amylovora
tarda
cloacae
hormaechei
billingiae
persicina
pyrifoliae
coli
archeti
aquatilis
bruchi
victoriana
woolbedingensis
enterica
grimesii
marcescens
entomophila pADAP
proteamaculans pPuna18
proteamaculans p1137
proteamaculans
kristensenii
pseudotuberculosis

Accession
[WP_034796133]
[WP_015056247]
[WP_068872131]
[WP_040021347]
[WP_058658352]
[WP_053140920]
[WP_062749059]
[WP_011078049]
[WP_085447277]
[WP_072928254]
[WP_014341718]
[WP_120508591]
[WP_095925420]
[WP_120134817]
[EAM9793237.1]
[ADR74383.1]
[WP_060560535.1]
[NC_002523]

[NC_002523]
[WP_050116464]
[WP_011191397]

Association
Opportunistic
Plant
Fish
Mammals
Mammals
Plant
Plant
Plant
Mammals
Mammals
Opportunistic
Insect
Plant
Plant
Mammals, Bird
Opportunistic
Mammals
Insect
Plant
Insect
Insect
Mammals
Opportunistic

Reference
Brenner et al. (281)
Rhim et al. (278), Kube et al. [251]
Wang et al (288)
Lui et al. (286)
Townsend et al. (287)
Kube et al. (279)
Zhang et al. (277)
Rhim et al. (278)
Souza et al. (285)
Mlaga et al. (280)
Brady et al. (282)
Brady et al. (282)
Brady et al. (282)
Brady et al. (282), Brenner et al. (281)
Rabsch et al. (289)
Mahlen et al. (290)
Mahlen et al. (290)
Grimont et al. (18)
* This study
* This study
Hurst et al. (69)
Robins-Browne et al. (284)
Martínez-Chavarría et al. (283)
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The following documents are MEG files containing an alignment between several pADAP RepA sequences and their closest RepA orthologs in the NCBI database
and the corresponding phylogenetic ML tree in nexus format, generated from this alignment using PhyML.

Iteron comparison reference strains and alignment
The following table shows reference replication genes used for the iteron comparison. pADAP was used as the representative for all pADAP-type plasmids
obtained from this study as they all exhibited a highly similar iteron pattern as well as nucleotide conservation for the region.
Table S-10: All homologous repA plasmids that were used in the iteron region comparison. 1 Isolate were obtained from France. 2 Isolate was obtained from
Argentina.
Accession number
AY123045
CP009710
CP022727
CP032297
HG793097
NC_002523
-

Description
Erwinia pyrifoliae
Yersinia pseudotuberculosis
Erwinia persicina
Rahnella aquatilis
Erwinia amylovora
Serratia entomophila
Serratia proteamaculans
Serratia entomophila1
Serratia grimesii1
Serratia proteamaculans2

Strain
Ep1/96
IP 32953
B64
ZF7
LA636
A1MO2
F28
220
348
495

Plasmid
pEP36
pYAC_2
pEP2
pRAZF7
LA636P1
pADAP
pF28.p1
p220.p1
p348.p1
p495.p1

The following documents are a MEG file containing an alignment between the iteron regions of all pADAP plasmid backbones extracted from the 53 pADAP
plasmids and a .gb file containing the regions with full feature annotation.
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pADAP backbone start
The following document is a MEG file containing an alignment of the region upstream of all pADAP repA sequences. This shows a clear point where sequence
identity drops substantially and proposed to be the start of the pADAP backbone.

pADAP plasmid backbone alignment
The following documents are MEG files containing an alignment between all pADAP plasmid backbones extracted from the 53 pADAP plasmids and a .gb file
containing regions with full feature annotation. Alignment was produced using Clustal Omega.

Deviating ORFs of pADAP-type plasmid backbones
The following file is a manually curated excel file, containing observed dissimilarities between gene annotations on the pADAP backbone. The file contains
numerous types of aberrant gene annotations compared to the reference pADAP [NC_002523]. This analysis does not include hypothetical gene annotations with
no significant tBlastX hit, not does it include the two major backbone regions discussed in in Chapter 4.3, as these are too genetically diverse to manually describe.

Distance matrix files
The following files are csv files containing distance matrices for different regions. These matrices were produces by Geneious and are based on sequence similarity
on a nucleotide level.
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Distance matrix processing R-script
The following file is an R script. The script should be able to run standalone. It required a distance matrix such as produced by Geneious. Example of the format can
be found in Supplementary Materials S.43. The script will produce 2 prompts;
•

the first is a windows explorer popup in which the user can pick the gene_presence_absence.csv file

•

Second prompt is to pick a location and name for the sequence similarity matrix plot

The plot produced by this script was manually edited using CorelDraw. The triangular matrix was flipper ~220°, the labels were manually stylized, a purple bottom
bar was added to make it look level, other minor tweaks were made. These changes can also easily be undertaken using a free graphical tool such as InkScape.
https://github.com/IamIamI/pADAP_project/tree/master/Distance_Matrices

Demarcation region alignment
The following documents are MEG files containing an alignment between all transposon islands extracted from the 53 pADAP plasmids and a .gb file containing
regions with full feature annotation. Alignment was produced using Clustal Omega.

Sef region alignment
The following documents are a MEG file containing an alignment between all Sef / Sep regions of plasmid backbones extracted from both pADAP and non-pADAP
plasmids and a .gb file containing regions with full feature annotation. Alignment was produced using Clustal Omega.
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SEF expression in AAE072CE Fim null E. coli strain vs AAE072CE type strain
The following figure shows several additional TEM pictures of AAE072CE + pARA_SEF_expression vs. AAE072CE + pARA. This figure illustrates that the SEF region is
encoding a functional fimbria.

Figure S-2: A comparison between the fimbriae expressed AAE072CE Fim null E. coli strains + pARA_SEF_Cm and the non-fimbriae expressing AAE072CE type
strain.
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Sep / Spp region alignment
The following documents are a MEG file containing an alignment between all Sep regions of plasmid backbones extracted from both pADAP and non-pADAP
plasmids and a .gb file containing regions with full feature annotation. Alignment was produced using Clustal Omega.

Afp ORF function and homologs
The following table contains the description of Afp ORFs.
Table S-11: The role of individual Afp ORFs in the formation and functionality of Afp particles.
Original
annotation
afp1, 5;
Afp2 – 4;
Afp6 – 7;
afp8;
Afp9;
Afp10 – 12;
afp13;
Afp14;
Afp15;
Afp16;
Afp17 – 18;

Function
Afp1 is a tube protein, Afp5 the tube initiator protein (202), high amino acid similarity with gp19 protein derived from T4 phage tail tube which is a
rigid tube consisting of several gp19 and used to perforate the target cell (201).
Sheath proteins (202), highly homologous to the sheath domains of bacteriophages T4 and P2 (198).
Needle and tube proteins (202)
Needle base (202), high similarity with a T4 phage gp5-gp27 puncturing device (194).
Sheath initiation protein (202), homologous to baseplate-related proteins produced by Photorhabdus luminescens PVC (198).
Needle tip, and baseplate wedges (202)
Tail fibres (202), Composed of a three conserved amino acid repeats that show high amino acid similarity with adenovirus tail fibres (198).
Tape measure protein, a protein that defines phage length (203).
ATPase domain containing protein (198). Homologous to a predicted ATPase protein called ClpV [169]. ClpV is part of protein secretion system in
Pseudomonas aeruginosa, its function being to release energy needed for the secretion (411).
Terminates elongation of Afp tube and initiates Afp sheath polymerization (201).
Putative toxins, both have a low G+C% rating, consistent with genes acquired through HGT (198). When afp18 was not present, there was no
cessation of feeding in grass grub, suggesting that it is the toxic component of the Afp. The proteins Afp17 and Afp18 as independent entities, do
not result in cessation of feeding, suggesting that the components only work when internalized within the target cell, mediated through the
product formed from Afp1-16 (201).
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Afp region alignment
The following documents are a MEG file containing an alignment between all Afp regions of plasmid backbones extracted from pADAP plasmids and a .gb file
containing regions with full feature annotation. Alignment was produced using Clustal Omega.
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Non-grass grub species
The following figure shows several non-grass grub species used to test additional bioactivity of novel pADAP-type carrying isolates. Red headed cockchafer is noted
to have a “reddish” head and is twice the size of a grass grub. Odontria are larger than grass grub and the head is slightly browner. Tasmania grass grub have a
slightly smaller body than grass grub and have a dark purple head. Manuka beetle are half the size as a third instar grass grub and can be easily confused for first
instar grass grubs.

Figure S-3: Examples of third instar larvae of several New Zealand endemic beetle species. These species are compared to larvae of the grass grub (Costalytra
giveni) seen at the bottom of each picture.
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Amino acid alignment of the Afp13 and Afp18 from p1137 to that of pADAP
The following figure shows the amino acid alignment of Afp13 from p1137 to that of pADAP.

Figure S-4: Alignment of pADAP Afp13 and p1137 Afp13A.
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The following figure shows the amino acid alignment of Afp18 from p1137 to that of pADAP.

Figure S-5: Alignment of p1137 Afp18A and pADAP Afp18.
Supp-XIX
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Annotation of p149 novel region
The following table contains the annotations of ORFs that were present in the Novel region of p149 and similar pADAP-type plasmids.
Table S-12: Description of ORFs found in the novel region of reference isolate 149.
Orf
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Size
64
52
179
99
114
281
378
146
108
408
347
180
58
110
193
173
862
251
188
165
163
184
276
517
106

Annotation

Query Cover

E value

Identity

Accession

hypothetical protein [Salmonella enterica]
tyrosine-type recombinase/integrase [Serratia proteamaculans]
MULTISPECIES: stationary phase growth adaptation protein [Serratia]
No hits
single-stranded DNA-binding protein [Serratia plymuthica]
ParA family protein [Serratia marcescens]
ParB/RepB/Spo0J family partition protein [Gibbsiella quercinecans]
hypothetical protein [Gibbsiella quercinecans]
hypothetical protein [Serratia plymuthica]
hypothetical protein [Serratia plymuthica]
IS481 family transposase [Salmonella enterica subsp. enterica serovar Oranienburg]
phage tail protein [Pectobacterium parmentieri]
IS110 family transposase [Cedecea sp. NFIX57]
unnamed protein product [Pseudo-nitzschia multistriata]
MULTISPECIES: response regulator transcription factor [Serratia]
fimbrial protein [Serratia plymuthica]
outer membrane usher protein [Serratia fonticola]
fimbria/pilus periplasmic chaperone [Serratia fonticola]
type 1 fimbrial protein [Serratia nematodiphila]
exotoxin [Serratia nematodiphila]
fimbrial protein [Serratia quinivorans]
TPA: exotoxin [Serratia sp.]
adhesin [Photorhabdus sp. MEX20-17]
hypothetical protein [Pantoea sp. OXWO6B1]
IS1400 transposase B [Yersinia enterocolitica]

95%
98%
99%

9.00E-27
4.00E-22
2.00E-125

72.13%
88.24%
96.63%

EBB0713068.1
WP_129937181.1
WP_048796374.1

96%
99%
99%
99%
99%
99%
99%
82%
94%
64%
97%
98%
96%
91%
94%
98%
94%
82%
83%
51%
99%

2.00E-62
0
0
9.00E-80
7.00E-61
0
0
4.00E-18
2.00E-16
8.9
2.00E-20
3.00E-75
0
1.00E-122
1.00E-65
2.00E-35
1.00E-46
3.00E-55
7.00E-45
2.00E-50
7.00E-70

81.82%
93.57%
71.99%
78.62%
83.18%
86.88%
98.55%
36.77%
68.97%
30.99%
35.96%
69.44%
67.27%
72.93%
57.30%
44.51%
50.32%
57.62%
36.86%
40.60%
99.05%

WP_037429931.1
WP_038883455.1
WP_121554069.1
WP_121554070.1
WP_100220740.1
WP_004953880.1
EBZ5718334.1
WP_121296198.1
WP_139827421.1
VEU38783.1
WP_122080126.1
WP_126527321.1
WP_141133248.1
WP_147281001.1
WP_139792520.1
OQV36223.1
WP_112350010.1
HCV64546.1
WP_132354722.1
WP_063877193.1
CQH32055.1
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26
27
28
29
30
31
32
33
34
35
36
37

116
453
161
98
1459
172
318
418
263
86
95
281

nuclear transport factor 2 family protein [Serratia proteamaculans]
ISNCY family transposase [Erwinia sp. OLMDLW33]
antitermination protein NusG [Yersinia sp. IP36721]
RHS repeat-associated core domain-containing protein [Yersinia sp. IP36721]
RHS repeat-associated core domain-containing protein [Yersinia entomophaga]
MULTISPECIES: hypothetical protein [Yersinia]
MULTISPECIES: hypothetical protein [Yersinia]
MULTISPECIES: beta-ketoacyl-[acyl-carrier-protein] synthase family protein [Yersinia]
MaoC family dehydratase [Chromobacterium violaceum]
MULTISPECIES: acyl carrier protein [Yersinia]
SppB [Serratia proteamaculans]
SppA [Serratia proteamaculans]

50%
98%
98%
93%
99%
98%
99%
99%
99%
98%
91%
99%

2.00E-33
0
3.00E-48
2.00E-36
0
5.00E-51
1.00E-141
0
2.00E-43
6.00E-26
1.00E-15
3.00E-177

98.28%
94.64%
49.37%
69.57%
58.98%
47.75%
68.32%
75.54%
33.21%
57.65%
96.49%
99.29%

WP_129934637.1
WP_099753821.1
WP_120806842.1
WP_120806841.1
WP_064516743.1
WP_064516741.1
WP_064516739.1
WP_064516737.1
WP_011135094.1
WP_064516733.1
ACZ05620.1
ACZ05627.1
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RUF region alignment
The following documents are a MEG file containing an alignment between all Novel regions of
plasmid backbones extracted from both pADAP and non-pADAP plasmids and a .gb file containing
regions with full feature annotation. Alignment was produced using Clustal Omega.

pPuna18 novel ORF annotations
The following document is an excel file containing the top functional descriptive BlastX hits for the
ORFs present in the novel region of pPuna18.

Novel Bacteriophage ORF annotations, feature map and alignment
The files are an excel file containing the top functional descriptive BlastX hits for the ORFs present in
the novel bacteriophage region. A MEG file containing an alignment of the bacteriophage region
found in p465 and p591, and a .gb file containing the regions with full feature annotations.

Novel WVU-005-1 ORF annotations
The following document is an excel file containing the top functional descriptive BlastX hits for the
ORFs present in the novel region of WVU-005-1.

Plasmid stability experiment
The following files are excel files containing the results of two large plasmid stability experiments and
an archive of the raw data obtained from the flow cytometry experiment. The first file contains the
results of a plate experiments undertaken with antibiotic markers tagged plasmid mutants, no
plasmid loss was observed. The second file contains the results obtained from an analysis undertaken
in FlowJo on a flow cytometry experiment undertaken with GFPmut3 tagged plasmid mutants. The
final file is an archive of the raw flow cytometry output for each sample.
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Growth curve experiment
The following table is a representation of the dilution scheme used for the cell culture plates that
were to be analysed in the growth curve experiment.
Table S-13: A table showing the dilution ranges that were analysed for each growth condition.

A
B
C
D
E
F
G
H

1

2

3

4

5

6

7

8

9

10

11

12

A1MO2
A1MO2
A1MO2
A1MO2
5.6
5.6
5.6
5.6

1:10
1:10
1:10
1:10
1:10
1:10
1:10
1:10

1:10^2
1:10^2
1:10^2
1:10^2
1:10^2
1:10^2
1:10^2
1:10^2

1:10^3
1:10^3
1:10^3
1:10^3
1:10^3
1:10^3
1:10^3
1:10^3

1:10^4
1:10^4
1:10^4
1:10^4
1:10^4
1:10^4
1:10^4
1:10^4

1:10^5
1:10^5
1:10^5
1:10^5
1:10^5
1:10^5
1:10^5
1:10^5

1:10^6
1:10^6
1:10^6
1:10^6
1:10^6
1:10^6
1:10^6
1:10^6

1:10^7
1:10^7
1:10^7
1:10^7
1:10^7
1:10^7
1:10^7
1:10^7

1:10^8
1:10^8
1:10^8
1:10^8
1:10^8
1:10^8
1:10^8
1:10^8

1:10^9
1:10^9
1:10^9
1:10^9
1:10^9
1:10^9
1:10^9
1:10^9

1:10^10
1:10^10
1:10^10
1:10^10
1:10^10
1:10^10
1:10^10
1:10^10

Blank
Blank
Blank
Blank
Blank
Blank
Blank
Blank

The following files are excel files containing the results of three growth curve experiments. Each file
contains the raw plate reader data, the blank corrected data, the average and the blank corrected
average data for all quadruplicate replicates for both the A1MO2 plasmid bearing and the 5.6
plasmid cured samples obtained from the SPECTROstar Nano MARS data analysis software (223). The
files are separated by medium as indicated in the file title; LB, M9 and LB + MitC.

Growth curve R-script
The following file is a R script. The purpose of this script is to convert the raw plate reader data
obtained from SPECTROstar Nano MARS (223). This script contains hardcoded paths and data specific
naming conventions and should therefore only serve as examples.
https://github.com/IamIamI/pADAP_project/tree/master/growth_curve_plots

Roary raw absence presence matrix
The following file is a csv file produced by Roary using the .gff files produced by the Prokka
annotation program, for 53 pADAP-type plasmids. The cut off for calling orthologous groups was set
at 90%.
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Roary processing R-script
The following file is a R script. The script should be able to run standalone. It will produce 4 prompts;
•

the first is a windows explorer popup in which the user can pick the
gene_presence_absence.csv file

•

Second prompt is to pick a location and name for a small plot of the absence/presence
matrix without any gene labels

•

Third prompt is to pick a location and name for a large plot of the absence/presence matrix
that contains all the gene labels

•

Fourth prompt is to pick a location and name for combined plot of several statistics such as
total number of genes per genome, number of unique genes, number of core genes (based
on the definition that 99% of the genomes have this gene), and several other stats.

https://github.com/IamIamI/pADAP_project/tree/master/Roary_stats

Roary plot, long format with readable y-axis labels
This plot shows the Roary clustering with an addition of readable y-axis labels. This helps with
identifying the actual type of genes present in each orthologous group.

SCOARY output
The following files are csv file produced by SCOARY. The first file is the traits_table file needed for
SCOARY to analyses binary traits in order to analyse whether there is a significant gene associated
with that specific trait. All other files are output files produced by SCOARY that contain the genes
that are potentially associated with the traits based on the Roary absence presence matrix.

Plasmid size and gene length distribution
The following document is a csv file containing the plasmid sizes on the first row, followed by a list of
gene sizes. These values are raw values obtained by extracting the start and end of every CDS in a .gff
file, and then calculating the size from that. This excel sheet was generate for use in R and is not
formatted in a way usable to the reader.
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Nucleotide bias analysis whole pADAP plasmids
The following documents are an excel sheets containing the results of a nucleotide biased analysis
performed on 53 pADAP-type plasmids. This document shows the specific nucleotide preference that
the CDS have. There is a discernible difference between the nucleotide distribution of the S.
entomophila and S. liquefaciens versus that of the S. proteamaculans plasmids. Although there is an
observable difference in distribution, the sample size of S. entomophila and S. liquefaciens strains is
substantially smaller than that of the S. proteamaculans. The S. proteamaculans group also contains
several outlier plasmids with unique features, with no homologous plasmid found in the S.
entomophila and S. liquefaciens groups. The purpose of the script is to convert the nucleotide bias
analysis tables produced by GCUA into a whisker plot. This script contains hardcoded paths and data
specific naming conventions and should therefore only serve as examples.

CDS codon usage analysis whole pADAP plasmids
The following document is a excel sheet containing the results of a codon usage analysis performed
on 53 pADAP-type plasmids. This document shows the specific codon preference that the CDS have
for transcription of amino acids. No discernible difference is observed between plasmids residing in
different chromosomal backgrounds, nor are there any observable differences between plasmids of
different genotypes despite them having different genes or genetic islands. The purpose of this script
is to convert a the CDS codon usage analysis tables produced by GCUA into a heatmap. This script
contains hardcoded paths and data specific naming conventions and should therefore only serve as
examples.

pADAP core backbone gene alignments and ML trees
The following documents are MEG file containing alignments for 13 core backbone genes shared by
all 53 pADAP-type plasmids. Alignment was produced using Clustal Omega. Additional files are nexus
files containing phylogenetic ML tree file for 13 core backbone genes shared by all 53 pADAP-type
plasmids. Trees were generated using PhyML. A consensus Tree was generated using SumTrees from
the DendroPy library.
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High resolution summary figures
The following PDF shows the final summary figures in higher resolution for readability purposes

Complete plasmid dataset synteny analysis
The following PDF and excel file show shared synteny blocks between all plasmids analysed in this
study. This serves only an anecdotal function, as little meaning can be derived from such a vast
amount of dissimilarity between all plasmids. The excel file shows the regions and sizes of the
synteny blocks per plasmid. PDFs shows the distance matrix based on full alignments of all plasmids
analysed in this dataset as well as Roary analysis. This serves only an anecdotal function, as little
meaning can be derived from such a vast amount of dissimilarity between all plasmids. Blue labelled
strain names are S. entomophila, green S. marcescens, purple S. liquefaciens, pink S. proteamaculans,
grey S. grimesii, black S. ficaria, orange Y. frederiksenii.
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