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ABSTRACT

Mycoplasma gallisepticum and Mycoplasma synoviae are listed by the World Organisation
for Animal Health (OIE) as notifiable avian diseases agents and are considered as
economically important species affecting the South African poultry industry. A decreased
number of cases identified by culture with growth inhibition of M. gallisepticum and M.
synoviae and an increase in unidentified mycoplasma species were observed at the
University of Pretoria diagnostic laboratory. Samples were isolated from chickens displaying
typical signs associated with pathogenic mycoplasma infection, thus necessitating a closer
look at the lesser known mycoplasma species found in poultry. The aim of this study was to
use second generation sequencing to identify and compare mycoplasma species isolated
from commercial chickens in South Africa. Mycoplasma samples were isolated, sequenced
and de novo assembled for identification by 16S rRNA phylogeny. A total of 124 samples
were received between 2003 and 2015, 44 of these samples contained multiple species
resulting in 179 isolates identified as M. gallisepticum (24.58%), M. synoviae (9.50%), M.
gallinaceum (24.02%), M. gallinarum (24.58%), M. pullorum (13.97%) and M. iners (2.79%)
and one Acholeplasma laidlawii (0.56%). Antimicrobial resistance (AMR) to chlortetracycline,
enrofloxacin, tylosin and tiamulin and the genes involved in AMR were studied. Three M.
gallinaceum samples showed possible multidrug resistance and novel point mutations
associated with AMR in M. gallinaceum and M. gallinarum were identified. The first complete
genome of M. pullorum was assembled, annotated and published. Draft genome assemblies
for axenic strains were constructed and candidate genes that can be tested for novel
diagnostic and vaccine targets were identified.

Key terms: Mycoplasma, poultry, antimicrobial resistance, 16S rRNA, Mycoplasma
gallisepticum, M. synoviae, Mycoplasma pullorum, Mycoplasma gallinaceum, sequencing,

whole genome sequencing
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CHAPTER 1: INTRODUCTIONAND LITERATURE REVIEW

1.1. Introduction

The South African poultry industry in 2016 grossed over R 48 billion from meat and egg production
which is 18% of the total agricultural income and 39% of the animal product income of South
Africa. It is estimated that 47 000 people are directly employed and 59 000 people are indirectly
employed by the South African poultry industry (SAPA, 2016, DAFF, 2017). One of the biggest
contributing factors that influence the productivity and viability of this industry is disease. A
common respiratory disease found in poultry is mycoplasmosis which causes a reduction in the
rate of growth of broilers, egg production and hatchability in layers and breeders, as well as
carcass downgrading. Along with the influence on production yields, the costs involved in
biosecurity measures, disease screening and diagnosis, treatment of this disease and vaccination
strategies have made mycoplasmosis an economically important disease of poultry (Bradbury,
2005).

Mycoplasmosis is mostly associated with respiratory disease and symptoms can include coughing,
rales, airsacculitis, depression and swollen joints (Whithear, 1993, Stipkovits and Kempf, 1996).
Mycoplasmosis is caused by species from the genus Mycoplasma, with M. gallisepticum (MG), and
M. synoviae (MS) considered the most economically important pathogenic mycoplasmas infecting
chickens and being listed by the World Organisation for Animal Health (OIE) as notifiable avian
diseases agents. MG and MS are usually identified using culture with growth inhibition, serological
and immunological methods, such enzyme-linked immunosorbent assays (ELISA) (Kleven, 2008),
and polymerase chain reaction (PCR) and real-time PCR (gPCR) in recent years (Kleven, 2008).
Little research is available on mycoplasma species considered as “non-pathogenic” commonly
found in poultry, such as M. gallinarum and M. gallinaceum. Standard assays to identify these
species are not common but 16S ribosomal ribonucleic acid (rRNA) and 16S-23S rRNA intergenic

spacer region (IGSR) species-specific PCR have been used to distinguish these species.

Treatment of mycoplasmas include the use of antibiotics, but the standard practise of use of
antimicrobial agents in feed, not only for treatment but also for enhanced growth and improved
production worldwide, including in the South African poultry industry, has contributed to the
growing international concern about antimicrobial resistance (AMR). How AMR is acquired is
currently gaining more interest in research, including the possibility of acquired resistance from
other bacteria.

In this study full genome sequencing of numerous mycoplasma species isolated from South
African poultry farms were analysed for acquired antimicrobial resistance, and possible future

diagnostic and vaccine targets.



1.2. Mycoplasma
1.2.1. General characteristics

Mycoplasma forms part of the class Mollicutes from the Latin words “mollis” and “cutis” meaning
“soft” and “skin” respectively, which contains some of the smallest known bacteria (Bradbury,
2005). Species from this class are characterised by the absence of a bacterial cell wall; instead, it
is encapsulated by a thin tri-laminar cell membrane, consisting mainly of 60 to 70% proteins and 20
to 30% lipids (Bradbury, 2005, Razin and Hayflick, 2010). There are more than 200 proteins in the
membrane which play a role in antigenic variation, host cell adhesion, motility and transport of
nutrients (Raviv and Ley, 2013). Due to the lack of a bacterial cell wall, mycoplasmas are resistant
to antibiotics that target the cell wall, such as penicillin, but this also comes at a cost as these
bacteria are sensitive to osmotic shock and detergents (Razin and Hayflick, 2010, Bradbury, 2005).
Mycoplasmas have various cell shapes, including pear-shaped, filaments, flask-shaped filaments
and spheres. Spherical shapes (Figure 1-1a) ranging in diameters of between 0.3 and 0.8 um, are
the most prevalent of these, but it has been noted that many of the pathogenic species are flask-
shaped with a terminal tip structure that can aid in motility and host cell interaction (Razin and
Hayflick, 2010, Baseman and Tully, 1997). Mycoplasmas with sizes of 5x108 Da with less than 300
genes have been recorded, can pass through filters that normally block bacteria, and are also
regularly found as contaminants of eukaryotic cell lines (Stipkovits and Kempf, 1996).

Mycoplasmas evolved from low G+C content, Gram-positive bacteria through reductive evolution,
retaining the genes involved in replication and sacrificing the genes involved in biosynthesis and
cell wall synthesis (Bradbury, 2005). Reductive evolution resulted in some interesting
characteristics of mycoplasma, such as 1) a low G+C content of between 23 and 40%, 2) the
requirement of sterols for growth and membrane function, as well as a host for many of their
nutrients 3) very small genomes, with sizes ranging from 580 to 1350 kb, 4) a modification in the
mycoplasma genetic code, where the UGA codon is translated to a tryptophan instead of a stop
codon (Baseman and Tully, 1997, Bradbury, 2005, Ferguson-Noel, 2013) and 5) mycoplasmas are
slow growing and difficult to cultivate, requiring specialised media. Mycoplasmas can take a few
days to grow and form colonies characteristically shaped like a “fried egg” (Figure 1-1b) (Citti and
Blanchard, 2013, Razin and Hayflick, 2010).

There are currently over 200 mycoplasmas, infecting a wide variety of hosts from humans,
mammals, and reptiles to fish, plants and even insects (Razin and Hayflick, 2010). Most
mycoplasma species are host specific, but some species have been found in multiple hosts
(Pitcher and Nicholas, 2005). M. bovis, M. agalactiae and M. mycoides are known to infect sheep,
goats and cattle; M. gateae infects both cats and dogs and M. gallisepticum has been found in
various bird species, just to name a few (Pitcher and Nicholas, 2005).



TRENDS in Microbiology

Figure 1-1: a) Cell morphology of mycoplasma as viewed on transmission electron microscope. b)
“Fried egg” morphology of mycoplasma on an agar plate. Image used with permission (Citti and

Blanchard, 2013)
1.2.2. Poultry mycoplasmas

Currently, there are over 23 avian mycoplasmas found in avian species (Table 1-1), four of which
are considered as economically important pathogens; namely MG, MS, M. iowae and M.
meleagridis. The latter two are primarily important in the turkey industry. MG and MS are the only
species listed by the OIE as notifiable avian diseases of chickens and research has been aimed

mainly at these two pathogens.

MG is considered economically important due to a reduction in weight gain (20-30%) and feed-
conversion (10-20%) and an increase in mortality rate (5-10%) and carcass downgrading (10-20%)
in broilers, as well as reduced egg production (10-20%) and an increase in embryo mortality (5-
10%) in both breeders and layer (Stipkovits and Kempf, 1996). The economic impact of MS
infection results from a decrease in growth rate and egg production (5-10%), egg hatchability (5-
7%) and an increase in chic mortality rate (5%) as well as carcass condemnation (1.88%-15%)
(Stipkovits and Kempf, 1996, King et al. 1973, Senties-Cué et al. 2005).

Most mycoplasma species were discovered between 1960 and the 1990’s, and apart from MG and
MS, little research has been done on the other mycoplasma species isolated from chickens since
they were first described. For most of these species, only the basic biochemical characteristics,
used at the time of discovery for description of a new species, is known, such as its ability to
ferment glucose, or hydrolyse arginine (Table 1-1). Other mycoplasmas species commonly isolated
from chickens include M. gallinaceum; M. gallinarum, M. glycophilum, M. iners, M. ionwae, M.
lipofaciens, and M. pullorum (Ferguson-Noel, 2013). Other species have also been isolated from
chickens, such as M. cloacale and M. imitans, but are not commonly found in chickens (Bencina et
al., 1987). M. imitans is an interesting case, as it is closely related to MG and could easily be
misdiagnosed as MG, therefore the true occurrence of M. imitans is not known. These species are
generally considered as non-pathogenic.



Table 1-1: Mycoplasma species found in avian species. Table used with permission from Ferguson -
Noel (2013) and adapted.

Species Main host Energy source Reference
anatis Duck, goose Ferment glucose (Roberts, 1964)
anseris Goose Hydrolyse arginine (Bradbury et al., 1988)

. buteonis Buzzard, Buteo hawk Ferment glucose (Powveda et al., 1994)
cloacale Turkey, goose Hydrolyse arginine (Bradbury and Forrest, 1984)
columbinasale Pigeon Hydrolyse arginine (Jordan et al., 1982)
columbinum Pigeon Hydrolyse arginine (Shimizu et al., 1978)
columborale Pigeon Ferment glucose (Shimizu et al., 1978)
corogypsi Vulture Ferment glucose (Panangala et al., 1993)
falconis Falcon Hydrolyse arginine (Poveda et al., 1994)
gallinaceum Chicken, pheasant, partridge Ferment glucose (Jordan et al., 1982)

. gallinarum Chicken, turkey Hydrolyse arginine (Freundt, 1955)

gallisepticum
. gallopavonis
. glycophilum
aypis
imitans

iners

iowae

. lipofaciens
meleagridis

. nasistruthionis

£ ££2 £ £££ £ £ £ gggggsgggg£¢£

Chicken, turkey, pheasant,
partridge, songbird, etc
Turkey

Chicken, pheasant, partridge
Vulture

Goose, duck, partridge
Chicken, turkey, pheasant,
partridge

Turkey, chicken

Chicken, turkey

Turkey

Ostrich

Ferment glucose

Ferment glucose
Ferment glucose
Hydrolyse arginine
Ferment glucose

Hydrolyse arginine

Both
Both
Hydrolyse arginine

?

(Edward and Kanarek, 1960)

(Jordan et al., 1982)

(Forrest and Bradbury, 1984)
(Powveda et al., 1994)
(Bradbury et al., 1993)

(Edward and Kanarek, 1960)

(Jordan et al., 1982)
(Bradbury et al., 1983)
(Yamamoto et al., 1965)
(Botes et al., 2005, Langer,
2009)

. pullorum Chicken, pheasant, partridge  Hydrolyse arginine (Jordan et al., 1982)
sturni Starling Ferment glucose (Forsyth et al., 1996)
L . (Botes et al., 2005, Langer,
?

. struthionis Ostrich : 2009)
Ms02 Ostrich ? (Botes et al., 2005)
M. synoviae Chicken, turkey Ferment glucose (Olson et al., 1964, Jordan et

al., 1982)
1.2.3. Role of poultry mycoplasmas in disease

MG causes respiratory disease in broiler, breeder and commercial layer chickens, symptoms

include, airsacculitis, conjunctivitis, coughing, nasal discharge, rales and sinusitis (Whithear, 1993,

Stipkovits and Kempf, 1996). MG is also associated with chronic respiratory disease (CRD) when it

forms part of a multifactorial disease complex with other pathogens, usually a respiratory virus,

such as Newcastle disease virus (NDV) or avian infectious bronchitis virus (IBV) and other bacteria

species, of which Escherichia coli is the most common (Stipkovits and Kempf, 1996, Raviv and

Ley, 2013). MS causes the same respiratory symptoms as MG but is also associated with

synovitis; symptoms include depression, swelling in the hock joint and bursae and also pale face
and comb (Stipkovits and Kempf, 1996, Whithear, 1993). MS has also been involved in

multifactorial disease complexes, mostly with Newcastle disease virus and IBV (Stipkovits and

Kempf, 1996).



Mycoplasmas have adapted various efficient ways to cause persistent infection with multifactorial
pathogenesis mechanisms, not all of which are known or properly understood yet. Mycoplasmas
can be transmitted by direct contact through inhalation or vertically from hen to chick through eggs
and target the epithelial surfaces of the respiratory tract (Umar et al., 2017, Raviv and Ley, 2013).
MG can also enter through the conjunctiva and MS can also target the joints (Bradbury, 2005). MG
has a terminal tip structure that through gliding motility aids in reaching the target tissue and is one
of the first methods of evading the host immune system, by bypassing the mucociliary clearance
mechanism of the host (Indikova et al., 2014). Indikova et al. (2014) found through mutation
studies that the Mgc2, glyceraldehyde-3-phosphate dehydrogenase A (gapA) and cytokine
response modifier A (crmA) genes play a role in gliding motility and MG morphology. Furthermore,
co-expression of these has been shown to play a role in cytadherence and colonization of host
tissue as well aiding in evading the host immune response through phase variation (Papazisi et al.,
2002).

Various other genes encoding proteins that play a role in cell adherence, adaption to the host
environment, and systemic infection as well as in evading the host immune system have been
found. These include the large pMGA gene family; renamed variable lipoprotein haemagglutinin A
(vIhA) by Papazisi et al. (2003), and the phase-variable putative adhesin (pvpA) gene (Raviv and
Ley, 2013, Papazisi et al., 2003). The vlhA gene family of MG plays a role in attachment to host
cell as well as evading the host immune system by phase variation (Papazisi et al., 2003). In MG
this gene family is made up of 43 genes, but most of the time only one protein is expressed at a
time, but some studies have shown low levels of expression of a second or third vlhA gene. This
expression is controlled by DNA slippage, a molecular switch that influences the length of an
upstream GAA repeat region (Citti et al., 2010).

The mgall42 gene was first thought to encode the osmotically inducible protein C (OsmC)-like
adhesion but was later shown to encode an organic hydroperoxide resistance (Ohr) protein
(Jenkins et al., 2007, Jenkins et al., 2008). This gene is a cell surface protein shown to play a
possible role in adhering to and invading host cells, as well as evasion of the host immune system
through its ability to detoxify the peroxidase immune response (Jenkins et al., 2007, Jenkins et al.,
2008). Mycoplasmas can produce hydrogen peroxidase which is hypothesized to not only play a
role in host cell entry by compromising the host cell membrane, but also play a role in activation of
genes for adhesion and invasion and SpxA protein (Matyushkina et al., 2016). Matyushkina et al.
(2016) showed that the SpxA protein plays a large role in the adaption of mycoplasma to the
intracellular environment of the host cells. The cysteine proteases gene (cysP) encodes CysP that
have been shown to digest chicken immunoglobulin G (IgG) (Cizelj et al., 2011). There are
numerous other genes that play a possible role in pathogenesis of mycoplasmas, and with
advances in the technologies and genomic information more genes are expected to be



characterised, each one a step closer to fully understanding the complex nature of mycoplasma
pathogenesis.

Some MG strains also have the ability to form a biofilm that plays a role in adapting to the host
environment and causes systemic infection (Wang et al., 2017). Wang et al. (2017) identified 10
genes that play a possible role in biofilm production; the genes identified encode the following
proteins: S-adenosylmethionine synthetase, phosphomannomutase, ABC transporter ATP-binding
protein, ABC transporter permease, vIhA gene family, methionyl-transfer RNA (tRNA) synthetase,
phosphotransferase system (PTS) fructose-specific enzyme EIIABC, pyruvate dehydrogenase E1

subunit alpha, enolase and an unknown conserved hypothetical membrane protein.

Of the species considered as non-pathogenic, M. gallinaceum and M. gallinarum, are most
frequently isolated from poultry flocks. An association study by Welchman et al. (2002) found some
correlation between M. gallinaceum and conjunctivitis as well as airsacculitis in pheasants
(Welchman et al., 2002). However, Adeyemi et al. (2018) showed that M. gallinaceum is non-
pathogenic in chickens but can aggravate disease caused by IBV as well as increase its
proliferation (Adeyemi et al., 2017). The potential to become pathogenic in the presence of a
respiratory virus, such as IBV were shown for both M. gallinarum and M. imitans (Kleven et al.,
1978, Ganapathy and Bradbury, 1999). The pathogenic nature of M. pullorum, M. iner and M.
lipofaciens in chicken embryos have been shown (Moalic et al., 1997, Wakenell et al., 1995, Lierz
et al., 2007). M. iowae is considered highly pathogenic in turkeys and has been found in chickens
and is furthermore associated with increase mortality in chicken embryos (Bradbury and McCarthy,
1983).

1.2.4. Diagnosis of poultry mycoplasma

There are several ways to diagnose mycoplasmas ranging from culture to deoxyribonucleic acid
(DNA) methods using mucosal swabs, blood or tissue samples (Feberwee et al., 2005). The OIE
compiled a manual of internationally accepted laboratory methods for the diagnosis of various

diseases, including mycoplasmas, described briefly below.

Isolation and culture

Mycoplasmas are difficult to cultivate, requiring media rich in proteins and between 10-15% animal
serum, from swine, horse or avian species, there are species that have additional requirements,
such as MS, that require nicotinamide adenine dinucleotide (NAD) for growth (Ferguson-Noel,
2013). Some mycoplasma species are slow growing, MG generally takes between 3 and 10 days,
at 37 to 38°C to form colonies, but can take up to 3 weeks to grow (Raviv and Ley, 2013,
Ferguson-Noel, 2013). Other species such as M. gallinarum and M. gallinaceum are fast growing,
where colonies can appear after one day, easily overgrowing MG making a proper diagnosis of MG
difficult (Raviv and Ley, 2013).



Culturing mycoplasmas on agar instead of in broth allows time for the slow-growing mycoplasmas
to form colonies, aiding in the diagnosis of MG (OIE, 2008). Phenal red is normally used in broth
cultures to grow MG and MS, because some mycoplasmas can ferment glucose as a source of
energy, which results in acid production and a drop in pH, causing the phenol red to change to an
orange or yellow colour (Ferguson-Noel, 2013). Mycoplasma species that hydrolyse arginine as a
source of energy do not cause a colour change and can prevent this pH change if mixed infections
are present (OIE, 2008). If no colour change is observed after 7 to 10 days, samples are plated
onto agar for MG and MS identification, see table 1 for a list of avian mycoplasma species that
either ferment glucose or hydrolyse arginine (Ferguson-Noel, 2013, OIE, 2008). The most sensitive
method to identify mycoplasma by culture is to first incubate in broth followed by plating onto an
agar plate (Raviv and Ley, 2013). Biochemical reactions can also be used to identify mycoplasma

species, but this method is not specific enough and not widely used (OIE, 2008).

After cultivation mycoplasma species can be identified using methods that target the
immunological properties of mycoplasma and include direct and indirect immunofluorescence
assays with or without immunoperoxidase, growth inhibition and metabolism inhibition (Raviv and
Ley, 2013). Growth inhibition test identifies MG or MS using species-specific hyperimmune
monoclonal anti-serum but is most effective when pure cultures are used (OIE, 2008).
Immunofluorescence techniques use polyclonal antibodies prepared in rabbits for simpler, faster,
more sensitive and specific identification of mycoplasma species and can be used when mixed
infections are present (OIE, 2008).

1.2.5. Serological methods

Serological methods of mycoplasma identification include the commonly used ELISA,
haemagglutination inhibition (HI), rapid serum agglutination (RSA) and lesser known
microimmunofluorescence-assay and radioimmunoassay (OIE, 2008). Even though the latter two
tests have high sensitivity, low specificity of RSA and time constraints of HI has resulted in ELISA
as the serological test of choice. Numerous commercial ELISAs are available, with high sensitivity
and specificity, but non-specific reactions can influence the results (Levisohn and Kleven, 2000).
The use of antimicrobials can cause a delay in the immune response of the chicken serological
response and the use of vaccines requires tests that can distinguish vaccine strains from field
strains (Levisohn and Kleven, 2000). These serological assays are widely used for flock monitoring
programs, rather than individual diagnosis (OIE, 2008).

Although the above-described culture and serological methods are valuable research tools, they
have mostly been replaced by DNA based methods which are generally less time-consuming,
more accurate and more sensitive (OIE, 2008).



1.2.6. DNA based methods

DNA based methods are widely used to identify mycoplasma species as well as distinguish
different strains within a species. Hybridization using DNA or rRNA gene probes can be used to
detect MG or MS effectively, even though this method is faster than culture methods, it is a very
difficult assay and was quickly replaced by simpler, more sensitive PCR-based methods (Razin,
1994). PCR methods include the 1) conventional PCR, which is the amplification of a target DNA
sequence; 2) reverse transcription PCR (rt-PCR), which is the amplification of complement DNA
(cDNA) after reverse transcription from RNA of expressed gene; 3) real-time PCR (qPCR), which
monitors normal PCR to quantify the amount of DNA molecules using fluorescent dyes or probes,
as well as 4) multiplex PCRs, where multiple primers sets are used in either a single conventional
or g-PCR to identify multiple sequences simultaneously (Raviv and Ley, 2013). The products of
these PCR methods can then be used in various ways to identify mycoplasmas, distinguish
between different species of mycoplasmas or even differentiate between different strains within a
species, including between field and vaccine strains. The most widely used methods include 1)
Electrophoresis of species-specific PCR product directly to identify species of interest 2)
Restriction fragment length polymorphism (RFLP), where the PCR product is digested with
restrictions enzyme and separated by gel electrophoresis as a DNA fingerprinting technique; and
3) gene-targeted sequencing, where PCR products are sequenced and analysed (Levisohn and
Kleven, 2000). Another type of PCR that has been widely used as a DNA profiling technique is
random amplification of polymorphic DNA (RAPD), but this method has some reproducibility issues
(OIE, 2008). DNA microarrays using various genes, such as the 23S rRNA and tuf gene have been
used with similar sensitivity to rt-PCR and was able to identify multiple mycoplasma infection in

samples, but MG was difficult to recognize (Schnee et al., 2012).

Mycoplasma species differentiation is normally done using the widely accepted bacterial 16S rRNA
gene primers, but some exceptions do exist. The most notable of which is the closely related
species of MG and M. imitans that share high sequence homology in the 16S rRNA gene (Kempf,
1998). RFLP analysis of the 16S rRNA gene PCR product is one method that has been used
successfully to differentiate these species. Harasawa et al. (2004) found a putative transposon
gene in the 16S-23S rRNA intergenic spacer region (IGSR) that could also be used to distinguish
these species (Harasawa et al., 2004). The 16S-23S rRNA IGSR has also been used to
differentiate between the other mycoplasma species (Kleven, 2008). Various genes encoding
surface proteins have been used with gene-targeted sequencing (GTS) to distinguish between
strains of MG and MS, such as the mgc2, gapA, pvpA or MGA 0309 genes for MG strains or the
vIhA gene for MS strains (OIE, 2008, Garcia et al., 2005, Hong et al., 2004). Diagnosis of
mycoplasma infection is the first step in the control of mycoplasmas.



1.2.7. Treatment and prevention of poultry mycoplasma
Control and treatment

Mycoplasmas cause chronic infections and are difficult to eradicate. Kleven et al. (2008) divided
poultry mycoplasma control into three facets, namely prevention, medication and vaccination.
Starting with mycoplasma free stock followed by good biosecurity measures should be the best
method of mycoplasma control (Kleven, 2008). However, there are numerous factors that can
affect the efficiency of this method, such as mycoplasma infection in nearby poultry farms,
especially in the intensive farming areas; human error resulting from failure in executing repetitive
steps of biosecurity measures. Thus, maintaining flocks free of mycoplasma infection is difficult,
and a good monitoring system is required, which normally includes screening methods using
methods discussed in section 1.2.4. In the South African poultry industry, monitoring is done using
commercially available MG and MS-specific ELISAs (D.B.R. Wandrag, Personal communication).

Antimicrobial agents are used as treatment after mycoplasma infection is confirmed.

Antimicrobial treatment

Mycoplasmas are sensitive to antimicrobials that target protein synthesis, such as macrolides,
tetracyclines and pleuromutilin and nucleic acid synthesis, such as fluoroquinolones. Macrolides
are a group of natural and semi-synthetic antimicrobials that targets the 50S ribosomal subunit to
inhibit protein synthesis, see Figure 1-2 (Guardabassi and Courvalin, 2006). Members of this class
have a lactone ring attached to a deoxy sugar. Example of macrolides include tilmicosin,
spiramycin, kitasamycin, josamycin, erythromycin and tylosin, the latter is the most popular
antimicrobial used in poultry and along with tetracyclines is mostly used for preventing egg
transmission and respiratory disease (Guardabassi and Courvalin, 2006, Umar et al.,, 2017).
Tetracyclines which are natural antimicrobials produced by Streptomyces spp. is the class of
antimicrobials most often used in animal health and includes oxytetracycline and chlortetracycline
(Guardabassi and Courvalin, 2006). Antimicrobials from this class target the 30S ribosomal subunit
inhibiting protein synthesis (Guardabassi and Courvalin, 2006). Compounds in the pleuromutilin
class of antimicrobial agents, such as tiamulin and valnemulin, are mainly produced by
Basidiomycetes, but some semi synthetic compounds also exist. These compounds also target the
50S ribosomal subunit to inhibit protein synthesis (Guardabassi and Courvalin, 2006).
Fluoroquinolones are a group of synthetic compounds that inhibit nucleic acid synthesis by binding
to type Il (also known as DNA gyrase) and IV topoisomerases. These enzymes play a key role in
unzipping DNA for translation (Guardabassi and Courvalin, 2006). This class of antimicrobials is
the class that is used the least in animal health, with enrofloxacin as the most widely used. The use
of antimicrobials has proven to decrease egg transmission and clinical disease symptoms resulting
in lower economic losses (Umar et al., 2017). However, this is only a short-term solution as



antimicrobial resistance is a continuous concern and problem, and other long-term methods, such
as vaccination are required.

Acquired antimicrobial resistance in poultry mycoplasma

The lowest concentration required of an antimicrobial agent to visibly inhibit growth or impair the
metabolism of an organism is known as the minimum inhibitory concentration (MIC) and is used as
a measure of the efficacy of an antimicrobial agent. Breakpoints are specific concentrations of
antimicrobial agents that are used to classify a bacterial species as sensitive, resistant or
intermediately sensitive to the antimicrobial tested. International standards for breakpoints of avian
mycoplasmas have not been published yet, however Hannan (2000) published guidelines on
assays and suggested breakpoints that can be used to evaluate various antimicrobial agents.
Antimicrobial resistance has been observed in chickens against macrolides, tetracyclines and

fluoroquinolones in both in vitro and in vivo studies.
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Figure 1-2: Left-hand side depicts targets of antimicrobials in a cell and right-hand side depicts
mechanisms of antimicrobial resistance. Reused under Creative Commons Attribution 2.0 Generic
(CC BY 2.0) License (Wright, 2010).

The in vitro studies done by Zanella et al. (1998) found that resistance developed quicker to
erythromycin than to tylosin and enrofloxacin, where resistance developed approximately at the
same rate. Resistance to chlortetracycline developed more slowly over time. A similar in vitro study
was done by Gautier-Bouchardon et al. (2002) and showed similar results with resistance
developing quickly to erythromycin and tylosin, however resistance to enrofloxacin developed
slower over time, and no resistance to tiamulin and oxytetracycline resistance could obtained in
MG or MS. In vivo testing for antimicrobial sensitivity found resistance to enrofloxacin, tylosin and
tilmicosin in Israeli poultry flocks (Gerchman et al., 2011) and an increase in observed resistance in
Jordanian poultry flocks of various antimicrobials including erythromycin, tylosin, enrofloxacin,

chlortetracycline, doxycycline, and oxytetracycline (Gharaibeh and Al-Rashdan, 2011).
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Bacteria acquire antimicrobial resistance primarily in two ways, namely through mutations in the
antimicrobial target (Figure 1-2) or exchange of genetic material between species by horizontal
gene transfer (HGT) (Munita and Arias, 2016). Mechanisms of antimicrobial resistance resulting
from mutations include, 1) activation of an efflux pump to remove harmful substances from the cell,
2) bypassing the immune response by binding of proteins to antimicrobials preventing binding to
target, 3) modification of antimicrobials by enzymes preventing binding to targets or 4) modification
of target genes by mutation in genes (Wright, 2010). In poultry mycoplasma species the latter

mechanism of antimicrobial has been mostly observed.

Bacterial HGT can occur in one of three methods, 1) bacterial transformation, 2) bacterial
transduction or 3) bacterial conjugation (Figure 1-3) (Furuya and Lowy, 2006). Even though
transformation is the easiest method, conjugation occurs at a much high rate (Munita and Arias,
2016). Acquired antimicrobial resistance through HGT has not been shown in avian mycoplasmas
to date, but it has been observed in other mycoplasma species, of which the most well-known
example is the tetM gene acquired through conjugation from Streptococcus spp. by M. hominis
(Roberts et al., 1985). However, HGT was hypothesized by Vasconcelos et al. (2005) to be
possible between MG and MS that share almost identical genes.

The molecular mechanism of acquired antibiotic resistance has been studied in both field and in
vitro induced antimicrobial resistant MG and MS mutants. Acquired macrolide resistance was
associated with point mutations G2057A, A2058G or A2059G in one or both of the 23S rRNA
genes of MG and MS (Ammar et al., 2016, Gerchman et al., 2011, Lysnyansky et al., 2015, Wu et
al., 2005). As mentioned, fluoroquinolones inhibit nucleic acid synthesis by binding to the quinolone
resistance-determining resistance regions (QRDRs) of DNA gyrase and topoisomerase IV
enzymes (Guardabassi and Courvalin, 2006). Both of these enzymes have a tetrameric structure
made up of two sets of subunits; DNA gyrase is made up of the GyrA and GyrB subunits, encoded
by gyrA and gyrB genes and topoisomerase IV of an A and B subunits, encoded by parC and parE,
respectively. Enrofloxacin resistance was linked to amino acid substitutions in the of GyrA and
GyrB gene and the ParC and ParE genes of MG and MS and in MG it appears as though
mutations in GyrA plays the biggest role in acquired fluoroquinolone resistance (Reinhardt et al.,
2002a, Reinhardt et al., 2002b, Lysnyansky et al., 2013).

Pleuromutilin resistance was studied by Li et al. (2010) who found a correlation between a
combination of point mutations in the 23S rRNA gene at two or more of the following positions:
2058, 2059, 2061, 2447, and 2503. Tetracycline resistance has not been characterised in poultry
mycoplasma, however as discovered for human mycoplasmas, the tetM gene obtained by HGT
confers tetracyclines resistance, and in bovine mycoplasma species point mutations in the 16S
rRNA gene have been associated with acquired tetracycline resistance (Roberts et al., 1985,
Amram et al., 2014).
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Figure 1-3: Bacterial horizontal gene transfer. a) Naked DNA is released during cell lysis and taken
up by another bacterial cell though transformation. b) Bacteriophages transfer genes between
different bacterial cells during bacterial transduction. ¢) Two bacteria from a mating bridge resulting
in exchange of genetic material through conjugation. Figure used with permission from Furuya and
Lowy (2006)

Vaccination

Various types of vaccines have been developed to protect against mycoplasma infection, mainly
against MG, including; 1) inactivated oil-emulsion bacterins, 2) live attenuated vaccines, and 3)
recombinant vector vaccines expressing specific MG antigens (Kleven, 2008). The biggest
advantage of inactivated oil-emulsion bacterins are that there is no chance of reversion to virulence
as non-infectious agents are used making it safer to use than live vaccines, but these vaccines are
expensive to produce and must be administered individually to each chicken. Bacterins have been
reported to reduce clinical signs of respiratory infection, egg transmission and egg production
losses, but variable efficacy has been observed and no protection was observed if vaccinated
before 1-2 weeks of age (OIE, 2008).

Commercially available MG live attenuated vaccines are F-strain, ts-11 and MG strain 6/85; but
other vaccine strains are also commonly used, such as MG-K strain and MS-H strain (Vaxsafe MS)
(Umar et al., 2017). Vaccine strains ts-11 and 6/85 are avirulent, thus safer to use than F-strain,
but a lower immune response has also been observed compared to F-strain (Kleven, 2008). F-
strain has shown mixed virulence in chickens and can cause infection, persist longer in the upper
respiratory tract of the chicken and can be transmitted, but this vaccine is more protective than ts-
11 and 6/85 (Kleven, 2008). Although F-strain has been widely used in various countries for

decades, this strain was only registered for use in South Africa in 2015 (Bwala et al., 2018).
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Recombinant vaccines use avirulent bacteria or virus strains to express antigens from the species
of interest to elicit an immune response in the host. Fowlpox-virus (FPV) is currently the most
common vector used, such as in the commercially available vaccine recombinant-FPV-MG vaccine
that uses the 40k and mgc genes (Armour and Garcia, 2014). Vaccine strategies to date have had
variable success and research is still ongoing. The rapid advances in molecular techniques will be
useful in understanding mycoplasmas better and aid in future strategies of control and prevention.

1.2.8. Mycoplasma genomics

Some general characteristics of mycoplasma genomes have been described above, but another
interesting characteristic of mycoplasma genomes is the presence of one, two or three copies of
the rRNA genes compared to the five to ten copies generally observed in bacterial species (Dybvig
and Voelker, 1996). To date the complete genomes of only five mycoplasmas commonly found in
poultry species have been published, namely MG, MS, M. cloacale, M. gallinaceum and M.

pullorum. The latter is an output of this dissertation and is the topic of Chapter 3.

The first complete genome of MG was published by Papazisi et al. (2003) (Figure 1-4), since then
11 more genomes for MG have been completed and deposited in Genbank®; a genetic database
of publicly available DNA sequences hosted by the National Centre for Biotechnology Information
(NCBI). Eight of these strains were isolated from house finches (Tulman et al., 2012), the
remaining four strains, vaccine strain F, virulent strain S6, the virulent, low passage strain Rlow
and the attenuated, high passage strain Rhigh were isolated from domestic poultry (Szczepanek et
al., 2010, Fisunov et al., 2011). The MG strain genomes range in size from 997 kb to 1012 kb with
31.5% G+C content (Table 1-2). Apart from the genes described above that play a role in
pathogenesis and antimicrobial resistance and have been used for diagnostic methods and
vaccine development other genes have been described that play a role in transport and
metabolism. Membrane associated proteins that play a role in the transport of amino acids (PotE),
phosphate (Pts), proteins (SecY) and various other biomolecules, such as the large ABC

transporter family mentioned above, have also been identified (Papazisiet al., 2003).

Three MS genomes have been completed with sizes ranging from 799 kb to 846 kb, G+C content
of around 28% and three 5S rRNA plus 2 sets each of 16S and 23S rRNA. The complete genomes
for most of the remaining non-pathogenic species have not been published, although draft
assemblies containing scaffolds or contigs from whole genome shotgun sequencing methods are
available on Genbank® for M. imitans, M. glycophilum, M. iowae, M. meleagridis, M. cloacale, M.
gallinarum, M. lipofaciens and M. iners (Table 1-2). Advances in genomics, proteomics,
transcriptomics and metabolomics (also referred to as “omics”), along with a comparative analysis
of these three fields will provide a better understanding of these complex pathogens and their

interaction with the host, environment and other microorganisms.
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Figure 1-4: Circular representation of the MG strain Riow genome. Used with permission from
Papazisi et al. (2003).
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Table 1-2: Comparison of general characteristics of poultry mycoplasma

Mycoplasm species Genome % GC # Genes rRNA tRNA ncRNA Pseudo Reference

(Accession number) size (bp) (CDS) (5S, 16S, 23S) genes

MG strain Rlow 1012 800 31.5 823 2,2,2 32 3 49 Papazisi et al. (2003) updated by
(NC_004829) (733) Szczepanek et al. (2010)
MG strain Rhigh 1012 027 31.5 822 2,2,2 32 3 52 Szczepanek et al. (2010)
(NC_017502) (729)

MG strain S6 985 433 31.5 814 2,2,2 33 3 71 Fisunov et al. (2011)
(NC_023030) (701)

MG strain F 977 612 31.4 808 2,2,2 32 3 45 Szczepanek et al. (2010)
(NC_017503) (722)

MS ATCC 25204 846 495 28.3 761 3,2,2 34 3 41 May et al. (2015)
(NC_CP011096) (676)

MS strain 53 799 476 28.5 725 3,22 34 3 30 Vasconcelos et al. (2005)
(NC_007294) (651)

MS strain MS-H 818 848 28.2 727 3,2,2 33 3 41 Genbank®
(NZ_CP021129) (643)

M. cloacale NCTC 10199 659 552 27.0 579 2,11 31 3 2 Genbank®
(NZ_CP030103.1) (539)

M. gallinaceum B2096 8B 845 307 28.4 631 5 total 17 0 - Abolnik and Beylefeld (2015)
(CP011021) (571)

M. gallinarum DSM 19816* 833 494 26.4 704 2,2,2 33 3 10 Yacoub et al. (2016)
(NZ_JHZE00000000.1) (652)

M. glycophilum ATCC 35277* 893 830 28.5 710 2,2,2 33 2 43 Genbank®
(NZ_JHYEO00000000.1) (626)

M. lipofaciens ATCC 35015* 775 211 25.1 692 3,34 34 3 6 Genbank®
(NZ_JMKY00000000.1) (639)

M. meleagridis 645369 25.8 572 2,2,1 34 3 20 Rocha et al. (2016)
IZSVE/[2944/9/2011* (510)

(NZ_LOHQ00000000.1)

M. imitans ATCC 51306* 919 667 30.5 765 2,33 31 3 52 Genbank®
(NZ_JADI00000000.1) (671)

M. iners ATCC 19705* 652

(NZ_JNJW00000000. 1) 766 027 28.2 (580) 2,33 34 3 27 Genbank®

M. iowae strain 695* 980 ;
(NZ_AGFP00000000.1) 1195 147 24.4 (906) 1,11 29 3 39 Wei et al. (2012)

M. iowae strain DK-CPA* 975 .
(NZ_AWQUO00000000. 1) 1184 115 24.5 (888) 1,1,1 29 3 52 Pritchard et al. (2014)

CDS - coding sequences
ncRNA - non-coding RNA
*Whole genome shotgun sequencing project containing scaffolds and contigs
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1.3. Genome sequencing
1.3.1. Briefoverview

Numerous strategies for sequencing DNA have been developed since the early 1970’s, here
follows a brief description of the most notable sequencing technologies developed to date with
more emphasis on the technologies used in this study in the subsequent chapters. The first
method of DNA sequencing commonly used was Sanger sequencing, first developed by Frederick
Sanger and based on a chain-termination (Liu et al., 2012). Improvements on this method along
with the introduction of PCR and other molecular techniques led to the development of the first
automated DNA sequencing machine utilising capillary electrophoresis by Applied Biosystems in
1987 (Liu et al., 2012). Until 2005 Sanger sequencing was the sequencing method of choice,
producing a single long read of 500-1000bp with high accuracy which could be used in a shot-gun
sequencing strategy to assemble genes or genomes. However, the cost and low throughput of this
technology along with the introduction of second-generation sequencing (SGS) technologies has
shifted the use of this technology to mainly gene sequences, and other gene-level studies.

The search continued for faster, high-throughput sequencing methods resulting in the development
of SGS technologies, the most notable of which are Roche 454 pyrosequencing (discontinued in
2013), lllumina Solexa and sequencing by oligonucleotide ligation and detection (SOLID) platform
from Applied Biosystems (discontinued in 2016) and lon Torrent sequencing (Schadt et al., 2010,
Heather and Chain, 2016). These technologies have similar workflows from constructing a library
using by shearing extracted DNA into smaller pieces, preparing a template of these DNA pieces
and sequencing using various biochemical techniques. These methods produce billions of short
read sequences that can be assembled using in silico methods (Besser et al., 2017). SGS
technologies are used for a wide variety of applications, including de novo microbial whole genome
sequencing (WGS) to produce draft genomes, mapping, targeted re-sequencing, characterization
of the transcriptome, metagenomics, mutations, insertions, deletions and even for gene expression
studies using RNA sequencing, but for the purposes of this thesis focus will be on de novo WGS
and mapping (Besser et al., 2017, Glenn, 2011, Loman et al., 2012).

SGS technologies produce very short reads and the need for longer reads sequencing without the
need for DNA amplification resulted in third generation sequencing technologies, such as the
single molecule real time (SMRT) platform from Pacific Biosciences, which is the most widely used
third generation technology, and nanopore-based sequencing from Oxford Nanopore Technologies
(Heather and Chain, 2016, Feng et al., 2015). Current third generation sequencing technologies
are faster and capable of producing longer sequencing reads in real time, however these are still
relatively new technologies with high error rates and low output compared to lllumina and lon
Torrent sequencing (Table 1-3) (Bleidorn, 2016).
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WGS has multiple application including species identification, antibiotic resistance, virulence and
comparative genomics (Besser et al.,, 2017). Comparative genomics is a popular field where
genomes of various bacterial species or strains are compared to view phylogenetic relationships
and identify conserved and unique genes between species and strains to aid in bacterial diagnosis,
treatment and prevention (Touchman, 2010). The main workflow of WGS with comparative
genomics is characterised by the following steps: 1) sample processing; 2) sequencing and 3) data
analysis, described in more detail below.

Table 1-3: Characteristics, strengths and weaknesses of commonly used sequencing platforms?2
(Besser etal., 2017).

Throughput Read
Platform/Instrument range (Gb)P length (bp) Strength Weakness
Sanger sequencing
Read d Cost and
ABI 3500/3730 0.0003 Up to 1 kb ead accuracy an ostan
length throughput
llumina
- 1x75 o Run and read
MiniSeq 1.7-7.5 t0 X150 Low initial investment length
MiSe 0.3-15 1336 to Read length, scalabilit Run length
q . 2%300 gtn, y g
1x75 to Run and read
NextSeq 10-120 2x150 Throughput length
. Read accuracy, High initial
HiSeq (2500) 10-1000 x50 t0 X250 tracy rign It
throughput, investment
NovaSeq 5000/6000  2000-6000 <20 Read accuracy, High initial
to x150 throughput investment
lonTorrent
Th h
PGM 0.08-2 Up to 400 Read length, speed roughput,
homopolymers?
S5 0.6-15 Up to 400 Read length, speed, Homopolymersd
Proton 10-15 Up to 200 Speed, throughput Homopolymersd
Pacific BioSciences
PacBio RSII 0.5-1¢ Up to 60 kb  Read length, speed High error rate
(Average 10 kb, N50
20 kb)
Sequel 5-10¢ Up to 60 kb  Read length, speed High error rate
(Average 10 kb, N50
20 kb)
Oxford Nanopore
. High error rate
MInION 0.1-1 Up to 100 kb  Read length, portability '9

Run length,

a Used under CC BY-NonCommercial-No Derivatives 4.0 International (CC BY NC ND 4.0) licence

b The throughputranges are determined byavailable kits and run modes on a perrun basis. As an example of a 15-Gb
throughput, thirty-five 5-MB genomes can be sequenced to a minimum coverage of40x on the lllumina MiSeq using the
v3 600 cycle chemistry.

¢ Per one single-molecule real-time cell.

d Results inincreased errorrate (increased proportion of reads containing errors among all reads) which in turn results in
false-positive variant calling.
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1.3.2. Sample processing

Sample processing starts with two key steps, DNA extraction and library preparation which will
determine the quality of data generated by sequencing. DNA extraction can be done using
commercial kits or standardized laboratory procedures, but the quality and purity of the DNA has to
be checked using the spectrophotometric A260/280 and A260/230 ratios and gel electrophoresis
for degradation (Haridas et al., 2011). DNA extraction is followed by library preparation where DNA
is fragmented, amplified and immobilized depending on the sequencing technology used, Figure
1-5 (Goldman and Domschke, 2014).

The two main SGS technologies in use currently are llumina and lon Torrent. For lon Torrent
sequencing DNA amplification is done by emulsion PCR. Briefly primers that are bound to beads,
DNA template, deoxynucleoside triphosphate (dNTPs) and polymerase are loaded into micelle
droplets. Then amplification by PCR is performed in each droplet, resulting in beads with multiple
copies of the same DNA template bound that is ready for sequencing (Figure 1-6) (Goodwin et al.,
2016b, Metzker, 2010). For lllumina sequencing DNA is amplified by solid-phase bridge
amplification, first single stranded template ligated to an adapter sequence is bound to primer
bound to patterned flow cell, then the free ends can bind to other primers forming bridges, which
are amplified by PCR, resulting in clusters of forward and reverse strands (Figure 1-6) (Goodwin et
al., 2016b, Metzker, 2010).

Samples
e.g. blood, saliva, tissue, fossils etc.

1740

Starting Material
genomic DNA/reverse-transcribed RNA (cDNA)/chromatin
immunoprecipitated DNA/methyl-sensitive DNA preparation
VAVAN

/ ~ Fragmentation
‘ ./ (shearing, enzymatic cutting)

4 ’
o N

Adapter ligation/Amplification \;
o
S s =l 2 N\

N T8N ‘ FTLR ey N~
% Immobilization
| (microbeads, slides...)
Ny b
y OO i
Sequencing Reaction
(cyclic reversible termination = sequencing by synthesis (SBS),|
sequencing by ligation (SBL), pyrosequencing, ion-sensitive
sequencing, single molecule sequencing...)

Figure 1-5: Workflow for DNA sequencing. DNA extraction from various sources, fragmented and
amplified by PCR. The DNA fragments are then separated and immobilized depending on
sequencing technology used and then sequenced in parallel. Used with permission from (Goldman
and Domschke, 2014).
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amplification can take place clonal clusters are formed

Figure 1-6: DNA amplification during library preparation for a) lon Torrent sequencing using
emulsion PCR and b) lllumina sequencing using Solid-phase bridge amplification adapted with

permission from (Goodwin et al., 2016b)
1.3.3. DNA sequencing

DNA sequencing using lllumina sequencing technology is based on reversible dye terminator
technology (Figure 1-7). Four different cleavable fluorophores emitting different colours in a
fluorescent microscope are attached to each of the nucleotide types and the nucleotides are also
blocked at the 3’ end to prevent elongation after one nucleotide has bound (Goodwin et al., 2016b,
Metzker, 2010). When a nucleotide binds to the amplified DNA a signal is emitted and recorded
according to the colour registered. Only one nucleotide binds and is recorded per cycle. llumina
sequencing produce high throughput data at low cost, but sample concentration plays a large role

as overloading canresult in low quality data (Van Dijk et al., 2014).

lon Torrent sequencing takes advantage of the basic chemistry of DNA elongation where a proton
is released when nucleotides bind resulting in an increase in pH that is measured by the ion
sensors n a semiconductor chip (Figure 1-8) (Goodwin et al., 2016a, Van Dijk et al., 2014). Torrent
sequencing is less common than lllumina sequencing but unlike llumina optical scanning and
fluorescence is not necessarily due to the semi-conductor technology measuring basic chemistry
(Van Dijk et al., 2014). Another advantage of lon Torrent sequencing is fast runs with longer read
lengths at a lower cost than most of the other SGS technologies, however homopolymers are

difficult to measure and can cause high error rates (Besser et al., 2017).
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Figure 1-7: Reversible terminator sequencing of lllumina sequencing. A mixture containing primers,
DNA polymerase and fluorophore-labelled terminally blocked nucleotides are added to the DNA
template. Only one nucleotide is added per cycle, due to the terminal block group. Each of the four
nucleotides have different cleavable fluorophores attached that will emit different colours using
fluorescent microscopy. The fluorophore is then cleaved, and the blocked nucleotide repaired
before restarting the cycle for attachment of the next nucleotide. Adapted with permission from
(Metzker, 2010, Goodwin et al., 2016b)
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Single nucleotide addition
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Nature Reviews | Genetics

Figure 1-8: lon Torrent sequencing using semiconductor-based detection. Beads containing
amplified DNA template are arrayed into a microtiter plate with only one bead per well. One
nucleotide type is added at a time. When a nucleotide binds to the DNA a single H* ions is released
resulting in a change in the pH of 0.02 units. This change is detected by a metal-oxide
semiconductor and ion-sensitive field-effect transistor device. Unbound nucleotides are washed
away, and the next nucleotide type is added. Adapted with permission from (Goodwin et al., 2016b)

20



Another consideration for sequencing is how the DNA sequence should be sequenced, i.e.
whether paired-end or single-end sequencing is selected and if paired-end sequencing is chosen
should the sequencing be mate-paired or just paired-end? Generally, SGS produce single-end
reads, where the DNA is only sequenced in one direction and this can be either in the forward or
reverse direction (Glenn, 2011). With paired-end sequencing the DNA fragments are sequenced
from both ends and for mate-paired reads during library preparation the fragmentation step is
modified to produce larger fragments that are circularized and fragmented further for sequencing,
resulting in long-insert paired-end reads, however mate-paired reads are more expensive and
time-consuming than paired-end reads (Glenn, 2011). The choice of reads is dependent on the
downstream application, even though both paired-end and single-end reads can be used for
genome assembly, paired-end reads can be used more efficiently due to additional information on
direction of the reads, but producing paired-end reads is more time-consuming and can be more
expensive.

1.3.4. Data analysis

After DNA sequencing comes the daunting task of data analysis. SGS technologies produce large
raw data sets containing millions of sequences, known as reads, in gigabyte size files, and high
computational capability is required. An ever-increasing list of bioinformatic tools is available to aid
in different steps of data analysis, ranging from free online tools, to downloadable software
packages and even some pipelines where some of the tools were combined into a single process.
Numerous articles are available comparing some of these tools, and a few tools have been
mentioned more than others, but the algorithms of these tools are being enhanced on a continuous
basis. A detailed discussion of all the available strategies is beyond the scope of this thesis and
only a basic overview of requirements for WGS will be discussed briefly. For WGS the basic steps
include 1) sequencing quality, 2) genome assembly, 3) genome annotation followed by the 4)
research dependent applications.

Sequence quality

The quality of the sequencing data is a critical first step in determining the quality of assembly.
During this step the quality of the raw reads are assessed using various characteristics including,
base quality scores, read length and quantity, G+C content, sequence duplication and
contaminants, such as adapters and primer-dimers (Schmieder and Edwards, 2011). In high-
throughput sequencing the quality score is measured by the Phred quality score which indicates
the probability that a base call is incorrect (Bokulich et al., 2013). Low quality reads and bases
must be removed to improve the quality of the assembly, along with possible sequencing adapters
that were added to the sequence during library preparation. After quality control the reads can be
assembled. Another important aspect in sequencing to consider is depth and breadth of coverage,
the depth of coverage. (Equation 1) is a measure of the average number of times a base is
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sequenced in the genome and breadth of coverage is a measure of the percentage of the genome
that is covered by the reads at a specific depth (Sims et al., 2014). The depth of coverage required
for WGS is dependent on the objectives of the study, for example, for mapping assembly lower
coverage of around 10x to 30x is required, but for de novo assembly around 100x coverage is

required.

Equation 1: Depth of coverage

Number of reads (N) X Average read length (L)
Lengthof genome (G)

Depth of coverage (C) =

Genome assembly

There are two approaches to assemble the short reads, i.e. de novo and mapping. De novo
assembly reconstructs a genome using only the reads produced by the SGS technology which is
much more time-consuming and memory intensive compared to mapping assembly where a
closely related reference genome is used as a guide to reconstruct the genome (Pop, 2009). Three
main strategies have been applied to de novo assemble the short-read sequences, the string-
based method Greedy-extension, and the graph-based methods De Bruijn graph and overlap-
layout-consensus (OLC). The De Bruijn graph method is most suited for large datasets containing
millions of short reads, as is produced by SGS technologies (zZhang et al., 2011). De novo
assembly can’t reconstruct a complete sequence, rather reads are assembled into several contigs
(from contiguous). A contig is a set of overlapping DNA sequences representative of a consensus
part of the complete genome. It is recommended to use more than one assembly program so that
the metrics can be compared, and the best assembly method can be chosen for further analysis
(Del Angel et al., 2018). The order of these contig sequences can be determined using a reference
genome or a closely related genome or information from paired-end reads, if used. Next, using a
combination of two methods known as scaffolding, the contigs can be linked, either using a string
of ambiguous bases (N) or gap filing, where overlapping regions between the contigs, to produce
a draft genome, that is ready to be annotated (Pop, 2009, Del Angel et al., 2018).

Annotation

The final step of WGS is annotation, which include the identification and location transposable
elements, structural and functional annotation (Del Angel et al., 2018). The first step is finding
genes by identifying open reading frames (ORFs); followed by non-coding RNA, including tRNA,
rRNA and small nucleolar RNA and regulatory regions, some of which can be identified by motifs in
nucleotide sequences; then repetitive elements, such as the 16S rRNA followed by 23S rRNA and
then a 5S rRNA, and segmental-duplication and finally variations among individuals of a species,
identified using a comparative gene or genome approach, the most notable of which single-
nucleotide polymorphisms (SNPs) (Stein, 2001, Binnewies et al., 2006). Once these elements
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have been identified in the nucleotide sequence, the proteins and their functions can be inferred,
the genes for which the function or name is not known yet are classified as hypothetical proteins.

Comparative genomics

Comparison of bacterial species can include the genome, transcriptome and proteome level, for
the scope of this thesis only genome level alignments will be considered. Genomic bacterial
comparisons include the general features of a genome, such as genome size, GC content and
number of genes, as well as the presence of specific genes and the order of genes (Binnewies et
al., 2006). The loss, gain or change of genes can be used to infer evolution of bacterial species
and have been used to show the possibility of HGT between species in the same environment,
recombination between closely related species and the occurrence of genetically uniform

microbes.
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14. Aim of the research

The general aim was to assemble, annotate and compare draft genomes of mycoplasma species
isolated from South African poultry farms to identify novel genes that can be used to aid in the

diagnosis and treatment of poultry mycoplasma species in South Africa.

1.5. Purpose of the research

Some of the benefits that can arise from this thesis include:

= Construction of full genomes for previously unsequenced mycoplasmas

* Insights into comparative genome organisation of mycoplasmas

= [dentification of the molecular markers for antimicrobial resistance

= Identification of potential virulence genes

= [dentification of new genetic targets for differentiating infected from vaccinated animals
(DIVA) test as well as for strain identification
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CHAPTER 2: IDENTIFICATION OF MYCOPLASMA SPECIES FROM
SOUTH AFRICAN POULTRY FARMS AND ASSESSMENT OF

ANTIMICROBIAL RESISTANCE

Content from this chapter was published as a research article in Volume: 84 Issue 21 (2018) of Applied and
Environmental Microbiology by A Beylefeld, P Wambulawaye, DG Bwala, JJ Gouws, OM Lukhele, DBR
Wandrag and C Abolnik, entitled “Evidence for multidrug resistance in non-pathogenic Mycoplasma

species isolated from South African poultry”.

2.1. Introduction

Mycoplasma gallisepticum (MG) causes chronic respiratory disease in chickens, with symptoms
that include coughing, sneezing, rales and nasal discharge (Raviv and Ley, 2013). M. synoviae
(MS) is associated with upper respiratory infections or synovitis, symptoms include lameness, a
pale comb, retarded growth and swelling around the joints (Ferguson-Noel and Noormohammadi,
2013).

Poultry flocks are screened for the presence of mycoplasmas using serological tests, such as
serum plate agglutination or enzyme linked immunosorbent assays (ELISA) (Kleven, 2008).
Culturing is the golden standard for diagnosing mycoplasmas, but MG is slow growing and can
take anything from 72-96 hours to grow, and some isolates can take up to 4 weeks to grow. MG
can therefore easily be overgrown by faster growing mycoplasmas, such as the prevalent non-
pathogenic mycoplasma species M. gallinarum and M. gallinaceum (Kleven, 2008). In recent years
culture-based identification have been largely replaced by DNA-based methods, such as MG- and
MS-specific polymerase chain reaction (PCR) or real-time PCR, not only due to their sensitivity and
speed, but also because clinical samples can be used directly without culture (Sprygin et al., 2010,
Feberwee et al., 2005). Identification using the 16S ribosomal ribonucleic acid (16S rRNA) gene is
considered a standard for bacterial identification and is a useful tool for the characterisation of
mycoplasma species (Johansson et al., 1998). Phylogenetic analysis of the 16S rRNA gene has
been used successfully to classify 50 Mycoplasma species into 5 phylogenetically distinct groups
(Weisburg et al., 1989).

Medication and vaccination have been used to treat and control mycoplasma infection with variable
success. Mycoplasmas are intrinsically resistant to antimicrobial agents that target the bacterial cell
wall, but susceptible to antimicrobial agents that target protein synthesis. In the poultry industry,
commonly used classes of antimicrobial agents used include tetracyclines, quinolones, macrolides
and pleuromutilins such as oxytetracycline; enrofloxacin; tylosin and tiamulin, respectively.
Antimicrobial resistance (AMR) is a global health threat and AMR in animal production, including
poultry is a contributing source. One of the biggest contributing factors is the practice of
administering antimicrobials in feed not only for the purpose of medication, but also for enhanced

growth and productivity (Nhung et al., 2017).
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Numerous studies have been done on acquired AMR in human mycoplasmas, but only a few
studies have been done in poultry mycoplasmas. Tetracyline resistance in M. hominis has been
associated with the acquisition of the tetM gene from Streptococcus sp., and in M. bovis with point
mutations in the 16S rRNA gene, but this has not been shown in poultry mycoplasmas yet (Roberts
et al., 1985, Lysnyansky and Ayling, 2016). In poultry mycoplasmas, quinolone resistance has
been associated with mutations in the quinolone resistance determining regions (QRDR) of the
Topoisomerase Il and IV proteins (Gerchman et al.,, 2011, Lysnyansky et al., 2013). Acquired
macrolide resistance has been associated with mutations in the 23S rRNA gene in MG, MS, and
the ribosomal protein L4 and L22 have also been linked to resistance in M. bovis (Ammar et al.,
2016, Lysnyansky et al., 2015, Lysnyansky and Ayling, 2016). Pleuromutlin resitance has also
been associated with mutations in the 23S rRNA gene (Li et al., 2010).

In many South African poultry flocks mycoplasmosis caused by MG and MS, remains a persistent
problem and in-feed medication is a common practise. Routine diagnostic tests at the Bacteriology
laboratory in the Department of Veterinary Tropical Diseases (DVTD) of University of Pretoria has
involved culturing with growth inhibition for the identification of mycoplasmas as MG, MS or M. spp,
for the unidentified mycoplasma species. In this study samples were collected between 2003 and
2015 and tested to determine the diversity of mycoplasma species found in the South African
poultry industry using 16S rRNA gene phylogeny. Axenic samples were then tested for their
minimum inhibitory concentration (MIC) values against the commonly used antibiotics used to treat
mycoplasma-infected flocks, chlortetracycline, enrofloxacin, tylosin and tiamulin. | also explored the
gene and protein sequences for point mutations known to be involved in antimicrobial resistance to
these antibiotics, 23S rRNA and 16S rRNA genes, ribosomal proteins L4 and L22, as well as
topoisomerase Il subunit A and B, and topoisomerase IV subunit A and B.

2.2. Materials and Methods
2.2.1. Sample collection

Sampling was undertaken between June 2014 and November 2015. Predominantly commercial
layer chickens, but also some breeder and broiler poultry farms in the geographically separated,
poultry-intensive regions of the Gauteng and Western Cape Provinces in South Africa were
targeted. Poultry flocks that through routine screening with commercially available MG- and MS-
specific ELISAs showed a history of mycoplasma infection were selected. Ten dry tracheal swabs
were collected per house, from chickens showing typical signs of MG or MS infection, and
submitted by veterinarians within 24 hours to the Bacteriology laboratory of the DVTD in the
Faculty of Veterinary Science at the University of Pretoria (UP). Some of the flocks had a history of
MG vaccination, therefore antibiotic treatment had been lifted at least one week prior to sampling.
Passive sampling from mycoplasma-positive samples submitted to the Poultry Section of the

Department of Production Animal Studies in the Faculty of Veterinary Science, UP for post-mortem
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examination was also sent to the Bacteriology laboratory at DVTD. These 106 samples along with

18 archived mycoplasma isolates collected from 2003 to 2013 resulted in a total of 124 samples

used for this study (Table 2-1).

Table 2-1. South African Mycoplasma species analysed in this study

Species identification

Year Strain Province Culture 16 rRNA sequencing
2003 B1102-03 N/A MG MG

2005 B313-05 N/A MG M. gallinaceum
2005 B733-05 N/A MG M. gallinaceum
2006 B1102-06 N/A MG MG

2006 B726-06 N/A MG MG

2006 B852-06 N/A MG MG

2006 B943-06 N/A MG MG

2007 B1028-07 N/A MG MG

2007 B2214-07 N/A MS MS

2007 B04-09-07 N/A MG M. gallinarum, MG
2008 B1072-08 North West MG M. gallinarum, MG
2008 B642-08 N/A MG MG

2008 B758-08 Limpopo MG MG

2009 B730-09 N/A MG MG, MS

2013 B2076-13-3 N/A MS MG, MS

2013 B2159-13 N/A MG MG

2013 B2176-13 N/A MG M. gallinaceum
2013 B2888-13-1A N/A M. spp M. gallinaceum, MG
2014 B1064-14-H3 Gauteng MG MS

2014 B1064-14-H5 Gauteng MS MS

2014 B1101-14-10 Gauteng MG M. gallinarum, M. pullorum
2014 B1101-14-6 Gauteng MG M. gallinarum

2014 B1101-14-7 Gauteng M. spp M. gallinaceum
2014 B1101-14-8 Gauteng MG M. gallinarum

2014 B1101-14-9 Gauteng MG M. gallinarum

2014 B1064-14-H4 Gauteng MS MS

2014 B1173-14-2a Western Cape MG M. gallinaceum
2014 B1173-14-2b Western Cape MG M. gallinaceum
2014 B1173-14-4a Western Cape MG M. gallinaceum
2014 B1173-14-4b Western Cape MG M. gallinaceum
2014 B1173-14-5b Western Cape MG M. gallinaceum
2014 B1173-14-6b Western Cape MG M. gallinaceum
2014 B1173-14-7b Western Cape MG M. gallinaceum
2014 B1173-14-8b Western Cape MG M. gallinaceum
2014 B1342-14-10 Western Cape M. spp M. gallinaceum
2014 B1342-14-13 Western Cape M. spp M. gallinaceum
2014 B1342-14-18 Western Cape M. spp M. gallinarum, M. gallinaceum
2014 B1342-14-14 Western Cape M. spp M. gallinaceum
2014 B1342-14-4 Western Cape MG M. gallinarum, M. gallinaceum
2014 B1342-14-9 Western Cape MG M. gallinarum, MG
2014 B1342-14-8 Western Cape M. spp M. gallinaceum
2014 B1393-14-10 Gauteng MS MS

27



2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015

B1393-14-4
B1394-14-5
B1394-14-2
B1395-14-1
B1395-14-2
B1395-14-5
B1396-14-6
B1396-14-7
B1396-14-8
B1396-14-9
B1412-14-18
B1414-14-1
B1552-14-19
B2096-14-2
B2096-14-3
B2096-14-4
B2096-14-7
B2096-14-8
B2771-14-1A
B2771-14-1B

B2771-14-15A

B878-14-L3
B878-14-M1
B878-14-M2
B878-14-M3
B878-14-M4
B878-14-M5
B1931-15-6A
B1932-15-2
B2053-15-1
B2053-15-2
B2053-15-3
B2053-15-5
B2063-15-3
B2772-15-1
B2777-15A-7
B2777-15A-8
B293-15-10
B293-15-11
B293-15-12
B293-15-13
B293-15-14
B293-15-15
B293-15-16
B293-15-17
B293-15-18
B293-15-4
B293-15-6
B293-15-7
B293-15-8

Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng

Western Cape

Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
North West
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng
Gauteng

L
60 6nonon
o
©

G
%]
o
©

<
®

S
n
o
©

M. gallinarum, MS

. gallinaceum
. gallinaceum
. gallinarum,

. gallinaceum
. gallinaceum
. gallinaceum

, M. pullorum
MG

Acholeplasma laidlawii

M
M

M
M
M
M
M

M
M

. gallinaceum
G

. gallinaceum
. pullorum

. gallinaceum
. gallinaceum
. gallinaceum
G

G

MG, M. pullorum

M

SEEZETEEEgEggggggggggggggggggg£g£££

G

. gallinaceum
. gallinarum,
. gallinarum
gallinaceum
gallinaceum
gallinarum,
gallinarum,
gallinarum,
gallinarum
gallinarum,
gallinarum,
gallinarum,
gallinarum
gallinarum,
gallinarum,
gallinarum
gallinarum
pullorum

. pullorum

. gallinarum,
. pullorum

. gallinaceum
. pullorum

MG

MG
MG
MG

MG
MG
MG

MS
MG

M. pullorum, M. iners

MG, M. pullorum

M
M

. gallinarum
. gallinarum

M. gallinarum, MS

M

. gallinarum



2015 B293-15-9 Gauteng MG M. gallinarum, MG

2015 B3381-15-1 Gauteng M. spp M. gallinaceum

2015 B3381-15-2 Gauteng M. spp M. gallinaceum

2015 B3381-15-3 Gauteng M. spp M. gallinaceum

2015 B3381-15-4 Gauteng M. spp M. gallinaceum

2015 B3381-15-5 Gauteng M. spp M. gallinaceum

2015 B3443-15-1 Gauteng M. spp M. gallinarum, MG

2015 B3443-15-2 Gauteng M. spp M. gallinarum, MG, M. pullorum
2015 B3443-15-3 Gauteng M. spp M. gallinarum, M. pullorum
2015 B3443-15-4 Gauteng M. spp M. gallinarum, MG, M. pullorum
2015 B3443-15-5 Gauteng M. spp M. gallinarum, MG, M. pullorum
2015 B3443-15-6 Gauteng M. spp M. gallinarum, MG, M. pullorum
2015 B3443-15-7 Gauteng M. spp M. gallinarum, M. pullorum
2015 B3443-15-8 Gauteng M. spp M. gallinarum, MG, M. pullorum
2015 B359-15-2 Gauteng M. spp M. gallinaceum, M. pullorum, M. iners
2015 B359-15-3 Gauteng M. spp M. pullorum, M. iners

2015 B359-15-4 Gauteng M. spp M. pullorum, M. iners

2015 B359-15-5 Gauteng M. spp M. pullorum

2015 B359-15-6 Gauteng M. spp M. pullorum

2015 B359-15-8 Gauteng M. spp M. gallinaceum, M. pullorum, M. iners
2015 B457-15-3 Gauteng MG M. gallinarum, MG

2015 B457-15-5 Gauteng MG MG

2015 B458-15-1 Gauteng MS MS

2015 B458-15-10 Gauteng MG M. gallinarum, MG

2015 B458-15-11 Gauteng MS MS

2015 B458-15-5 Gauteng M. spp M. gallinarum, MG

2015 B458-15-5M Gauteng MS MS

2015 B458-15-6 Gauteng MS MS

2015 B464-15-3 Gauteng MS MG, MS

2015 B540-15-2 Gauteng MG M. pullorum

2015 B540-15-4 Gauteng M. spp M. gallinarum, MG, M. pullorum
2015 B540-15-5 Gauteng M. spp M. gallinarum, M. gallinaceum, MG

MG-M. gallisepticum; MS-M. synoviae; M. spp-unidentified Mycoplasma species

2.2.2. Mycoplasma isolation by culture and identification by growth inhibition

Mycoplasma isolation by culturing and identification by culture with growth inhibition was done by
Johan Gouws and Pamela Wambulawaye. The standard method of Mycoplasma culturing and
identification in the Bacteriology laboratory of the DVTD is as follows: the collected swab samples
were plated directly onto Frey’s agar medium, before the tip of each swab was swirled in a 5ml
tube of Frey's broth medium (Frey et al., 1968). Agar plates were incubated in a 5% CO: in air
atmosphere and examined daily for the presence of colonies under a stereomicroscope at 40x
magnification. Cultures are reported as negative for mycoplasma if no growth is observed after 21
days. Morphologically distinct colonies were subcultured on a plate by cutting out a piece of agar
with one isolated colony and rubbing it face-down on a new agar plate. Plates were incubated in
the same manner as mentioned above and examined daily for development of colonies. The broth
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cultures were observed daily, and if a colour change was observed, the broth was also sub-
cultured onto agar plates.

Culture identification was performed by a growth inhibition test on agar using mono-specific
antisera (Clyde Jr, 1983). Monospecific antisera were prepared in-house by hyper-immunisation of
rabbits with American Type Culture Collection (ATCC) cultures of MG strain NCTC10115 and MS
strain ATCC25204 as described (Ruhnke and Rosendal, 1989, Clyde Jr, 1983). An isolate was
identified as the specific species when a clear zone of inhibition of growth was observed around a

well in the agar filled with the homologous mono-specific antiserum.

2.2.3. Mycoplasma DNA isolation

Mycoplasma DNA was isolated using the PureLink® Genomic DNA mini kit (Invitrogen). A
Mycoplasma cell lysate was first prepared by harvesting cells from 100 ml of culture by
centrifugation at 14 175 xg for 1h at 4°C (Eppendorf 5804R Centrifuge with a 6 x 85ml High-speed
fixed-nagle rotor). The supernatant was carefully removed with a micropipette and the pellet
resuspended in 360 pl PureLink® Genomic Digestion Buffer before 20 ul of Proteinase K was
added. The sample was briefly vortexed (Labnet Vortex mixer) and incubated at 55°C for 1h
(Labnet AccuBlock Digital Dry Bath), with another brief vortex after 30 min incubation. The sample
was vortexed again after 20 ul of RNase A was added and then incubated at room temperature for
2 min, before 200 ul PureLink® Genomic Lysis/Binding Buffer and 200 pl Ethanol (96-100%) was

added followed with another brief vortex.

The cell lysate was then added to a spin column and centrifuged at 10 000 x g for 1 min at room
temperature (Sigma 1-14 centrifuge). The collection tube was discarded and the spin column with
bound DNA placed into a clean PureLink® Collection Tube. The DNA was first washed with 500 pl
Wash Buffer 1 and centrifuged at 10 000 x g for 1 min at room temperature and then again with
500 pl Wash Buffer 2 and centrifuged at 12 470 xg for 3 min at room temperature, discarding the
collection tube after each step and placing the spin column into a clean collection tube. The DNA
was eluted with 50 pl PureLink® Genomic Elution buffer, incubated at room temperature for 1 min
and centrifuged at 12 470 xg for 1,5 min at room temperature into a 1,5 ml Eppendorf tube.

The quality and quantity of the DNA was checked with a Nanodrop 2000 spectrophotometer
(Thermo Scientific). The samples were also checked by gel electrophoresis on a 1% (w/v) agarose
gel (Seakem LE agarose) in 1x TAE buffer (40 mM Tris-acetate; 20 mM glacial acetic acid and 1
mM Ethylenediaminetetraacetic acid (EDTA), pH 8.0) and 0.175ug/ml ethidium bromide (Merck) for
DNA visualization and the Gene Ruler 1kb Plus DNA ladder (Thermo Scientific). DNA samples
were prepared for loading by mixing 5 pl of DNA with 1 pl DNA loading dye (Thermo Scientific).
Samples were then electrophoresed at 100V for 1h and visualized under UV light. The samples

were stored at -20°C. Archives samples were analysed by llumina MiSeq whole genome
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sequencing (Ingaba Biotech (Pty) Ltd, Pretoria) and samples isolated in 2014 and 2015 were
analysed by lon Torrent personal genome machine (PGM) whole genome sequencing (University
of Pretoria). At the sequencing facility of the University of Pretoria samples are also subjected to a

quality control check of the concentration on a Qubit fluorometer before sequencing.

2.2.4. 16S rRNA gene phylogeny

lllumina MiSeqwhole genome sequencing

The paired-end MiSeq lllumina reads were first trimmed using the Nextera library and then de novo
assembled into contigs using the default settings in CLC Genomics Workbench version 8.5.1 (CLC
Bio-Qiagen, Aarhus, Denmark). The contigs was uploaded to the online RNAmmer 1.2 Server
(http://lwww.cbs.dtu.dk/servicessRNAmmer/) (Lagesen et al., 2007) and the contig(s) containing the
16S rRNA gene(s) for each sample was extracted into a single FASTA file.

lon Torrent PGM whole genome sequencing

The number of lon torrent reads was reduced with digital normalization, using Khmer (version 2.0)
(Brown et al., 2012, Crusoe et al., 2015) for submission to the integrated genome analysis platform
for lon Torrent sequence data (lonGAP) online platform: (http://iongap.hpc.iter.es/iongap) using the

default settings for the Genome Assembly and Bacterial Classification and Annotation modules
(Baez-Ortega et al., 2015). The Genome Assembly module uses FastQC: A quality control tool for
high throughput sequencing data (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
(Andrews, 2010) for quality analysis of the ion torrent reads and MIRA (Chevreux et al., 1999) for
genome assembly. The Bacterial Classification and Annotation module uses BLAST (Altschul et
al., 1990) with the National Centre for Biotechnology Information Nucleotide (NCBI) 16S rRNA
database (ftp://ftp.ncbi.nih.gov/blast/db) for taxonomic classification of submitted data. lon torrent

reads were also de novo assembled using the default settings in CLC Genomics Workbench and

saved for downstream analysis.

The 16S rRNA genes from both the llumina and lon Torrent data was checked for chimeric
sequences using the UCHIME which forms part of the USEARCH program version 10
(http://drive5.com/usearch/) (Edgar er al., 2011).

Phylogenetic relationships

The 16S rRNA genes of all the avian mycoplasma species available from NCBI were collected and
an avian mycoplasma 16S rRNA reference database was created. The online tool Multiple
Alignment using Fast Fourier Transform (MAFFT) version 7.304
(http://mafft.cbrc.jp/alignment/server/) was used to align the 16S rRNA sequences of the archived
mycoplasma samples to the reference database (Katoh et al., 2002). The resulting alignment was
edited with BIoEDIT Sequence Alignment Editor (version 7.2.5) and saved in a FASTA format for

downstream analysis (Appendix B.1.).
31


http://www.cbs.dtu.dk/services/RNAmmer/
http://iongap.hpc.iter.es/iongap
ftp://ftp.ncbi.nih.gov/blast/db
http://drive5.com/usearch/
http://mafft.cbrc.jp/alignment/server/

The phylogenetic program PAUP (version 4) was used to perform a parsimony analysis (Swofford,
2003). A heuristic search with tree bisection and reconnection (TBR) was performed to find the
best fit phylogenetic tree. Tree length, consistency index (ClI), retention index (RI) and homoplasy
index tree scores was used to determine homoplasy and the reliability of the phylogenetic tree was

constructed by bootstrap analysis with 1000 resamplings.

For further analysis the best fitting nucleotide substitution model was determined with Akaike and
Bayesian information criteria (AIC and BIC) using Jmodeltest 2.1.7 v20150530 (Darriba et al.,
2012). The resulting best fit model with nucleotide substitution rates was used for the maximum-
likelihood and Bayesian inference analysis. PhyML (version 3.0) was used to perform a maximum-
likelihood analysis using nearest neighbour interchange (NNI) and subtree pruning and regrafting
(SPR) to determine the best phylogenetic tree typology and bootstrap analysis with 1000
resamplings (Guindon et al., 2010). MrBayes (version 3.2.6) was used to perform a Bayesian
inference analysis (Ronquist and Huelsenbeck, 2003).

The program FigTree (1.4.3) was used to view the resulting phylogenetic trees. The phylogenetic
relationship between the samples and the reference strains were inferred and used to identify each

sample.

Differentiation of MG and M. imitans species

The 16S-23S rRNA intergenic spacer region (IGSR) of samples identified by 16S rRNA gene
identification as MG were extracted from the de novo assembled contigs. For the axenic samples
the 16S rRNA and 23S rRNA results obtained from the RNAmmer 1.2 server were used to extract
the 16S-23S rRNA IGSR. For the mixed samples the only the contigs containing the 16S rRNA and
23S rRNA gene identified as MG was used to extract the 16S-23S rRNA IGSR. The resulting 16S-
23S rRNA (IGSR) of the samples were aligned to reference strains MG (accession number:
AB098504) and M. imitans (accession number: AB098503) and compared as described by
Harasawa et al. (2004).

The 16S rRNA and 16S-23S rRNA IGSR sequences determined in this study were deposited in the
Genbank® genetic sequence database hosted by the NCBI
(http://www.ncbi.nlm.nih.gov/Genbank/index.html)  under  accession numbers MH538971-
MH539148 and MH571894-MH571937, respectively.

2.2.5.  Minimum inhibitory concentration (MIC) assays.

MIC assays were performed at the Bacteriology laboratory of the DVTD by Johan Gouws
according to the method published by Hannan et al. (1997). The method was modified slightly by
replacing M-Broth with Frey’'s broth, both as culture medium and diluent (Hannan et al., 1997).

Briefly, microtitre plates were coated with the antibiotic of interest, namely chlortetracycline,
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enrofloxacin, tylosin or tiamulin in a dilution series. The medium was adjusted to a final pH of 7.6
using 0.5M sodium hydroxide. For each sample Frey's broth was inoculated with mycoplasma
sample and added to the plate. Uninoculated broth was used as an end point control and
inoculated broth without antibiotic was used as positive controls. Glucose was used as
fermentation substrate with phenol red as pH indicator. Adhesive tape was used to seal the plates
before incubation at 36°C and examined daily for colour change from red to yellow on the positive
control. The result was reported as the lowest concentration of antibiotic where no colour change
was observed (Matros L, 2001).

2.2.6. Antimicrobial resistance genes

The de novo assembled contigs for axenic samples for which reference genomes are available
were aligned to their respective reference genomes using the CLC Genome Finishing Tool version
1.5.4. Reference genomes used were M. gallisepticum strain R(low) (accession no. AE015450), M.
synoviae strain 53 (accession no. AE017245), M. pullorum strain B359 6 (accession no.
CP017813) and M. gallinaceum strain B2096 8B (accession no. CP011021). The 23S rRNA,
ribosomal protein L4 (rpID), ribosomal protein L22 (rplV), DNA gyrase subunit A (gyrA), DNA
gyrase subunit B (gyrB), Topoisomerase IV subunit A (parC) and Topoisomerase IV subunit B
(parE) genes were extracted. M. gallinarum does not have a reference genome yet, therefore de
novo assembled contigs of two samples were submitted to the RAST prokaryotic genome
annotation server (http://rast.nmpdr.org) for annotation (Aziz et al., 2008, Brettin et al., 2015,
Overbeek et al., 2013). The genes of interest were extracted from the annotated contigs and used
as reference to align the de novo assembled contigs of the remaining M. gallinarum samples. The
23S rRNA, genes for each sample were aligned to the reference genes of their respective species
using CLC genomic workbench and compared. Nucleotide sequence of the rpID, rplV, gyrA, gyrB,
parC and parE genes were translated to their respective proteins using the genetic code table 4.
The protein sequences for each species were aligned and compared. The reference genes and
proteins were also aligned to the respective reference gene or protein for Escherichia coli to find
the gene and amino acid positions described by Gerchman et al. (2011), Lysnyansky et al. (2013)
and Lysnyansky et al. (2015) (Gerchman et al., 2011, Lysnyansky et al., 2015, Lysnyansky et al.,
2013) (Table 2-2).

The 23S rRNA, rpID, rplV, gyrA, gyrB, parC and parE sequences determined in study were
deposited in the Genbank® genetic sequence database under accession numbers MH540196 to
MH540321, MH548710 to MH548772, MH548647 to MH548709, MH548523 to MH548584,
MH548585 to MH548646, MH548834 to MH548895 and MH548773 to MH548833, respectively.
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Table 2-2: Position of nucleotide and amino acid substation of Mycoplasma species

Species E. coli MG MS M. gallinarum M. pullorum M. gallinaceum

Enrofloxacin

Topoismerase II-A D87 E97 N143 E148 E150 E154

Topoismerase 1I-B A401/ A416/ S415/ G406/ G417/ G415/
G402 S417 S416 S407 G418 G416

Topoismerase IV-A D79/ D80/ D84/ Doo/ D84/ D84/
S80/ s81/ T85/ S9l/ S85/ S85/
A81/ S82/ S86/ S92/ S86/ S86/
E84 E85 D89 E95 E89 E89

Topoismerase IV-B D420/ D428/ D427/ D426/ D425/ D428/
E454 D462 D461 E460 D459 D462

Tylosin

23S rRNA gene G748A G780 G789 G791 G797 G792
A2058G  A2068 A2053 A2058 A2068 A2059
A2059G A2069 A2054 A2059 A2069 A2060
A2503T A2513 A2499 A2503 A2513 A2505

L4 protein NS NS NS NS NS NS

L22 protein NS NS NS NS NS NS

Tiamulin

23S rRNA gene A2503U  A2513 A2499 A2503 A2513 A2505
G2447A

NS — Not specified
2.3. Results
2.3.1. Mycoplasma identification by growth inhibition

Active and passive sampling of chickens showing clinical signs commonly associated with MG and
MS infection, e.g. coughing, sneezing, rales and nasal discharge, resulted in 124 mycoplasma
samples identified by the Bacteriology laboratory as MG, MS or neither, i.e. unidentified
mycoplasma species (M. spp) (Table 2-1). Identification in culture by growth inhibition with
hyperimmune sera resulted in 50 (40.32%) mycoplasma-positive samples identified as MG, 15
(12.10%) as MS and 59 (47.58%) as M. spp (Figure 2-1).

2.3.2.  Mycoplasma DNA isolation

Genomic DNA was extracted from mycoplasma-positive samples and prepared for NGS
sequencing. Archived mycoplasma samples were isolated and submitted for llumina MiSeq whole
genome sequencing in the initial stages of the investigation, but later samples were sequenced
using lon Torrent technology due to improved coverage, cost and turnaround time. For lon torrent
sequencing 3-5 pg of amplified DNA at a concentration of at least 50-100 ng/ul of DNA is required
(N. Olivier, personal communication). Gel electrophoresis was used in conjunction with nanodrop
readings to determine purity of the isolated DNA (Appendix A.1 and Appendix A.2). Both RNA and
DNA absorb at 260nm, proteins absorb at 280nm and EDTA and carbohydrates absorb close to
230nm, phenol and other contaminates also absorb at one of these wavelengths. These

characteristics can be used to aid in determining the purity of a sample, through the 260/230 and
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260/280 ratios. The 260/280 ratio is a measure of nucleic acid purity and a sample is considered to
contain pure DNA, RNA or protein and other contaminants if the ratio is close to 1.8, 2.0, but this is
just a rule of thumb as only value that are significantly lower than 1.8 are considered as low quality.
The 260/230 ratio is normally used as a secondary measure of the purity of nucleic acids in
general and a value in the range of 2.0 to 2.2 is generally expected for this metric (Thermo
Scientific, 2010). Of the 2014 and 2015 samples isolated 81/106 were considered as pure, with
only a few samples having possible impurities or RNA contamination that could interfere with
sequencing (Appendix A.1). Some samples failed quality control at the sequencing facility and
were re-isolated and sent to the sequencing facility as quickly as possible to prevent any loss of
DNA that might occur during transit and long-term storage.

Sequencing data received from sequencing facility were checked for quality before de novo
assembly by assessing the quality distribution and per base analysis. De novo assembly was also
quality checked by assessing the depth of coverage and N50 values (data not shown). The N50
values is a metric used to evaluate the guality of sequence assemblies and is defined as the
minimum contig length covering 50% of the genome size. These results will be discussed in more
depth in Chapter 3 and 4. For the purpose of this Chapter, only one sample, B293-15-11, had a
low assembly quality and was excluded from analysis after 16S rRNA identification. Some of the

results files are too large to include in the thesis and is available upon request.

Mycoplasma identification by cell culture with growth
inhibition

B M. gallispeticum
M M. synoviae

HM. spp

Figure 2-1: Mycoplasma identification in cell culture by growth inhibition with hyperimmune sera.

2.3.3. Mycoplasma identification by 16S rRNA gene identification

Samples were identified by combining 16S rRNA gene information from RNAmmer and the longap

bacterial classification results (Figure 2-2, Table 2-1). No chimeric sequences were found using the

UCHIME program. The RNAmmer results revealed more than one 16S rRNA gene for 89/124
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mycoplasma samples, 44 of these contained the 16S rRNA genes of mulitple species, resulting in
a total of 178 mycoplasma species identified as follows: 45 (25.28%) as MG, 17 (9.55%) as MS, 44
(24.72%) as M. gallinarum, 25 (14.04%) as M. pullorum, 41 (23.03%) as M. gallinaceum, 5 (2.81%)
as M. iners and 1 sample was identified as Acholeplasma laidlawii (Figure 2-3). The use of the 16S
rRNA gene is considered a standard for bacterial identification. Some exceptions do exist as in the
case where the 16S rRNA of MG and M. imitans that are nearly identical and other means of
distinguishing these species are required.

A putative transposase gene was found by Harasawa et al. (2004) in the 16S-23S rRNA IGSR of
M. imitans (Harasawa et al., 2004). The 16S-23S IGSR of one MG sample (B293-15-18) could not
be found in the sequencing data due no read coverage in most parts of this region, even though
the sample had a depth of coverage of 846x, de novo assembly resulted in 12,448 reads with N50
value of only 1,822bp. The 16S-23S IGSR of the remaining 44 MG isolates were determined and
aligned to MG and M. imitans. None of the isolates contained the putative transposase gene (Data
not shown).

Proportionally more samples were received from the Gauteng province (134/178) compared to the
Western Cape (19/178), North West (4/178) and Limpopo (1/178) provinces. No location
information was available for the remaining 20 samples (Table 2-1)(Figure 2-4).

In the 44 samples containing two or more mycoplasma species, 98 mycoplasma species were
identified. With M. gallinarum, the highest frequency of co-infection occurred with MG (Figure 2-5).
MG was also found in co-infection with MS, M. pullorum, and M. gallinaceum, whereas MS was
only found in co-infection with MG and M. gallinarum. M. gallinaceum was found in co-infections
with MG, M. gallinarum, M. pullorum and M. iners. M. iners, detected at the lowest frequency in
only five of the isolates, was only found in co-infections with M. gallinaceum and M. pullorum
(Figure 2-5).

In 2014 and 2015 the species most frequently isolated were M. gallinaceum and M. gallinarum,
respectively (Figure 2-6), but M. gallinarum tended to occur more frequently in co-infections in
33/44 (75.00%) cases, whereas M. gallinaceum co-infections were only detected in 7/44 (15.91%)
cases. Overall more co-infections were observed from the 2015 samples than from the 2003-2014
samples. Both M. gallinaceum and M. gallinarum are fast-growing species, with growth on agar
visible at 48 hours, whereas growth of MG and MS are usually only visible after 72-96 hours (1, 2).
It is standard laboratory procedure to incubate plates for longer to allow any small colonies that are
possibly MG or MS to grow.
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Figure 2-2: Phylogenetic tree of the 16S rRNA gene of avian mycoplasmas, representatives of the
isolates from this study are shown. Values on branch refer to maximum parsimony, Bayesian
inference and maximum likelihood bootstrap values, respectively. Bootstrap values below 50 not
shown.
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Figure 2-3: Mycoplasma identification by 16S rRNA gene identification.
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Figure 2-4: Mycoplasma identification in South African provinces.
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Figure 2-5: Euler diagram showing multi-infection in mycoplasma samples.
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Figure 2-6: Mycoplasma species isolated per time period. Top (dark coloured) values of each
column is representative of axenic cultures and bottom (light coloured) sections of columns are
indicative of mixed sample cultures.
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2.3.4. Comparison of culture with 16S rRNA gene identification

Error! Not a valid bookmark self-reference. compares species classification from culture
identification against 16S rRNA sequencing, for the 80 axenic cultures identified out of 124
samples by 16S rRNA sequencing. Results identified as MS positive with culture were 98.75%
accurate whereas the accuracy of identifying samples as MG or M. spp was lower at 75% and
76.25%, respectively. The specificity for MS and M. spp were both 100%. Samples are only
classified as M. spp after a negative result with both MG-and MS- specific hyperimmune sera are

obtained.

Culture with growth inhibition using MG-specific hyperimmune serum was the most inaccurate.
Although all of MG isolates were correctly identified resulting in high sensitivity, a positive result
using this antiserum was only able to correctly identify MG in 15/35 (42.86%) of cases and at a low
specificity. The highest rate of misdiagnosis using MG-specific antisera due to cross-reactions
were obtained with M. gallinarum, followed by M. gallinaceum, M. pullorum and MS. This caused a
low sensitivity for MS and M. spp identification.

Table 2-3: Correlation between Mycoplasma identification methods in axenic samples.
16S rRNA sequence

Growth Inhibition by Mono-Specific Antiserum

identification MG MS M. spp

M. gallisepticum (n=15) 15 (100%) 0 0

M. synoviae (n=11) 1 (9.09%) 10 (90.91%) 0

M. gallinarum (n=11) 7 (63.64%) 0 4 (36.36%)

M. pullorum (n=8) 1 (12.50%) 0 7 (87.50%)

M. gallinaceum (n=34) 11 (32.35%) 0 23 (67.65%)
Acholeplasma laidlawii (n=1) 0 0 1 (100%)
Total: 35 11 35

Accuracy: 0.75 (75.00%) 0.99 (98.75%) 0.76 (76.25%)
Sensitivity: 1.00 (100%) 0.91 (90.91%) 0.65 (64.81%)
Specificity: 0.69 (69.23%) 1.00 (100%) 1.00 (100%)

2.3.5.  Minimum inhibitory concentration (MIC) assays

MIC analysis was performed on the axenic isolates and results are listed in (Table 2-4). The MICs
for 16/80 isolates could not be determined, because isolates were difficult to culture after
prolonged storage at minus 80°C. No international standards for in vitro susceptibility testing
criteria are currently available for poultry mycoplasmas. Hannan (2000) suggested breakpoints for
various mycoplasma species that could be used as guidelines, the proposed breakpoints used in
this study for tylosin, enrofloxacin and tiamulin are shown in Table 2-5. A breakpoint for
chlortetracycline is not available, however, in MIC studies of human enteric isolates the
microbiological activity of chlortetracycline and oxytetracycline was found to be comparable, thus
the breakpoints for oxytetracycline was used for chlortetracycline (EMEA, 2009, Hannan, 2000).
The distribution of MIC values, concentrations of compounds to which 50% or 90% of the isolates
are susceptible (MICso or MICs) as well the percentage of resistance in each species is listed in

Table 2-6. MICso or MICge values are usually only quoted for sample sizes of 10 or more (Hannan,
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2000). The amount and relative proportion of sensitive, intermediate sensitive and resistant
reaction to each antibiotic is depicted in Figure 2-7

The MG strains showed variance of MICs for both chlortetracycline, range 1 to 64 pg/ml and
tylosin, range <0.01 to 16 pg/ml (Table 2-6). The MICso value for chlortetracycline was 4 pg/ml
indicating that at least half of the MG isolates remained sensitive to chlortetracycline, whereas the
MICso value for tylosin was 10 pg/ml indicating that more than half of the MG isolates are resistant
to tylosin. Only MG strains showed resistance to chlortetracline (2/10) and tylosin (6/10), and
intermediate susceptibility to both chlortetracycline (3/10) and enrofloxacin (2/10). The two
chlortertracycline resistant MG strains, B758-08 and B943-06, also showed resistance to tylosin
and intermediate sensitivity to enrofloxacin. Two of the three MG strains that showed intermediate
susceptibility to chlortetracycline also showed resistance to tylosin. Four MG strains were resistant

to one antimicrobial, and two were resistant to two antimicrobials. (Table 2-4 and Figure 2-7).

The variance in MS MICs for chlortetracycline ranged from 2 to 32 pg/ml, and for tylosin the range
was 0.02 to 10 pg/ml (Table 2-6). The MICso value for chlortetracycline was 16 pg/ml indicating a
high percentage of resistance, MICso values for the other antibiotics showed less than 50%
resistance. MS strains had resistance either to chlortetracycline (6/11), tylosin (3/11) or
enrofloxacin (1/11). Acquired intermediate susceptibility to chlortetracycline (3/11) and enrofloxacin
was also observed (4/11) Only B1394-14-5 was resistant to both chlortetracycline and tylosin. Two
other tylosin resistant MS strains, B1394-14-2 and B1393-14-10, also showed intermediate
sensitivity to chlortetracycline and three chlortetracycline resistant strains, B1394-14-5, B1064-14-

H5 and B1064-14-H3 showed intermediate resistance to enrofloxacin. (Table 2-4 and Figure 2-7)

For M. gallinarum, resistance was observed to chlortetracycline (6/9) and tylosin (6/9) as well as
intermediate susceptibility to chlortetracycline (3/9) and enrofloxacin (5/9). Three of the nine
chlortetracycline-resistant strains, B2053-15-2, B2772-15-1 and B293-15-6, also showed
resistance to tylosin with sample B2053-15-2 also showing intermediate susceptibility to
enrofloxacin (Table 2-4 and Figure 2-7). Two of the six M. pullorum strains, B293-15-12 and B293-
15-15, showed resistance to tylosin and chlortetracycline. Two more strains showed resistance to
chlortetracycline. Two strains showed intermediate susceptibility to enrofloxacin. (Table 2-4 and

Figure 2-7). MICso and MICqs0 values were not determined for these two species.

Proportionately more M. gallinaceum strains were isolated, with 28 used for MIC analysis. MIC
ranges were 0.5 to >20ug/ml and 1 to >20 pg/ml, for chlortetracycline and tylosin respectively
(Table 2-6). The MICso for chlortetracycline of 10 pg/ml and MICe of >20 pg/ml indicates that the
majority of M. gallinaceum strains were resistant to chlortetracycline, in fact only six remained fully
susceptible (Table 2-4, Table 2-6 and Figure 2-7). The MICso and MICqo for tylosin was 10 and >20

pg/ml, respectively, with almost all the strains showing resistance to tylosin (24/28). Only one strain
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was fully sensitive, and three samples had intermediate sensitivity to tylosin (Table 2-4, Table 2-6
and Figure 2-7). The MICs for enrofloxacin ranged from 0.08-10ug/ml, with an MICso of 0.32 and
an MICs of 5ug/ml (Table 2-6). Five of the strains were resistant to enrofloxacin, and five more
samples showed intermediate resistance. Resistance to both chlortetracycline and tylosin was
observed in 14 strains, one of these M. gallinaceum strains, B1173-14-4a, showed intermediate
sensitivity to tiamulin. One strain showed resistance to both enrofloxacin and tylosin and three
strains, B1101-14-7, B1342-14-10 and B1342-14-13, were resistant to chlortetracycline,

enrofloxacin and tylosin.

Proportionally between species, only 20% of the MG strains were resistant to chlortetracycline
compared to 55%, 67%, 71% and 48% observed for MS, M. gallinarum, M. pullorum and M.
gallinaceum, respectively (Table 2-6, Figure 2-7(b)). For tylosin, only 27% of MS samples were
resistant compared to 60%, 67%, 43% and 86% for MG, M. gallinarum, M. pullorum and M.
gallinaceum, respectively (Table 2-6, Figure 2-7(b)). Enrofloxacin resistance was only detected in
M. gallinarum (33%), M. gallinaceum (18%) and MS (9%) (Table 2-6, Figure 2-7(b)).

2.3.6. Antimicrobial resistance genes

The rpID, rplV, gyrA, gyrB, parC and parE genes of every strain for each species were extracted
from de novo assembled contigs and translated to their respective protein sequences. Ribosomal
proteins L4 and L22, DNA gyrase subunits A and B and topoisomerase IV subunits A and B; were
also aligned and compared (Mulitmedia). The 23S rRNA gene was also aligned and compared for
each species. Specific point mutation in the 23S rRNA gene have been associated with acquired
resistance to tylosin and tiamulin, as well as amino acid substitutions in ribosomal proteins L4 and
L22 (Gerchman et al.,, 2011, Lysnyansky et al., 2015, Lysnyansky and Ayling, 2016, Li et al.,
2010). Amino acid substitutions in DNA gyrase subunit A and B and topoisomerase IV subunit A
and B have been associated with quinolone resistance (Gerchman et al., 2011, Lysnyansky et al.,

2013). E. coli numbering used throughout, except for ribosomal protein L4 and L22 (Table 2-2).

A comparison of the 23S rRNA gene showed that 5/6 tylosin resistant MG strains had point
mutation A2059G on one or both 23S rRNA genes (Table 2-4). No amino acid substitutions were
observed in the L4 and L22 ribosomal proteins; DNA gyrase subunits A and B; and DNA
topoisomerase IV subunit A and B proteins, respectively. Both 23S rRNA genes of the three tylosin
resistant MS strains had acquired mutation A2059G, and no amino acid substitution was observed
in the L4 and L22 ribosomal proteins. All MS strains had amino acid substitutions N89D and
D461E of the Topoisomerase IV subunits A and B proteins when compared to the MS reference
strain, but the only enrofloxacin resistant strain, B1394-14-5, also had amino acid substitution
D420N (Table 2-4).
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Table 2-4. MIC’s and resistance mutations of Mycoplasma strains.

Strain MIC (ug/ml) Macrolide resistance genes Quinolone
resistance genes
Chlortetracycline2? Enrofloxacin2 Tylosin2 Tiamulin®  23SrRNA®  rplD rplv parC¢ parE®

M. gallisepticum

NCTC 10115 (Control)  1.250 0.160 0.160 0.160

USDA 56 (Control) 2.500 0.160 0.160 0.160

B1102-03 1 0.250 0.125 0.060

B1102-06 1 0.250 0.125 0.060

B726-06 4 0.250 16 0.250 A2059GH

B943-06 16 1 16 2 -

B1028-07 8 0.250 16 0.250 A2059GH

B758-08 64 1 16 1 A2059G¢

B2159-13 4 0.250 16 0.120 A2059G¢

B1395-14-1 10 0.080 10 0.160 A2059G

B878-14-L3 10 0.040 0.010 0.010

B457-15-5 2 0.250 0.125 0.060

M. synoviae

NCTC 10124 (Control) 5 2.500 0.080 2.500 N84D D454E

ATCC 25204 (Control)  2.500 5 0.080 2.500 N/D N/D N/D N/D N/D

B2214-07 2 2 0.125 0.500 N84D D420N,
D454E

B1064-14-H4 10 0.640 0.020 2.500 N84D D454E

B1064-14-H3 20 0.640 0.040 2.500 N84D D454E

B1064-14-H5 20 0.640 0.040 2.500 N84D D454E

B1394-14-2 10 0.080 10 2.500 A2059G¢ N84D D454E

B1393-14-10 10 0.320 10 2.500 A2059G¢ N84D D454E

B1394-14-5 20 0.640 10 2.500 A2059GH N84D D454E

B458-15-1 4 0.250 0.125 0.120 N84D D454E

B458-15-5 16 0.250 0.125 0.120 N84D D454E

B458-15-6 32 0.250 0.125 0.250 N84D D454E

B458-15-11 32 0.500 0.125 0.250 N84D D454E
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Strain MIC (ug/ml) Macrolide resistance genes Quinolone
resistance genes

Chlortetracycline2? Enrofloxacin2 Tylosin2 Tiamulin®  23SrRNA®  rplD rplv parC¢ parE®
M. gallinarum
B1101-14-6 20 0.640 0.040 2.500 G2059A
B1101-14-8 20 0.640 0.040 2.500
B1101-14-9 20 0.640 0.040 2.500 G2059A
B878-14-M3 10 0.320 >20 1.250 G745A, 1196T HI1K
G2059A
B2053-15-2 16 1 > 16 0.500 G2059A 1196T
B2772-15-1 16 0.250 > 16 0.250 G2059A 1196T
B293-15-10 8 0.250 > 16 0.500 G745A, 1196T H91K
G2059A
B293-15-11 8 1 > 16 0.500 N/D N/D N/D N/D N/D
B293-15-6 16 0.250 > 16 1 G745A, 1196T HI1K
G2059A
M. pullorum
B293-15-12 64 0.250 4 0.250
B293-15-15 32 0.250 4 0.250
B293-15-17 16 0.250 0.250 0.060
B359-15-5 4 1 0.125 0.250
B359-15-6 1 1 0.125 0.500
B540-15-2 32 0.250 0.125 0.060 G748A S81P
M. gallinaceum
B313-05 16 0.250 > 16 1 G748Ad
B733-05 16 1 8 1 G748Ad
B1101-14-7 20 10 >20 5 G748Ad S80L
B1173-14-2a 2.500 0.160 5 0.640 G748Ad
B1173-14-2b 10 0.320 10 1.250 G748Ad
B1173-14-4a >20 0.320 >20 10 G748Ad
B1173-14-4b 20 0.320 >20 5 G748Ad
B1173-14-5b 20 0.320 >20 5 G748Ad
B1173-14-6b 20 0.160 20 1.250 G748Ad
B1173-14-7b 10 0.160 10 1.250 G748Ad
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Strain MIC (ug/ml) Macrolide resistance genes Quinolone
resistance genes

Chlortetracycline2? Enrofloxacin2 Tylosin2 Tiamulin®  23SrRNA®  rplD rplv parC¢ parE®

B1173-14-8b 20 0.160 >20 5 G748Ad

B1342-14-10 >20 10 20 2.500 G748Ad

B1342-14-13 20 2.500 10 1.250 G748Ad E84G

B1342-14-14 10 5 10 5 G748Ad

B1342-14-8 20 0.160 >20 5 G748Ad

B1395-14-2 1.250 0.080 5 1.250 G748Ad

B1396-14-7 10 0.160 20 1.250 G748Ad

B1396-14-8 >20 0.160 10 1.250 G748Ad

B1396-14-9 >20 0.160 10 5 G748Ad

B1414-14-1 20 N/D >20 2.500 G748Ad

B878-14-M1 5 0.160 >20 0.320 G748Ad

B878-14-M4 5 0.640 >20 0.320 G748Ad

B878-14-M5 10 0.320 >20 0.320 G748Ad

B3381-15-1 2 1 2 1

B3381-15-2 8 0.250 4 0.500 -

B3381-15-3 2 1 2 1

B3381-15-4 2 2 2 0.500

B3381-15-5 0.500 1 1 0.500

aBreakpoints according to Hannan (2000) (Table 3) with
Green — Susceptibilityto antimicrobial agent
Yellow — Intermediate susceptibilityto antimicrobial agent
Red and Bold face — Resistance to antimicrobial agent
bNo breakpointavailable, oxytetracycline values used (Table 3).

CE.coli numbering

dFound on both 23S rRNA genes

N/D — Not determined
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Table 2-5: Minimum Inhibitory Compound breakpoints.

Class Antibiotic Susceptible Intermediate Resistant
(ug/ml) (ug/ml) (ug/ml)
Tetracyclines Chlortetracycline2? <4 8 >16
Fluoroquinolones Enrofloxacin? <0.5 1 >2
Macrolides Tylosina <1 2 >4
Pleuromutilin Tiamulin <8 - >16

aBreakpoints according to Hannan (2000)
PNo breakpointavailable, oxytetracycline values used

The lack of a reference genome for M. gallinarum combined with the presence of contaminating
DNA from Paenibacillus spp therefore made it difficult to retrieve genes of interest for sample
B293-15-11 and was not analysed. Point mutation G2059A was observed in one or both of the 23S
rRNA genes of 7/8 M. gallinarum strains, but only 5 of these showed resistance to tylosin (Table
2-4). In 3/5 of the tylosin-resistant strains, mutation G745A was present in both 23S rRNAs as well
as substitution HI91K in ribosomal protein L22 (Table 2-4). All 5 tylosin resistant strains had
acquired substitution G354A and T587C in gene rplD which corresponded to no substitution at
amino acid position 119 and substitution 1196T, respectively ribosomal protein L4 (Table 2-4,
Appendix B). One M. pullorum strain, B540-15-2, had point mutation G748A in the 23S rRNA and
substitution S81P in parC of the QRDR, but no correlation with tylosin or enrofloxacin resistance
was observed (Table 2-4).

Point mutation G748A was observed in both 23S rRNA genes of 23/24 tylosin resistant M.
gallinaceum strains (Table 2-4). Comparison of topoisomerase IV subunit A revealed amino acid
substitutions S81L and E84G in only two enrofloxacin resistant strains, B1101-14-7 and B1342-14-

13, respectively. No further mutations were observed for the M. gallinaceum strains.
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Table 2-6: Minimum inhibitory compound values (ug/ml) distribution of Mycoplasma strains.

Antimicobial Number of strains with MIC(ug/ml) of MICso  MICeo Resis-
agent tance

Chlortetracycline | 0.5 1 1.25 2 2.5 4 5 8 10 16 20 >20 32 64
M. gallisepticum 2 1 2 1 2 1 1 4 16 20%
M. synoviae 1 1 3 1 3 2 16 0.64 54.6%
M. gallinarum 2 1 3 3 66.7%
M. pullorum 1 1 1 2 1 66.7%
M. gallinaceum 1 1 3 1 2 1 5 2 8 4 10 >20 50%
Enrofloxacin 0.04 0.08 0.16 025 032 05 0.64 1 2 2.5 5 10 N/D
M. gallisepticum 1 1 6 2 0.25 1 0%
M. synoviae 1 3 1 1 4 1 0.50 0.64 9.9%
M. gallinarum 3 1 3 2 0%
M. pullorum 4 2 0%
M. gallinaceum 1 9 2 5 1 4 1 1 1 2 1 0.32 5 21.4%
Tylosin 0.01 0.02 0.04 0.08 0.125 0.16 0.25 0.64 1 2 4 5 8 10 16 >16 20 >20
M. gallisepticum 1 3 1 5 10 16 60%
M. synoviae 1 2 5 3 0'51 2 10 27.3%
M. gallinarum 3 5 1 66.7%
M. pullorum 3 1 2 33.3%
M. gallinaceum 1 3 1 2 1 6 0 1 3 10 10 >20 85.7%
Tiamulin 0.01 0.06 0.08 0.12 0.16 025 032 05 0.64 1 1.25 2 25 5 10
M. gallisepticum 1 3 1 1 2 1 1 0.12 1 0%
M. synoviae 2 2 1 6 250 2.50 0%
M. gallinarum 1 3 1 1 3 0%
M. pullorum 2 3 1 0%
M. gallinaceum 3 3 1 4 7 2 7 1 1.25 5 0%
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a. Antimicrobial response of Mycoplasma strains
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Figure 2-7: Antibiotic sensitivity of mycoplasma strains to chlortetracycline, enrofloxacin, tylosin
and tiamulin. In (a) total number of strains that are either resistant, susceptible or in the

intermediate range is depicted, with relative proportions given in (b).
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2.4. Discussion

For several decades, culture followed by growth inhibition with hyperimmune sera was the only
identification method for poultry mycoplasmas in South Africa and diagnostic laboratories only
recently implemented ELISA and molecular detection methods. The species identification
discrepancy between growth inhibition test and DNA sequencing results has been previously
reported by others (Razin, 2012). Even though the shortcomings of identification by culture with
growth incubation are well recognised (Razin, 2012), growth inhibition test identification of strains
as MS or M. spp was reasonably accurate, but where the use of MG hyperimmune sera for
identification had a high sensitivity, it had a low accuracy and specificity.

DNA concentration is important for good quality sequencing, but numerous other factors can also
affect the quality of sequencing results, such the AT- or GC-rich sequences, or high frequency of
repeat sequence, and contaminants (Sims et al., 2014, Schatz et al., 2010). Only one sample,
B293-15-11 produced a weak de novo assembly and could not be analysed after 16S rRNA
identification. The 16S rRNA of contaminating species were found and paired with the lack of a
reference genome for M. gallinarum made it difficult to separate the different species. The

sequencing quality of the remaining samples will be discussed in more detail in Chapter 3 and 4.

Various samples identified as MG and MS by culture with growth inhibition test were succesfully
confirmed by 16S rRNA genes extracted from de novo assembled contigs of whole genome
sequencing data. Additionally M. gallinaceum, M. gallinarum, M. pullorum and M. iners were also
identified in poultry samples collected between 2003 and 2015 mostly from the Gauteng province,
but also from the Western Cape, Limpopo and the North West provinces (Table 2-1). Other poultry
mycoplasma species reported globally were not detected, hamely, M. glycophilum, M. iowae, M.
lipofaciens or M. meleagridis, the latter was not unexpected as turkeys are not farmed in South
Africa. It is difficult to distinguish M. imitans from MG by serological methods, but a putative
transposase previously identified in the 16S-23S IGSR is used to distinguish these species
(Harasawa et al., 2004). Apart from one co-infection sample that could not be distinguished as
discussed, M. imitans was not identified in the remaining samples tested.

M. gallinaceum, M. gallinarum, M. pullorum and M. iners are considered as non-pathogenic
mycoplasma species but are known to exacerbate respiratory diseases in co-infections (Kleven,
1998). Thus, under certain circumstances the effects of these “non-pathogenic” mycoplasmas on
production could be significant. The most common species isolated in 2014 was M. gallinaceum,
this species has previously been associated with conjunctivitis in pheasants (Welchman et al.,
2002), and recently Adeyemi and coworkers (2017) demonstrated the role of M. gallinaceum in
enhancing infectious bronchitis virus replication in vivo (Adeyemi et al., 2017). The most prevalent
species isolated in 2015 was M. gallinarum, albeit mostly in co-infections with MG. M. gallinarum

and is known to cause airsacculitis in chickens (Kleven et al., 1978). M. pullorum can cause an
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increase in embryo mortality and M. iners can cause lesions in embryos (Wakenell et al., 1995,
Moalic et al., 1997). The presence of these non-pathogenic species in flocks should therefore

closely monitored for their potential adverse effects on production.

Considering that MG and MS are the listed by the OIE as notifiable disease agents in poultry and
remains a problem worldwide, less MG and MS were isolated from the flocks than was expected,
and is consider that this could be due to 1) the widespread use of MS and MG vaccines in South
Africa; recently, the protective efficacy of ts-11 and 6/85 vaccines were demonstrated in challenge
studies with a typical MG field strain, B2159-13, also analysed here (Bwala et al., 2018) or 2) the
presence of the fast-growing species M. gallinarum and M. gallinaceum outgrowing MG and MS in
co-infections during culture, although mitigating measures were taken during culture to avoid this
3) the antibiotics in use are still effective against MG and MS field isolates - although insufficient
numbers were assessed here to state this conclusively. The joints of the chickens were not
swabbed, that may have selectively detected more MS. Accurate diagnosis is vital for effective
treatment and control and, the information generated by this study provides a good starting point
for future epidemiological surveys, based on differential PCR assays, to assess the incidence and
diversity of mycoplasmas in South African poultry flocks.

AMR in poultry microbes is a growing global concern, yet only a few studies could be found that
determined MICs for poultry mycoplasma strains, and then only MG and MS were investigated
(Nhung et al., 2017). Resistance to chlortetracycline, enrofloxacin or tylosin were observed in some
strains of all species cultured in this study. The finding of relatively higher chlortetracycline and
tylosin resistance compared to enrofloxacin for MG and MS was not unexpected as long-term use
of oxytetracycline, as practised over decades in South Africa, is known to cause resistance
(Pakpinyo and Sasipreeyajan, 2007, Eagar et al., 2012). Furthermore, in vitro studies have shown
that tylosin resistance develops quickly, compared to enrofloxacin resistance that develops slowly

over time (Gautier-Bouchardon et al., 2002).

All axenic strains tested were susceptible to tiamulin, except for one M. gallinaceum strain that had
developed intermediate susceptibility. Tiamulin is a pleuromutilin that in general had been found to
be effective in the treatment and control of Mycoplasma spp. In vitro studies demonstrated that
resistance to tiamulin could not be acquired when MG and MS were passaged up to ten times in
the presence of sub-inhibitory concentrations of this drug, whereas the same process resulted in
the emergence of resistance against other compounds (Nhung et al., 2017). Continuing
comparative genome analysis is expected to provide further insights into how this strain acquired

intermediate resistance against tiamulin.

Mycoplasmas have been shown to acquire AMR either by mutations in specific genes or through

gene transfer between different species, the latter has not been shown in poultry mycoplasmas so
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far. Studies on acquired resistance to macrolides in MG and MS indicated that single point
mutations in one or both the 23S rRNA genes are responsible (Gerchman et al., 2011, Lysnyansky
et al,, 2013). As expected, all the MS strains and all but one of the MG strains had A2059G
mutations in one or both 23S rRNA genes. Point mutation G745A in the 23S rRNA gene and amino
acid substitutions G354A and H91K were found in the L4 and L22 proteins, respectively of M.
gallinarum. Only the G354A mutation in the L4 protein was found in all tylosin resistant M.
gallinarum strains which could be the primary marker for acquired macrolide resistance in this
species. The mechanism of acquired macrolide resistance for M. gallinaceum is possibly linked to
mutation G748A in the 23S rRNA gene, as this mutation was present in all but one of the tylosin
resistant strains. Only one mutation was observed in the regions of interest for M. pullorum, but this
was a susceptible strain, as such a mechanism of macrolide resistance could not be inferred. One
MG and one M. gallinaceum strain did not contain the required mutation A2059G and G748A,
respectively suggesting that other mechanisms of macrolide resistance are involved, therefore
future studies aimed at proteomic analysis is required (Xia et al., 2015).

Quinolone resistance in MG and MS is acquired by point mutations in the quinolone resistance
determining region of the DNA gyrase subunit A and B and Topoisomerase IV subunit A and B
proteins (Gautier-Bouchardon et al., 2002, Lysnyansky et al., 2013). All MG, M. gallinarum and M.
pullorum strains tested were either sensitive or intermediately sensitive to enrofloxacin. No
mutations in the gyrA, gyrB, parC or parE genes were observed, except for one M. pullorum strain,
with point mutation S81P, however this was not a resistant strain. In the case of M. gallinaceum
only two of the 6 resistant strains had point mutation in the parC, but no other potential markers
were observed. Thus, no probable mechanism of resistance could be inferred for these species.
The single enrofloxacin resistant strain of MS had a D420N substitution in the parE gene which
was suggested by Lysnyansky et al. (2013) as one of multiple possible markers for quinolone
resistance in MS. All the MS strains also contained D454E and N84D substitutions in the parkE and
parC genes, respectively. The latter have shown to be associated with decreased susceptibility to
quinolones, which could explain the intermediate susceptible phenotype, but some of the strains
were sensitive to enrofloxacin. It is thus possible that point mutation D420N plays a larger role in
determining resistance in MS, and further investigation is necessary. To my knowledge, is this the
first time that a possible mechanism of acquired resistance to macrolides have been described for
the avian mycoplasma species M. gallinarum and M. gallinaeum. Further investigation is required
to identify the mechanism of acquired resistance of M. pullorum to macrolides and all three of

these species to quinolones.

Bacteria are considered to be multi-drug resistant (MDR) if they acquired resistance to three or
more antimicrobial classes (Magiorakos et al., 2012). Three M. gallinaceum strains showed
multidrug resistance to oxytetracycline (a tetracycline), tylosin (a macrolide) and enrofloxacin (a

quinolone). Proportionately more M. gallinaceum strains were tested compared to other
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mycoplasma species, therefore it is possible that other MDR mycoplasmas are circulating too. The
M. gallinarum, M. pullorum and M. gallinaceum samples showed proportionally more AMR
compared to MG and MS samples, and the frequent isolation from poultry flocks of non-pathogenic
mycoplasma strains that acquired AMR is a cause for concern, especially since they commonly
occur in co-infections with MG and MS and no vaccines against these less pathogenic species are
available for their control.

Development of antibiotic resistance to oxytetracycline in in vitro studies has been difficult,
indicating that it is more likely due to the transfer of the tetM from other species as has been shown
for M. hominis (Roberts et al., 1985). This however has not yet been demonstrated in poultry
mycoplasmas (Gerchman et al., 2011). Although natural horizontal gene transfer (HGT) between
mycoplasma species has not yet been reported, Dordet-Frisoni et al. (2014) recently demonstrated
that conjugal transfer, a form of HGT, between mycoplasma species is possible if an integrative
conjugate element is present (Dordet-Frisoni et al., 2014). HGT has been put forward as a theory
to explain the origin of the pMGA gene found in MG, that is closely related to the vihA gene found
in phylogenetically distant MS, but not found in other phylogenetically close mycoplasma species
(Markham et al., 1999, Vasconcelos et al., 2005). Investigating the ability of poultry mycoplasmas
for inter-and intra-specie AMR gene transferral, or even the uptake or transferral of AMR genes

between mycoplasmas and other bacterial species in the same environment should be prioritized.
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CHAPTER 3: GENOME ASSEMBLY AND ANNOTATION  OF
MYCOPLASMA PULLORUM, ISOLATED FROM DOMESTICPOULTRY IN
SOUTHAFRICA

The content of this chapter was published as a Genome Announcement by A Beylefeld and C Abolnik,
entitled “Complete Genome Sequence of Mycoplasma pullorum lIsolated from Domestic Chickens”
published online 23 February 2017.

3.1. Introduction

Various strategies have been used in the last couple of decades to assemble complete genomes
for various species. The first strategies involved shearing the DNA into smaller sizes and
sequencing each piece by Sanger-sequencing either randomly (also known as shot-gun
sequencing) or directed using primer walking, but these methods are labour intensive and time-
consuming. The first complete mycoplasma genome sequenced, M. genitalium, was sequenced
using shot-gun sequencing with capillary electrophoresis. The first completed poultry mycoplasma
genome, M. gallisepticum strain Riow, wWas also sequenced using shot-gun sequencing with
capillary electrophoresis, but was followed by primer walking to close gaps (Fraser et al., 1995,
Papazisi et al., 2003).

The introduction of second generation sequencing technologies (SGS) has made it possible to
sequence the complete DNA complement of an organism in a single experiment, however this
strategy produces large datasets containing billions of short read sequences that require
computational resources for assembly of a complete genome (Besser et al., 2017). Strategies to
assemble these reads are mainly by de novo assembly or mapping to a closely-related reference
genome (Pop, 2009). The whole genome sequence for M. gallinaceum was completed using only
de novo assembly of high-throughput lllumina data (Abolnik and Beylefeld, 2015). However, factors
such as sequencing errors known to occur in SGS technologies, repeat regions and other factors
influence the data output, resulting in a draft genome consisting of multiple scaffolds, rather than
complete genomes (Pop, 2009, Ekblom and Wolf, 2014). Experimental methods, such as primer
walking can be used to close the gaps to produce better quality genomes but are still time
consuming and expensive. Hybrid methods combining data from different sequencing technologies
have also been introduced with some success, however every organism is different, and the
optimal strategy will depend on genomic characteristics, such as size, GC content and repetitive
regions, and other external factors including budget and available resources (Ekblom and Wolf,
2014).

Mycoplasma genomes have a low GC content, contain numerous repeat region, and utilise a
different genetic code, making producing complete genomes for species from this genus very
difficult. De novo assembly strategies usually result in numerous contig sequences that will be too

time consuming and expensive to assemble into a complete genome. The aim of this study was to
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assembly a complete genome for the previously uncompleted M. pullorum using whole genome
seguencing data and in silico methods.

3.2. Materials and Methods
3.2.1. Sample collection, isolation and identification

Poultry mycoplasma samples were collected, isolated and identified as described in Chapter 2.
Briefly, samples were collected by veterinarians from chickens using swabs and sent to the
Bacteriology laboratory of the DVTD for the identification of mycoplasma species by culture with
growth inhibition by Johan Gouws and Pamela Wambulawaye. The DNA of the mycoplasma-
positive samples were isolated as described and sent for lon Torrent PGM whole genome
seqguencing at UP before samples were identified using the 16S rRNA gene. The remainder of the
samples were frozen at -20°C for future downstream analysis. Sample B359-6 was also sent to

Ingaba Biotech (Pty) Ltd, Pretoria for llumina MiSeq whole genome sequencing.

3.2.2.  Quality control

The fastq sequencing files produces by lon Torrent PGM whole genome sequencing and lllumina
MiSeq whole genome sequencing were submitted to the FASTQC program (version 0.11.5),

(available at https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to produce a quality

control report and assess the amount and quality of reads and the presence of adapters (Andrews,
2010). The sequencing files were imported into CLC Genomics Workbench version 8.5.1 (CLC
Bio-Qiagen, Aarhus, Denmark) using the platform specific import function. Low quality reads were
trimmed and filtered, and sequencing adapters trimmed using the default settings of the Trim
Sequences function of CLC Genomics Workbench with the Nextera Trim Adapter Library. The
trimmed files were analysed again with FASTQC for quality control.

3.2.3. Sequence assembly

Single-end reads produced by the lon Torrent sequencing platform were assembled de novo in
CLC Genomics Workbench (version 8.5.1) using the default settings, and a minimum contig length
of 500 bp. The reads were also mapped back to the contigs using the default settings with global
alignment and saved for downstream analysis. De novo assembly of the lon Torrent data was
performed twice in CLC genomics workbench. As described in Chapter 2, lon Torrent reads were
also subjected to digital normalization using Khmer (version 2.0) (Brown et al., 2012, Crusoe et al.,
2015) to decrease the amount of reads and submitted to the lonGAP server twice (available at
http://iongap.hpc.iter.es/iongap) (Baez-Ortega et al., 2015), the first time using the Genome

assembly and Bacterial classification module and a second time using only the Genome assembly
module.
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Paired-end reads produced by the llumina MiSeq sequencing platform were also assembled de
novo in CLC Genomics Workbench (version 8.5.1) using the default settings with the “include the
paired-end reads to detect paired distances and perform scaffolding” option activated and produce
only contigs with a minimum length of 500 bp. lllumina reads were also mapped back to the contigs

using the default settings with global alignment and saved for downstream analysis.

The quality of each assembly was assessed and compared using Quast, a Quality Assessment
Tool for Genome Assemblies from the Center for Algorithmic Biotechnology (available at

http://quast.bioinf.spbau.ru/) (Gurevich et al., 2013). The complete genome assembly of sample

B359-15-6 identified as M. pullorum was completed in silico using different strategies.

Strategy 1: De novo assembly with manual contig joining

The de novo assembled lon Torrent contigs were aligned using the input contigs as reference with
the default settings of the “align contigs” tool of the Genome Finishing Module (version 1.5.4) of
CLC Genomics Workbench to produce a contig match table file. Starting with the largest contig,
contigs were joined manually dependent on overlapping contigs at the 3’ and 5 ends using the
following parameters: 1) minimum contig match identity of above 95% and 2) minimum contig
overlap length of 20 bp. Where multiple contigs aligned, the best fit was chosen for the join. When
contigs could not be joined further the minimum contig match identity was lowered to above 80% to
reduce the number of contigs to a single contig representing the whole genome. This process was

continued until no more contigs could be joined.

Strategy 2: De novo assembly with manual contig joining from multiple genome assembly
platforms

The de novo assembled lon Torrent contigs produced were aligned and joined as described for
strategy 1. Before the minimum contig match identity was lowered to 80%, the LargeContigs.fasta
file produced by the lonGAP server was imported into CLC Genomics Workbench and the contigs
added to the contig match table file. The joined contigs were extended using the contigs produced
by the lonGAP server using the same parameters described above. As with strategy 1, when
contigs could not be joined further, the minimum contig match identity was lowered to above 80%
to reduce the number of contigs to a single contig representing the whole genome. This process

was continued until no more contigs could be joined

Strategy 3: Hybrid genome de novo assembly with manual contig joining using multiple sequencing
platforms and multiple genome assembling platforms with stepwise addition of each data set

The workflow shown in Figure 3-1 was followed starting with the largest contig until the full genome
was assembled. Briefly the 5’ or 3’ end of the contigs were viewed to assess the possible matches
for one of the four scenarios 1) when one possible match existed, the contigs are joined and the

newly joined contig analysed again, 2) when multiple matches existed the matches were first
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compared to each other to determine if a) the matches are the same: the longest contig was then
joined and the remaining matches were notes as part of the particular join b) the contig matches
were not similar a copy of the file was made and every distinct contig match evaluated using each
of the above scenarios, 3) when the 5 end matched to the 3’ end the size of the contig was
evaluated for possible completion of genome or noted as a possible repeat sequence and saved
for resolve by downstream analysis, 4) when no matches were possible the contig was saved for
resolution by downstream analysis. If multiple matches were possible the contig was not elongated

and saved for downstream analysis.

Strategy 4: Hybrid genome de novo assembly with manual contig joining using multiple sequencing
platforms

All three sets of de novo assembled contigs produced in CLC Genomics Workbench for llumina
and lon Torrent sequencing data were pooled with the contigs produced by the two lonGap
assemblies and a contig match table produced in CLC Genomics Workbench using the default
settings of BLAST word size of 20 and minimum match size of 100. The workflow described in
Figure 3-1 was followed. The end was determined using scenario (3) where the 5’ end matched to
the 3’ end and the genome size was in range with the expected size of the mycoplasma genome
as determined by the total length of combined contigs obtained from the genome assembly
statistics. The remaining contigs were analysed for the following scenarios 1) if there is a high
contig match percentage, the contig was removed, 2) no contig matches and short contig length
and low read coverage contigs were removed, 3) no contig match and high coverage, the contig
was exported and submitted to the National Centre for Biotechnology Information (NCBI)
nucleotide BLAST webtool (available at https://blast.ncbi.nim.nih.gov/Blast.cqgi) (Zhang et al., 2000)

for identification.

The final contig was exported from the contig match table and the lllumina and lon Torrent reads

were mapped onto the contig separately and a report generated for evaluation.

3.2.4. Genome annotation and viewing

The genome was then submitted for annotation to the NCBI Prokaryotic Genome Annotation
Pipeline (PGAP) (Tatusova et al., 2016). The resulting Genbank® file was downloaded from
Genbank®® and a complete circular genome was viewed using the custom analysis pipeline of the
online server G-view: a circular and linear genome viewer, see appendix B for the style sheet

(available at https://server.gview.ca/#) (Petkau et al., 2010). A complete genome analysis was also

produced by the US Department of Energy Joint Genome Institute (DOE-JGI) in collaboration with
the user community and presented on the Integrated Microbial Genomes and Microbiomes (IMG)

website (available at https://img.jgi.doe.gov/) (Chen et al., 2017). The resulting genome statistics

and results from the DOE-JGI Microbial Genome Annotation Pipeline (MGAP) were viewed (Figure
3-2) (Huntemann et al., 2015).
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The genome was also reanalysed using the NCBI-PGAP pipeline by the NCBI team in 2017 and
annotated as a reference sequence. The protein files for the two NCBI-PGAP annotations were
exported and submitted to the online webserver WebMGA (available at http://weizhong-
lab.ucsd.edu/webMGA/server/) for functional analysis using the Clusters of Orthologous Group
(COG) categorisation of proteins (Wu et al., 2011). The COG classification of proteins generated
for each annotation were compared and results correlated.
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Figure 3-1: Workflow for manual joining of contigs using the Genome finishing tool of CLC
Genomics Workbench
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Figure 3-2: Genome annotation pipeline that forms part of the standard operating procedures of IMG
genome analysis which include i) a quality control step, ii) structural annotation of genome and iii)

functional annotation of genome
3.3. Results
3.3.1. Quality control

The lllumina and lon Torrent sequencing data files received after sequencing were submitted to the
FastQC application for quality control. The basic statistics, shown in Table 3-1, shows that lon
Torrent sequencing produced 4 048 281 reads with an average read length of 176 bp and
assuming an expected genome size of 1 Mbp resulted in a depth of coverage of about 707 times.
The FastQC program is optimised for llumina data, and it appears as though the lon Torrent data
had reasonable or poor quality calls (Figure 3-3A, the rest of the report is available upon request
due to size of files), however the average quality score of lon Torrent reads is generally accepted
to be distributed in the range of 17 to 30 compared to lllumina data distribution range between 20
and 35. The average quality scores across each base position range between 18 and 23, no
overrepresented sequences or adapters were found, thus quality of the lon torrent reads were
considered as good and no trimming and filtering performed. To reduce the number of reads for
submission to the lonGap pipeline, the lon Torrent reads were subjected to digital normalization
producing 898 956 reads with length ranging from 32 — 305 bp and a GC content of 28%.

lllumina paired-end sequencing files are released as two separate files, a set of forward reads and
a set of reverse reads. Each of these files were checked for quality control in FastQC (Figure 3-3C
and D). The forward reads gave a warning for the per base sequence quality, due to the last base
position falling into the adequate and poor quality range, and the reverse reads failed the per base
sequence quality with the last almost 100 bp positions falling in the adequate and poor quality

range.
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During import of the llumina paired reads files into CLC Genomics Workbench the file is
automatically combined into a single paired file. Possible adapter sequences, poor quality reads
and quality bases were trimmed and filtered using the Nextera adapter library and the default
settings in CLC Genomics Workbench to produce a paired-trimmed sequencing file. The quality of
the trimmed file was checked again in FastQC (Figure 3-3B). The trimmed sequences passed the
per base sequence quality and no overrepresented sequences or adapter content were present. All
the quality control reports indicated either a warning or failure of the per base sequence quality and
per sequence GC content determinations (available upon request). lllumina sequencing produced
two read files of 166 659 bp each with an average read length of 185 bp and depth of coverage of
30.6x, combined 332 828 bp with an average read length of 185 and depth of coverage of 61.1

times was produced (Table 3-1).

Table 3-1: Basic read statistics of sequencing files collected from FastQC quality control statistics
and CLC quality control statistics

Sequencing Platform lon Torrent llluminareads Illumina reads llumina
reads before before reads after

trimming trimming trimming
(Forward) (Reverse)

Total sequences 4048 281 166 659 166 659 332 828

Sequences length (bp) 25 - 313 35 -301 35 -301 3-301

Awerage read length (bp) 176 185 185 185

%GC 29 34 34 34

Depth of coverage 707.4x 30.6x 30.6x 61.1x

3.3.2. Sequence assembly

An overview of the de novo assembly results used in this study is given in Table 3-2. lon Torrent
reads were de novo assembled in CLC genomic workbench twice and produced 143 (lon Torrent
1) and 150 (lon Torrent 2) contigs with combined lengths of 1 024 434 bp and 1 041 976 bp,
respectively, the largest contigs were 136 443 bp and 73 130 bp, respectively. The minimum contig
length covering 50% of the genome (N50) was found to be 31 904 bp and 35 243 bp, respectively.
De novo assembly of the lllumina reads resulted in 147 contigs with a combined length of 964 189
bp, the largest contig was 47 419 bp and the N50 15 299 bp (Table 3-2).

De novo assembly in lonGap was also performed twice, a first time for identification as discussed
in Chapter 2 and a second time only using the genome assembly module, both submissions
generated assemblies that were used in this study. The lonGap pipeline uses the assembly
program MIRA that exports only the large contigs, for downstream analysis. The first submission
resulted in 41 large contigs (lonGapl) with a combined size of 1 022 315 bp and the largest contig
189 531 bp, which is also the largest contig of all assembly data sets. The second submission
resulted in 34 large contigs (lonGap2) with a combined length of 1 019 999 bp, and the largest
contig 140 233 bp.
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Figure 3-3: Per base sequence quality as presented by FastQC quality control. A) lon Torrent sequencing data B) Paired and trimmed Illlumina
sequencing data C) Untrimmed forward Illlumina reads file D) Untrimmed reverse Illumina reads file. The y-axis shows the quality scores and is divided
into a green, orange and red block representing very good, reasonable and poor quality calls, respectively. The x-axis the position in a read bp. The
box-whisker plot represents each nucleotide position with the central red line indicating the median value, the yellow box representing the inter-quartile
range (25-75%), the upper and lower whiskers representing the 10 and 90% range and the blue line indicates the mean quality across e ach base position
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Assembly of the lllumina reads resulted in the smallest combined size and less large contigs,
producing no contigs of 50 000 bp or larger compared to 4 and 6, respectively from the lon Torrent
1 and 2 assemblies and 4 and 7 contigs, respectively of the lonGapl and 2 assemblies. The four
assemblies utilising the lon Torrent sequencing data had an average GC content of 28.87%

compared to 29% from llumina data (Table 3-2).

Table 3-2: De novo assembly statistics of datasets used in this study generated in Quast

Assembly lon Torrent 1 lon Torrent2 Illumina lonGapl lonGap?2
Number of contigs 143 150 147 41 34
Number of contigs (>=1000 bp) | 61 66 111 29 28
Number of contigs (>=5000 bp) | 34 37 58 21 20
Number of contigs (>= 10000 bp) | 23 24 35 18 18
Number of contigs (>= 25000 bp) | 13 16 7 13 14
Number of contigs (>=50000 bp) | 4 6 0 4 7

Total length (>= 0 bp) 1024434 1041976 964189 1022315 1019999
Total length (>= 1000 bp) 963890 979910 938070 1012794 1015899
Total length (>= 5000 bp) 914148 924295 802460 990108 996360
Total length (>= 10000 bp) 833157 827187 651788 970188 982323
Total length (>= 25000 bp) 654775 716010 218198 889088 919267
Total length (>= 50000 bp) 328750 364365 0 570146 669731
Largest contig 136443 72130 47419 189531 140233
Total length 1024434 1041976 964189 1022315 1019999
GC content (%) 28.88 28.86 29 28.88 28.84
N50* 31904 35243 15299 95808 66725
N75* 16379 13645 6813 34044 41551
L50# 9 10 22 4 5

L75% 19 21 45 9 10
Number of N's per 100 kbp 0 0 1.56 0.78 1.18

*N50 and N75 — minimum contig size representing 50% or 75%, respectively of the of the genome size
#L50and L75 — smallestnumber of contigs whose size represents 50% or 75%, respectively of the genome size

Various strategies were attempted to assemble the complete genome for M. pullorum using only in
silico methods. The data for the first three strategies was unfortunately lost, so the failed strategies
were only mentioned briefly, and the main focus of the discussion was on the successful strategy
used for the reconstruction of the genome for M. pullorum. The first strategy only used the contigs
produced by lon Torrent 1 assembly, joining the contigs, based first on a 95% contig overlap match
identity and was decreased to above 80%. When multiple contigs could be joined only the best fit
was joined, a single contig could not be obtained reliably and the strategy was re-evaluated (data
not shown). The second strategy involved using assembly data from 2 assembly programs, CLC
genomics workbench and the lonGap pipeline that uses the MIRA assembler. First the lon Torrent
1 and lon Torrent 2 contigs were joined using the CLC genome finishing module based on 95%
contig overlap match identity and a single possible match. The lonGapl and lonGap2 contigs were
added to the pool of contigs to extend the joined contigs based on 95% contig overlap match
identity and a single possible match. This decreased the number of joined contigs, but a single
contig could not be reliably obtained and the strategy was re-evaluated again (data not available).
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The third strategy started with the lon Torrent data sets, the lonGap data sets were when contigs
could not be joined with a high level of confidence, followed by the llumina data set. The paired-
end information was used as a guide for determining the correct direction of the joined contig,
however this strategy was very time consuming and the multiple files generated for each possible
match became a cumbersome and resource intensive task and the strategy was abandoned for a
more condensed fourth and final strategy (data not available). This strategy involved combining all
five of the assembly data sets, lon Torrent 1, lon Torrent 2, lllumina, lonGapl and lonGap2, using
the Genome finishing module in CLC genomics workbench and systematically joining the contigs.
The contig match table started with the 515 combined contigs and after 98 contig joinings, 416
contigs were left with the final large contig (Data not shown). The remaining contigs were checked
against the final contig and to each other in two separate contig match tables. 162 contigs could
not be matched to the final contig, upon closer inspection 140 of these contigs had an average
contig length of 788 bp and average read coverage of 2.88x and omitted from further analysis. The
remaining contigs were submitted to the NCBI nucleotide BLAST webtool using the default
settings. Eleven of the contigs had no hits and 8 of the 11 remaining contigs matched on less than
3% of the contig lengths and were also omitted from further analysis. The remaining three contigs,
llumina contig 42 (3828 bp), llumina contig 74 (3998 bp) and lllumina contig 138 (size 758 bp),
matched 31.81%, 50.87% and 100% of the respective contig lengths to a putative M. edwardii
gene, DNA gyrase subunit B gene of M. edwardii and a putative gene of the Equine encephalosis
virus. Initial analysis of the first two contigs in 2016 matched less than 3% of the contigs to genes
in other mycoplasma species (data not shown), at the time of writing this thesis in 2018 the
analysis was repeated, and a more significant hit was found to the newly released complete
genome of M. edwardii. As these hits were only found in the lllumina reads, it was considered as
contamination at the sequencing facility and was omitted from further analysis. Some of the results

files are too large to include in the thesis and is available upon request.

The final contig was 1 007 271 bp in length and 29.1% GC content and 95.02% and 95.96% of the
lon Torrent and lllumina reads mapped to the contig, respectively. The contig was exported and

annotated by the NCBI-PGAP pipeline and published under accession number CP017813.

3.3.3. Genome annotation and viewing

With initial submission for annotation in the NCBI-PGAP pipeline a total of 814 genes were found
(Table 3-3). Ten pseudo genes and 763 coding genes produced a total of 773 coding sequences
(CDS) (94.96%). The remaining 41 genes (5.03%) were RNA genes that were made up of one 5S
rRNA gene, two of each 16S and 23S rRNA genes, 34 transfer RNAs (tRNAs) and 2 non-coding
RNAs (ncRNAs). The file was automatically submitted to the IMG-MGAP pipeline in March of 2017
and the analysis produced 822 genes, consisting of 783 coding genes (95.26%) and 39 rRNAs
(4.74%) (Table 3-3). The NCBI Genbank® file was also automatically updated in April 2017 and
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produced 825 genes consisting of 784 coding genes (95.03%) and 41 RNA genes (4.97%) and
updated on the NCBI Genbank® database as a reference sequence under accession number
NZ_CP017813. The latter two automatic annotations also produced one 5S rRNA gene, two of
each 16S and 23S rRNA genes, 34 tRNAs, but only the updated NCBI-PGAP produced the
additional 2 ncRNAs present in the original NCBI-PGAP analysis (Table 3-3).

Table 3-3: General features produced by NCBI-PGAP and IMG-MGAP

NCBI-PGAP (2016)! NCBI-PGAP (2017)? IMG-MGAP (2017)2
Genome size 1007172 1007172 1007172
Genes (Total) 814 825 822
CDS (Total) 773 (94.96%) 784 (95.03%) 783 (95.26%)
CDS (Coding) 763 758 783
Pseudo genes 10 26 Not reported
COG classification 437 438 488
RNA 41 (5.04%) 41 (4.97%) 39 (4.74%)
5S rRNA 1 1 1
16S rRNA 2 2 2
23S rRNA 2 2 2
tRNA 34 34 34
other RNA 2 2 Not reported

1 — Original NCBI-PGAP analysis upon submission ofgenomein 2016
2 — Updated NCBI-PGAP analysis performedin 2017
3 - IMG-MGAP analysis performed by DOE-JGI in 2017

Using the COG database, 437 (57.27%), 438 (57.78%) and 488 (62.32%) of the total coding CDS
each of the three annotations were assigned to a COG category (Table 3-3). The most proteins
were assigned to the COG category J: Translation, ribosomal structure and biogenesis; category
G: Carbohydrate transport and metabolism and category L: Replication, recombination and repair
for all three annotations (Figure 3-4). The least amount of proteins was assigned to category M:
Cell wall/membrane/envelope biogenesis, category N: Cell motility and category X: Mobilome:
prophages, transposons for all three annotations (Figure 3-4). A correlation was drawn for the
COG categorization between the three annotations sets (Figure 3-5). The NCBI-PGAP (2016)
annotation had a correlation coefficient of 0.999991 and 0.998 with the NCBI-PGAP (2017) and
IMG_MGAP annotations, respectively, and the correlation coefficient between the NCBI-PGAP
(2017) and IMG-MGAP annotations were 0.998 (Table 3-4).

A genome map of M. pullorum B359 6 was drawn in Gview from the updated NCBI-PGAP
analysis, depicting the location and direction of CDS, the prokaryotic COG protein categories and
%GC content of the genome (Figure 3-6). Of the 773 CDS identified were 400 annotated as

hypothetical proteins.
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= Energy production and conversion

= Amino acid transport and metabolism

= Carbohydrate transport and metabolism

= Lipid transport and metabolism

= Transcription

= Cell wall/membrane/envelope biogenesis

= Posttranslational modification, protein turnover, chaperones
= General function prediction only

= Signal transduction mechanisms

= Defense mechanisms

10

Cell cycle control, cell division, chromosome partitioning
= Nucleotide transport and metabolism
= Coenzyme transport and metabolism
= Translation, ribosomal structure and biogenesis
= Replication, recombination and repair
= Cell motility
= Inorganic ion transport and metabolism
= Function unknown
Intracellular trafficking, secretion, and vesicular transport
= Mobilome: prophages, transposons

Figure 3-4:COG categories of annotations generated by the a) IMG-MGAP (2017), b) NCBI-PGAP (2017) and c) NCBI-PGAP (2016).
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Figure 3-5: Correlation of COG categories produced by IMG and NCBI-PGAP pipelines. COG
categories found in M. pullorum are C - Energy production and conversion, D - Cell cycle control,
cell division, chromosome partitioning, E - Amino acid transport and metabolism, F - Nucleotide
transport and metabolism, G - Carbohydrate transport and metabolism, H - Coenzyme transport and
metabolism, | - Lipid transport and metabolism, J - Translation, ribosomal structure and biogenesis,
K - Transcription, L - Replication, recombination and repair, M - Cell wall/membrane/envelope
biogenesis, N - Cell motility, O - Posttranslational modification, protein turnover, chaperones, P -
Inorganic ion transport and metabolism, R - General function prediction only, S - Function unknown,
T - Signal transduction mechanisms, U - Intracellular trafficking, secretion, and vesicular transport,
V - Defense mechanisms and X - Mobilome: prophages, transposons

Table 3-4: Table of correlation between COG categories of proteins found in the annotations
generated

IMG-MGA NCBI PGAP (2017) NCBI (2016)

IMG 1
NCBI-PGAP (2017) 0.998089 1
NCBI-PGAP (2016) 0.998063 0.999991 1
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3.4. Discussion

Various bioinformatic programs, both open-source and proprietary, have been developed for use
with SGS technologies. llumina sequencing has been used more frequently than lon Torrent
sequencing and most open-source bioinformatics tools have been optimised for use with llumina
data. One of the biggest advantages of proprietary programs is the 1) ability to handle data from
different platforms, 2) run on most operating systems and 3) a user-friendly interface, compared to
open-source software that are mostly Linux-based (Smith, 2015). Proprietary software also has
several plug-ins available that allow for multiple functions in a single program using workflows and
pipelines (Smith, 2015). However, most of the open-source tools are powerful and numerous
studies are available comparing these tools to determine the best tool for handling platform specific
data and the problems associated with these platforms, the problematic characteristics of some

genomes, as well as for specific applications.

llumina and lon Torrent sequencing technologies are completely different, with lllumina
sequencing based on reversible dye terminator technology and lon Torrent sequencing on semi-
conductor technology measuring basic chemistry (Goodwin et al., 2016b, Van Dijk et al., 2014).
This has an influence on how results from these programs should be interpreted, starting with the
quality control parameters used in FastQC, a commonly used quality control program for SGS data
(Del Angel et al., 2018). Quality score for llumina and lon Torrent sequencing technologies are
determined based on different factors, which will influence the Phred scores reported by programs,
such as FastQC. Generally the Phred scores results are lower for lon Torrent reads than for
lllumina reads, an example of this is shown in a study done by Utturkar et al. (2015) where lon
Torrent and lllumina sequencing data for the same species was compared.

The FastQC results for lon Torrent data can thus be re-evaluated using less stringent parameters
and Phred scores in the range of 17 to 30 are considered as good quality and is in range of what
was obtained in this study. Other factors, such as the genome characteristics of the organism of
interest also play a role in how results from any bioinformatic analysis should be interpreted. One
of the most notable characteristics of most mycoplasma genomes is a low GC content, therefore
the warning and failure of the per base sequence content and per sequence GC content was not
unexpected and could be ignored when evaluating the quality control report. Thus, the lon Torrent
reads passed quality control and no trimming or filtering was required before de novo assembly.
The llumina data passed quality control after adapter sequences were trimmed and low-quality
sequence reads and bases were filtered and trimmed. lon Torrent sequencing produced the most
reads and highest coverage (707x) compared to lllumina data (60x), but the coverage for both

technologies are more than enough for assembling a complete microbial genome.

Various measures are used to assess the assembly of reads into contigs, including N50, contig

count and size. However, there are no clear guidelines to determine if an assembly is good,
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especially if a reference genome is not available (Wajid and Serpedin, 2014, Del Angel et al.,
2018). Quast is a widely used assembly assessment tool to evaluate an assembly and compare
assemblies from different platforms and programs (Del Angel et al., 2018). The assembler used in
CLC genomic workbench uses the De Bruijn graph method to assemble reads into contigs and the
program uses multithreading to speed up the assembly, thus running the same data set with the
same settings can result in different results (Qiagen, 2016). The two assembly runs were similar,
but the major differences are found in the length of the largest contigs, which could aid in joining

contigs that were not extended in the assembly process due to possible repeat regions.

The lonGap pipeline uses the MIRA assembler for the Genome assembly module, which is the
recommended assembler for lon Torrent reads. MIRA uses a combination of De Bruijn graphs and
OLC graphs and uses specific algorithms dependent on the read coverage information to
determine the minimum contig size for contigs that are recommended for inclusion as large contigs
and downstream application. The de novo assemblies generated by the lonGap pipeline are
overall the best when comparing the N50 value, largest contig size and the L50 values, however
these metrics were calculated using the large contig output and not the complete list of contigs
generated. Comparing the assemblies generated in CLC genomics workbench indicates that the
assembly of the lon Torrents reads were better than the assembly of the llumina reads, even
though the amount of contigs were almost the same, the N50 for the lon Torrent reads were more
than double the size and the largest contigs were 3 times and 1.5 times larger, respectively. The
information contained in the paired-end was used to aid in the correct direction of contigs when
joined (Glenn, 2011).

Four strategies to assemble a complete genome using only in silico methods were attempted. The
first two methods were based on the most frequently used strategy for genome assembly, utilising
only data from one sequencing platform, the main difference being that the second strategy uses
data from two assemblers (Edwards and Holt, 2013). For bacteria and viruses, these strategies
have the potential to produce complete genomes, but various factors, including genetic repeats
and GC content can be difficult for the current assemblers to handle and mainly results in draft
genome assemblies consisting of multiple contigs or scaffolds. Different assemblers have different
strengths and weaknesses, and utilising multiple assemblers can aid in producing better
assemblies. The quality of the draft assemblies produced using these strategies are generally good
enough for downstream applications such as genome comparisons and variant calling, if the
regions of interest have been successfully sequenced (Edwards and Holt, 2013). The last two
strategies were hybrid assemblies using data from different sequencing platforms as well as
different assemblers. The main difference between these strategies was how the data of each
assembly is added, starting with all the datasets from the beginning was less time and resource
consuming. Using the fourth strategy, a complete genome for M. pullorum was assembled, even

though two sets of CLC-generated and lonGap-generated assemblies were used, one of each
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should also be enough with the lllumina dataset for use as a good strategy for assembling the low
GC, highly repetitive mycoplasma genomes in a less resource intensive and time-consuming

manner than previous assembly strategies.

The complete genome was annotated using one of the most widely used automatic annotation
pipelines, the NCBI-PGAP pipeline, developed by NCBI for annotation of prokaryotic genomes with
guality checks for minimum standards of complete genomes, i.e. 1) at least one copy of 5S, 16S
and 23S rRNAs, 2) at least one copy of tRNA for each amino acid, 3) ratio of protein coding
regions to the genome size divided by 1000 close to 1, 4) No gene is completely contained in
another and 5) no partial features are present (Tatusova et al., 2016). If a submission is considered
as a reference sequence the genome is reannotated and given a new accession. The complete
genome of M. pullorum strain B359-6 was 1 007 271 bp in length with a GC content of 29.1% and
was successfully annotated and published online under accession number CP017813. As this is
the first time a complete has been published for M. pullorum, and met the prerequisites for
classification as a reference sequence, this entry was reannotated and added to the NCBI

Reference Sequence Database RefSeq under accession number NZ_CP017813.1.

Reference data submitted to the NCBI's Genbank® database is also automatically imported to the
IMG-MGAP pipeline for a complete genome analysis and annotation by the DOE-JGI group. The
aim of this group is to provide a resource to the scientific community for the analysis, annotation
and comparison of genomic and metagenomic data, as quickly as possible to aid in the
development of science (Chen et al.,, 2017). The data analysis provided by this platform is very
extensive and lays the ground work for various analysis, including comparative genome analysis.
Comparing the COG categorization of these three annotations showed a positive correlation
between the annotations. Only about 57% of the coding CDS could be assigned a function
associated with a COG category. As expected from the general characteristics of mycoplasma
genomes already discussed and a study comparing COG categories of similar genes in various
mycoplasmas species, the proteins that play a role in translation and ribosomal structure, as well
as in replication, recombination and repair contained were the most abundant and conserved,
while proteins involved in cell membrane biogenesis were the least abundant and conserved. The
NCBI-PGAP pipeline annotated 52% of the identified genes as hypothetical proteins, thus the
functions of more than half of the genes of M. pullorum is unknown and laboratory methods are
required to study these genes in order to identify their function and produce a more complete
annotation of the M. pullorum genome.

To the best of my knowledge is this the first time that a hybrid genome assembly strategy, using
different assemblers and sequencing platforms, has been used to assemble a poultry mycoplasma
genome. However, there are some caveats to this approach, i.e. it is still fairly time consuming,
computationally complex as well prone to the inherited problems associated with second
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generation technologies, such as accuracy in homopolymer regions and repeat regions. In future
studies, this strategy can be combined with long read sequencing technologies, such as PacBio or
nanopore sequencing in a true hybrid genome assembly strategy to assemble complete genomes
of the remaining poultry species for which a full genome is not available yet, such as M. gallinarum,

as well as improve on current available genomes.
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CHAPTER 4: COMPARATIVE GENOME ANALYSIS OF MYCOPLASMA
SPP ISOLATED FROM SOUTHAFRICAN POULTRY

4.1. Introduction

Poultry mycoplasmas are usually associated with chronic respiratory disease that is difficult to
eradicate. Prevention strategies include a good monitoring system for early detection of infection in
poultry flocks as well as vaccination. Commercially available enzyme-linked immunosorbent
assays (ELISAs) are commonly used to monitor Mycoplasma gallisepticum (MG) and M. synoviae
(MS) infection in the South African poultry industry, but serologic cross-reaction and other factors
can influence the sensitivity of these assays. Culture or DNA-based methods are required to
confirm infections (Feberwee et al., 2005, OIE, 2008). Advances in molecular technigues that are
less time-consuming and generally more sensitive and can be used to distinguish different strains

within a species has driven mycoplasma diagnostic research towards more DNA-based methods.

Various genes have been used in PCR-based methods to distinguish mycoplasma species, such
as the 16S rRNA and 16S-23S intergenic spacer region (IGSR). Genes encoding surface proteins
and that play a role in pathogenesis of mycoplasmas, such as the mgc2, gapA, pvpA or
MGA 0309 have been used to distinguish between MG strains and the vlhA gene have been used
to distinguish MS strains (OIE, 2008, Garcia et al., 2005, Hong et al., 2004). However, genotypic
differences in MG isolates from different countries, such as the Southern African countries South
Africa and Zimbabwe can also influence the sensitivity and specificity of these test and was noted
to be a possible cause for the reduced efficacy observed in current vaccine strategies (Moretti et
al., 2013). Numerous other genes have been found to play a role in mycoplasma pathogenesis as
discussed in Chapter 1, and numerous more genes have been found in mycoplasma genomes that
have been classified as hypothetical proteins for which the functions are not yet known, whereas
other genes are yet to be discovered as the complete pathogenesis of mycoplasmas are not
completely understood. Therefore, are these uncharacterised genes potential candidates for future
diagnostic assays and vaccine development.

Comparative genome analysis is a useful tool for various applications and usually start with an
analysis of the basic characterisation and annotation of each genome, followed by the
arrangement of genes in the genome and conservation of these genes. Arrangement of genes in
bacterial species are influenced by numerous events, such as mutations, causing insertion,
deletions (also known as indels) or duplications or horizontal gene transfer that can result in
recombination events that can result in inversions, translocations or relocations (Darmon and
Leach, 2014). Types of recombination events between species include events such as
homologous and illegitimate recombination. Homologous recombination is the exchange of
identical or nearly identical DNA between species, resulting in gene rearrangements, while
illegitimate recombination is caused by DNA slippage during replication or annealing of single
strands induced by a DNA double strand break (Darmon and Leach, 2014).
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Repeat sequences, such as those associated with variable protein expression, can result in a
single bacterial species with multiple phenotypes in the same environment (Rocha and Blanchard,
2002). This has made it possible for bacteria to adapt quickly and efficiently to changing
environments (Rocha and Blanchard, 2002). These repeat sequences have resulted in numerous
rearrangement, deletion and multiplication events (Rocha and Blanchard, 2002). The large number
of repeats known to occur in mycoplasma genomes as well as the high mutation rates observed in
mycoplasma genomes show the potential for large scale recombination events, such as
homologous or illegitimate recombination events and have been shown for M. pulmonis as well as
M. pneumoniae and M. genitalium, respectively (Rocha and Blanchard, 2002).

Genome analysis can aid in the in silico identification of possible candidate genes and comparative
genome analysis can aid in decreasing the amount of possible candidate genes based on different
criteria dependent on the use. Finding candidate genes for diagnostic purposes is in theory not too
difficult, with the most important criteria being that the gene should be highly conserved and be
able to distinguish the species of interest from other species or strains, dependent on the purpose
of the assay. For vaccine development, finding candidate genes that elicit an immune response as
well as confer protection can be difficult and costly, good vaccine candidates are usually secretion
proteins from various secretion pathways or surface-localised proteins, such as those described
above for MG (Curtiss, 2002).

In this chapter, draft genomes for axenic mycoplasma isolates with reference genomes available
were assembled. All draft genome assemblies of a species were first compared to each and then
to the other species using comparative genome analysis tools. Comparison of mycoplasma
genomes is expected to aid in finding novel genes that can be used for developing improved
diagnostic tools and aid in future vaccine development.

4.2. Materials and Methods
4.2.1. Sample collection, isolation and identification

Poultry mycoplasma samples were collected, isolated and identified as described in Chapter 2.
Briefly, samples were collected by veterinarians from chickens using a swab and sent to the
Bacteriology laboratory of the Department of Veterinary Tropical Diseases (DVTD) for identification
of mycoplasma species by culture with growth inhibition. The DNA of the mycoplasma positive
samples were isolated as described. Samples collected prior to 2014 were sent to Ingaba Biotech
(Pty) Ltd, Pretoria for llumina MiSeq whole genome sequencing and samples collected in 2014
and 2015 were sent for lon Torrent PGM whole genome sequencing at UP. Samples were
identified using the 16S rRNA gene as described in Chapter 2. The remainder of the sample was
frozen at -20°C for future downstream analysis.
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4.2.2. Quality control

Quality control for each sample was performed as described in Chapter 3. Briefly the fastq
sequencing file received for each sample was submitted to the FASTQC program (version 0.11.5),

(available at https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to produce a quality

control report (Andrews, 2010). The sequencing files were imported into CLC Genomics
Workbench version 8.5.1 (CLC Bio-Qiagen, Aarhus, Denmark). Low quality reads and sequencing
adapters were trimmed and filtered using the default settings of the Trim Sequences function of
CLC Genomics Workbench with the Nextera Trim Adapter Library. Trimmed files were analysed

again with FASTQC for quality control.

4.2.3. Sequence assembly
lon Torrent sequencing reads

Single-end reads produced by the lon Torrent sequencing platform were de novo assembled in
CLC Genomics Workbench (version 8.5.1) twice using the default settings, changing the minimum
contig length to 1) 500 bp and 2) 200bp. Reads were also mapped back to the contigs with global
alignment and saved for downstream analysis.

As described in Chapter 2, lon Torrent reads were also subjected to digital normalization using
Khmer (version 2.0) (Brown et al., 2012, Crusoe et al., 2015) to decrease the amount of reads for
submission to the IlonGAP server (Baez-Ortega et al., 2015) (available at

http://iongap.hpc.iter.es/iongap) twice, the first time using the Genome assembly and Bacterial

classification module and a second time using the Genome assembly and Comparative genomics
modules using reference genomes dependent on 16S rRNA identification of each sample.
Reference genomes used were M. gallisepticum strain R(low) (accession no. AE015450), M.
synoviae strain 53 (accession no. AE017245), M. pullorum strain B359-6 (accession no.
CP017813) and M. gallinaceum strain B2096 8B (accession no. CP011021).

lllumina sequencing reads

Paired-end reads produced by the lllumina MiSeq sequencing platform were also de novo
assembled in CLC Genomics Workbench (version 8.5.1) twice using the default settings, as
described above. The paired-end reads were used to detect paired distances and perform joined
contiging and the reads were also mapped back to the contigs using the default settings with global

alignment and saved for downstream analysis.

lllumina sequencing reads were also de novo assembled with the SPAdes assembler (version
3.12.0) (Bankevich et al., 2012, Nurk et al., 2013) using the default settings of the “- -careful’
pipeline option with on a desktop computer running the Linux-4.4.0-31-generic-x86_64-with-

Ubuntu-16.04-xenial operating system. After successful completion of the pipeline, the resulting
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joined contigs file was imported into CLC Genomics Workbench (version 8.5.1) for downstream
analysis.

Draft genome assemblies

Draft assemblies for each sample was done in silico using the following reference-guided de novo
strategy:

Contigs produced by CLC Genomics Workbench (version 8.5.1) were pooled with contigs
produced by the lonGap pipeline (lon Torrent PGM sequenced samples) and SPAdes (lllumina
MiSeq sequenced samples) and then aligned to refence genome(s) using the “align contigs” tool of
the CLC Genome Finishing Module (version 1.5.4). Contigs were systematically joined using the
reference genome as a guide for direction and order of contigs. Overlapping contigs were joined
based on the percentage of contig match to the reference, and contig match identity above 90%.
Exceptions included 1) contig matches at the 3’ and 5 ends of the reference genomes where
contigs were joined dependent on a combined contig match percentage and identity above 90 at
the 3’ and 5 ends, 2) rearrangements in the genome indicated by a split in the contig match across
genome and 3) lower contig match percentage and identity were used in variable regions of the
reference genome, see Figure 4-1 for a representation of contigs aligned to reference genome.
Where the distance between contigs was below 10 bp when compared to the reference genome,
contigs were extracted and extended using the “extend contigs” tool of the CLC Genome finishing
module and added back to the contig match table for contig joining. When no more contigs could
be joined with confidence when compared to the reference genome, the order of the joined contigs
were noted. Joined contigs were extracted and aligned with the “align contigs” tool using the
contigs themselves as reference. The order of the contigs that was noted earlier was used as a
guide for joining contigs that could not be joined when aligned to the reference genome, and the
amount of joined contigs were decreased. Contigs that matched either at the 3’ or 5 end of a
contig, were in the correct order and had a contig match identity of at least 90% were joined. The

resulting joined contigs were extracted and saved for downstream analysis.

Reference genomes used as described above including the additional reference genomes
available for M. gallisepticum strain F (accession no. NC_017503); strain R(high) (accession no.
NC_017502) and strain S6 (accession no. NC_023030) as well as for M. synoviae strain ATCC
25204 (accession no. NZ_CP011096).

Draft genome quality control

The quality of each draft genome was assessed and the basic sequencing statistics compared
using Quast, a Quality Assessment Tool for Genome Assemblies from the Center for Algorithmic

Biotechnology (available at http://quast.bioinf.spbau.ru/) (Gurevich et al., 2013). Briefly, all the fasta
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files containing joined contigs were uploaded to the online Quast server and compared to each
other and the respective reference genome.

& 14.MG_B1173_L.. X

Rows: 1,083 Fiter | = ‘
Reference Contig Reference start Reference end Contig start Contig end Contig span length Matchcount  Aligned nudsotides Contig percentage Identty
Mgalinaceum_CPO11021 14MGB1173_4a_rep_c154 838004 841747 1 3756 3756 1 3756 98.97 97.98 ~
Mgalinaceum_CPO11021 14MGB1173Diginorm_rep_c72 833024 841781 3773 5 3758 1 3768 93,71 98.04
Mgalinaceum_CPO11021 144GB1173_da_rep_c173 840622 843199 1 2590 2590 1 2590 99.88 96.95
Mgalinaceum_CPO11021 14 MG_B1173_14(4a)_(single)_contig_209 541433 841780 1 359 35 1 35 35.23 94.71
Mgalinaceum_CP011021 144GB 1173Diginorm_rep_c85 841468 844145 694 8 2687 1 2687 99.74 96.69
Mgelinaceum_CP011021 14_MG_B1173_14(4a)_(single)_contig_210 841515 841732 1 215 216 1 216 89.63 97.69
= ntig Matches Refresh Contig Matches

= [Mgalinaceu...] x

845200 845,220 845240 845,280 845280 845,200
i i i i i i

Mgallinaceum_CP011021 CACGCAAATTAAAAACAAAGCTTTTCAAAAAAATATTT - - AAAAAAGTTTTTGATTTTTAAAAATGGTATTAS GAATTAAAAAGTTCTTITGAA

Coverage

14_MG_B1173_14{4a)_(single)_contig_36
14MGB1173_4a_rep_c130
14MGB1173Diginorm_rep_cB4 CACG
14MGB1173_da_rep_c11738 CA

TTTTTGATTTTTAA
TTTTTGASTTTT
AAGTTTTTGATTTTT

AAGTTCTTTGAAA
GTTCTTTGAAA
GTTCTTTGARA

Figure 4-1: Representation of aligning contigs to reference in using the “align contigs” tool of the
CLC Genomics Workbench. The table in the top section lists the contig matches to the reference
genome with metrics used to evaluate which contigs to join. The bottom section is a linear
representation of how the contigs align to the reference. Green sequences indicate that the contig
aligned to the reference in a forward direction and red sequence indicate that the contig aligned in
the reverse direction.

Draft genome annotation

For joined contig order, the “move contigs” tool of the multiple genome alignment program Mauve
(version 20150226 build 10) (Darling et al., 2004) was used to order the contigs to a reference
genome. The resulting fasta file was submitted to the Rapid Annotation using Subsystem
Technology (RAST) (version 2.0) (Aziz et al.,, 2008, Overbeek et al., 2013, Brettin et al., 2015)
online server for genome annotation. The resulting Genbank®, protein FASTA, GFF3 feature and
tab delimited features files were downloaded and saved for downstream applications. The GFF3
file was used to extract gene information from all strains using a script written by Jaco Beylefeld
(available from https://github.com/jj-beylefeld/g-annotation-analyser) the gene content and
functions were compared between all strains of the same species as well as the SEED-viewer
classification of protein function (Overbeek et al., 2005).

4.2.4. Genome comparison

Intraspecies genome comparison

Annotated draft genomes for all strains produced in this study for the same species were aligned
using the “align with progressive mauve” function of the MAUVE program to view rearrangements

and the overall linear alignment (Darling et al., 2004).

Various  tools of the CMG-biotools package (version 2.1) (available at

http://www.cbs.dtu.dk/biotools/CMGtools/) (Vesth et al., 2013) were used to compare strains of
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each species, i.e. 1) “BLAST matrix” tool was used to produce a BLAST matrix representing a
pairwise comparison of the proteins identified in each draft genome; 2) A “pancoreplot” analysis
was used to produce pan-and core-genome plots representing a set of shared genes and a set of
conserved gene families between the draft genomes of each species, respectively. The list of core
genes was extracted and the resulting text file containing protein sequences was submitted to the
BLASTp suite (version 2.8.1) (available at https://blast.ncbi.nlm.nih.gov/Blast.cgi#) of NCBI for
protein identification using the default settings (Altschul et al., 1997, Altschul et al., 2005). The

protein file was also submitted to the online tool WebMGA (available at http://weizhong-
lab.ucsd.edu/webMGA/server/) for functional annotation based on the COG families (Wu et al.,
2011).

Interspecies genome comparison

The GFF3 file produced by the RAST server was used to extract gene information, i.e. amount of
CDS, amount of CDS that are categorised, uncategorised and hypothetical, amount of tRNAs and
amount of RNAs subdivided into the amount of 5S-rRNAs, 16S rRNAs, 23S rRNAs and ncRNAs
as well as a more detailed information on the RAST annotation subsystem classification of the
CDS in a tabular format from all strains using a script written by Jaco Beylefeld (available from
https://github.com/jj-beylefeld/g-annotation-analyser). Using the extracted information, the gene

content and functions were compared between all draft genomes.

Various  tools of the CMG-biotools package (version 2.1) (available at

http://www.cbs.dtu.dk/biotools/CMGtools/) (Vesth et al., 2013) was used to compare strains of

each species, i.e. 1) “BLAST matrix” tool was used to produce a BLAST matrix representing a
pairwise comparison of the proteins identified in each draft genome; 2) A “pancoreplot” analysis
was used to produce pan-and core-genome plots representing a set of shared genes and a set of
conserved gene families between the draft genomes of each species, respectively. The list of core
genes, containing the protein sequences was extracted submitted to the BLASTp suite (version
2.8.1) of NCBI for protein identification using the default settings (Altschul et al., 1997, Altschul et
al., 2005). The protein file was also submitted to the online tool WebMGA for COG protein function
annotation (Wuet al., 2011).

4.3. Results
4.3.1. Whole genome sequencing and assembly

As discussed in Chapter 2, 80/124 samples were found to be axenic isolates. One isolate was
identified as Acholeplasma laidwalli and excluded from the further analysis along with 11 M.
gallinarum isolates for which a reference genome is not available. The remaining 68 mycoplasma
isolates consisted of 15 MG, 11 MS, 8 M. pullorum and 34 M. gallinaceum strains. Taking the
differences between the lon Torrent and lllumina sequencing technologies and data outputs
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discussed in Chapter 3 into consideration, the quality control of all fastq sequencing files was
performed using FASTQC. All lllumina samples were trimmed for both Nextera trim adapters and
low quality sequences and the quality of the sequencing files improved. The sequence quality for
all lon Torrent sequencing files were in the expected range of 17 to 30 and no trimming was
required. The number of files generated during this study is too large to include fully in this thesis
and is available in multimedia format on request.

Depth of coverage for each strain was determined using Equation 1. Of the 15 MG strains, 9 were
sequenced using lllumina sequencing technology, resulting a read length of 300bp and coverage
ranging between 143 to 765 times, and the remaining 6 MG strains were sequenced using lon
Torrent sequencing technology resulting in an average read length pf 158 bp and coverage range
of between 178 and 777 times (Table 4-1). All but one of the MS strains were sequenced using lon
Torrent sequencing technology resulting in an average read length of 162 bp and coverage ranged
between 648 and 1505 times, the single MS strain sequenced using lllumina sequencing
technology had 178 times coverage and read length of 300 bp (Table 4-1). All the M. pullorum
strains were sequenced using lon Torrent sequencing resulting in a coverage range of 133 to 1259
times and an average read length of 150 bp (Table 4-1). Only four M. gallinaceum strains were
sequenced using llumina sequencing and three produced reads of 300bp length with a coverage
range of between 155 and 255 times, sample B2096-14-8 (synonymous with the reference strain
M. gallinaceum B2096-8) produced reads of 133 bp with a coverage of 980 times. The remaining
30 M. gallinaceum were sequenced using lon Torrent sequencing and produced reads with an

average read length of 160 bp and coverage in the range of 227 and 1923 times (Table 4-1).

Equation 1: Depth of coverage

Number of reads (N) X Average read length (L)
Lengthof genome (G)

Depth of coverage (C) =

Draft genomes for all 68 samples were assembled in CLC Genomics Workbench and compared to
their respective reference genomes using Quast (Table 4-2). As reference genomes are available,
additional metrics were used to assess the quality of the assemblies and address some of the
problems associated with the N50 metric, i.e. the contig length that represents 50% of the refence
genome is represented by the NG50 metric and is a more standardized method of assessing
different assemblies from the same species, the length of an aligned contig block that represent
50% of the assemble genome is represented the NA50 metric and the length of the aligned contig
block that represents 50% of the reference genome is represented by the NGA50 metric. The latter
two metrics are determined by aligning the contigs to the reference and where misassemblies are
found the contigs are broken into smaller contigs changing the size of the contigs (Gurevich et al.,
2013).
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Table 4-1: Strain sequencing information

Avg read
Strain Year Technology Reads (N) length (L) Coverage (C)
MG Genome size (G) = 1 012 800 bp
B1102-03 2003 lllumina MiSeq 481546 300 143
B1102-06 2006 lllumina MiSeq 656392 300 194
B726-06 2006 lllumina MiSeq 728532 300 216
B852-06 2006 lllumina MiSeq 643158 300 191
B943-06 2006 lllumina MiSeq 558976 300 166
B1028-07 2007 lllumina MiSeq 609104 300 180
B642-08 2008 lllumina MiSeq 601924 300 178
B758-08 2008 lllumina MiSeq 707270 300 209
B2159-13 2013 lllumina MiSeq 623756 300 185
B1395-14-1 2014 lon Torrent 4349673 178.02 765
B1552-14-19 2014 lon Torrent 1190475 149.21 175
B2771-14-1A 2014 lon Torrent 3143611 157.3 488
B2771-14-1B 2014 lon Torrent 1460193 149.85 216
B878-14-L3 2014 lon Torrent 2945203 157.03 457
B457-15-5 2015 lon Torrent 4692281 157.05 728
MS Genome size (G) = 799 477 bp
B2214-07 2007 lllumina MiSeq 474834 300 178
B1064-14-H3 2014 lon Torrent 6876966 142.99 1230
B1064-14-H4 2014 lon Torrent 3041488 170.23 648
B1064-14-H5 2014 lon Torrent 3804018 163.45 778
B1393-14-10 2014 lon Torrent 3268902 174.81 715
B1394-14-2 2014 lon Torrent 4808154 174.41 1049
B1394-14-5 2014 lon Torrent 3509183 173.52 762
B458-15-1 2015 lon Torrent 4574435 148.68 851
B458-15-11 2015 lon Torrent 4361647 164.48 897
B458-15-5M 2015 lon Torrent 5472464 153.72 1052
B458-15-6 2015 lon Torrent 7477157 160.95 1505
M. pullorum Genome size (G) = 1007 172 bp
B359-15-6 2015 lon Torrent 898956 149.1 133
B2096-14-3 2014 lon Torrent 5959103 150.71 892
B293-15-12 2015 lon Torrent 5347189 146.66 779
B293-15-13 2015 lon Torrent 6204621 143.04 881
B293-15-15 2015 lon Torrent 5473616 152.88 831
B293-15-17 2015 lon Torrent 5759868 140.93 806
B359-15-5 2015 lon Torrent 6565843 155.76 1015
B540-15-2 2015 lon Torrent 7684024 164.97 1259
M. gallinaceum Genome size (G) = 845 307 bp
B2096-14-8 2014 lllumina 6229108 133.03 980
B313-05 2005 lllumina 523440 300 186
B733-05 2005 lllumina 717620 300 255
B2176-13 2013 lllumina 435492 300 155
B1101-14-7 2014 lon Torrent 1886415 172.18 384
B1173-14-2a 2014 lon Torrent 4652152 149.46 823
B1173-14-2b 2014 lon Torrent 1621017 154.09 295
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B1173-14-4a 2014 lon Torrent 9393060 173.09 1923

B1173-14-4b 2014 lon Torrent 3774934 168.68 753
B1173-14-5b 2014 lon Torrent 3336615 170.36 672
B1173-14-6b 2014 lon Torrent 5404736 158.78 1015
B1173-14-7b 2014 lon Torrent 3734540 172.18 761
B1173-14-8b 2014 lon Torrent 3181126 154.63 582
B1342-14-10 2014 lon Torrent 3718455 169.46 745
B1342-14-13 2014 lon Torrent 1586740 150.76 283
B1342-14-14 2014 lon Torrent 1557093 152.53 281
B1342-14-8 2014 lon Torrent 1398030 156.37 259
B1395-14-2 2014 lon Torrent 3580126 174.22 738
B1396-14-7 2014 lon Torrent 1239974 154.51 227
B1396-14-8 2014 lon Torrent 7038053 146.34 1218
B1396-14-9 2014 lon Torrent 4054902 128.96 619
B1414-14-1 2014 lon Torrent 3501393 170.81 708
B2096-14-2 2014 lon Torrent 5662880 168.95 1132
B2096-14-4 2014 lon Torrent 1204072 160.63 229
B2096-14-7 2014 lon Torrent 4002756 154.87 733
B878-14-M1 2014 lon Torrent 2499782 155.88 461
B878-14-M4 2014 lon Torrent 2013452 165.31 394
B878-14-M5 2014 lon Torrent 3942490 170.99 797
B293-15-16 2015 lon Torrent 6620990 161.75 1267
B3381-15-1 2015 lon Torrent 6678557 163.68 1293
B3381-15-2 2015 lon Torrent 6477326 156.61 1200
B3381-15-3 2015 lon Torrent 5975741 152.41 1077
B3381-15-4 2015 lon Torrent 6165309 163.99 1196
B3381-15-5 2015 lon Torrent 6418220 164.65 1250

M. gallisepticum strain R(low) (accession number AE015450) was used as a reference for
comparing the MG strains and is 1 012 800 bp in length with a GC content of 31.47%. Draft
assemblies of MG strains ranged in total length from 815 882 bp for sample B1395-14-1 to 1 219
214 bp for sample B2771-14-1B, and an average GC content of 34.46% was observed between all
MG strains. Samples B1395-14-1 and B1552-14-19 only covered 73.4 and 79.8% of the reference
genome, respectively. The other 13 MG strains covered 87.5 to 91.5% of the reference genome.
The N50 metric for all MG strains was equal to the NG50, except for strain B1395-14-1 and strain
B2771-14-1B for which the N50 was higher and lower, respectively compared to the NG50. All but
one of the observed misassemblies between MG draft genomes and the reference genome were
classified by the Quast as relocations and one misassembly between MG strain B1028-07 was
classified as an inversion (Figure 4-2). Relocations in QUAST are defined as a a breakpoint in a
sequence where one part of a sequence is more than 1lkbp downstream from other part in
comparison to their location next to each other in the reference genome and inversion are defined

as a breakpoint in the sequence align on the opposite strand of the reference genome. Taking the
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misassemblies into account the NA50 and NGAS50 values were equal for 9/15 of the MG strains.
Four strains, B1102-03, B726-06, B1395-14-1 and B1552-14-19, had higher NA50 values and two
strains, B2771-14-1B and B457-15-5, had lower NA50 values than their respective NGA50 values
(Table 4-2).

M. synoviae strain 53 (accession no. AE017245), was used as a reference for the MS strains with
a genome size of 799 476 bp and GC content of 28.5%. The largest MS draft genome was strain B
1393-14-10 with 781 849 bp and the smallest draft MS genome was strain B458-15-11 with 624
730 bp. The average GC content across all MS draft genomes was 28.1% and all but one covered
in the range of 88.4 to 90.3% of the reference genome, whereas MS strain B458-15-11 only
covered 75.3% of the reference genome. All N50 values of each MS strain were equal to their
respective NG50 values. All misassemblies observed were classified as relocations (Figure 4-2).
For 6/11 MS strains the NA50 was equal to the NGAS0 and for the remaining five strains, B1064-
14-H3, B1394-14-5, B458-15-1, B458-15-11 and B458-15-5M the NA50 metric was higher than the
NGA50 metric (Table 4-2).

M. pullorum strain B359-6 (accession no. CP017813) was used as the reference genome for M.
pullorum strains with a size of 1 007 172 bp and GC content of 29.1 %. The largest draft M.
pullorum strain was strain B2096-14-3 with a size of 1 054 672 bp and the smallest draft genome
was strain B540-15-2 with a size of 677 833 bp. The average GC content across M. pullorum
strains analysed was 29.1% and all strains covered in the range of 91.6 to 100% of the reference
genome, except for sample B540-15-2 that only aligned to 63.5% of the reference genome. All
misassemblies were classified as relocations except for two from strain B293-15-15 that was
classified as inversions (Figure 4-2). For all but one of the M. pullorum strains the N50 was equal
to the NG50 metric and the NA50O was equal to the NGAS50, strain B540-15-2 had a higher N50 and
NA50 than NG50 and NGA50 respectively (Table 4-2)

M. gallinaceum strain B2096 8B (accession no. CP011021) was used as the reference genome
with a size of 845,307 bp and GC content of 28.38%. Strain B1173-14-8b and B733-03 were the
largest and smallest draft genome assemblies and were 1 028 596 bp and 816 164 bp in length,
respectively. The average GC content was 28.4% and strains covered between 76.1 and 100% of
the reference genome. All but one of the missassemblies were classified as relocations and one
misassembly from strain B1101-14-7 was classified as an inversion (Figure 4-2). The N50 metric
was equal to NG50 metric for 23 M. gallinaceum strains, N50 was smaller than NG50 for 10 strains
and one strain, B733-05 had a higher N50 than NG50. The NAS0 metric was equal to the NGA50
metric for only 8 strain, for 23 strains the NA50 was smaller than the NGA50 and for strain B733-05
the NA50 was higher than the NGA50 metric (Table 4-2).
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All of the above mentioned are draft genome assemblies that were obtained from a reference-
guided de novo assembly, and the files are available upon request. The completion and deposition
in the NCBI database of full genomes is a future objective, and will possibly involve long-read

sequencing to confirm the sequence in the complex genome regions.

4.3.2. Genome annotation

All the draft genomes were submitted to the online RAST server for genome annotation. The
reference genomes downloaded from NCBI Genbank® was also loaded into the RAST annotation
pipeline for consistency across gene and protein names and used for comparison of the basic
genome annotations and downstream annotation. The script produced by Jaco Beylefeld was used
to extract basic genome annotation information from the GGF3 files generated by the RAST server
(Table 4-3). The MG reference genome consisted of 836 coding sequences (CDS), with 32 tRNAs
and two copies each of the 5S, 16S and 23S rRNA genes. In the MG strains analysed an average
of 811 CDS were identified with MG strains B1395-14-1 and B2771-14-1B having the lowest (701)
and highest (1016) CDS count observed, respectively. On average 387 of the CDS were assigned
a gene name expressing proteins with a known function in the SEED-based subsystem
categorisation used by the RAST server. The remaining CDS were either uncategorised or
annotated as hypothetical proteins (Overbeek et al., 2005). Additionally, an average of 34 tRNAs
were identified in the MG strains, strain B457-15-5 had the highest count with 47 tRNAs and strain
B1552-14-19 had the lowest with 31 tRNAs. Two copies each of the 5S, 16S and 23S rRNA genes
were identified in 11/15 MG strains, two copies of the 5S and 23S rRNA and only one copy of the
16S rRNA gene were identified in strain B852-06, only one copy of each gene was identified in two
strains, B1395-14-1 and B1552-14-19. Four copies each of the 5S and 23S genes and 3 copies of
the 16S rRNA gene were identified in strain B 2771-14-1B.

The annotation of the MS reference genome by the RAST server included 727 CDS of which 314
were categorised, 34 tRNAs, three 5S rRNA gene copies and two copies each of the 16S and 23S
rRNA genes. Annotation of the MS strains identified an average count of 720 CDS per draft
genome with 332 CDS assigned to protein categories. Strain B458-15-11 had the least amount of
CDS with 632 (302 categorised) and strain B458-15-1 the most with 819 CDS (386 categorised).
An average of 33 tRNAs were identified, strain B458-15-11 and strain B458-15-6 had the lowest
and highest count with 26 and 40 tRNAs, respectively. All MS strains analysed in this study had
three 5S rRNA gene copies and two copies each of the 16S and 23S rRNA genes.
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Table 4-2: Summary of comparative analysis of genome assembly to reference genomes as determined by Quast. Colour scale indicates best (blue) and
worst (red) values of each measure in each species?.

Total GC Genome Aligned
Strain # contigs length (%) N50* NG50* fraction (%) length # mismatches #indels NA50" NGA50"
MG
B1102-03 16 989903 31.43 949605 12614 1037 89768
B1102-06 7 957211 31.49 90.215 917978 11741 968 91435
B726-06 10 986867 31.56 90.848 931601 12111 726 87160 85521
B852-06 15 989573 3143 182568 182568  90.022 962848 12780 1090 | 80757 80757
B943-06 15 937397 31.5 283719 283719  89.122 907836 11388 699 79207 79207
B1028-07 11 935226 3143 214181 214181  89.561 912834 11321 695 89768 89768
B642-08 14 967457 31.52 171815 171815 [91203 | 934075 12649 1129 90477 90477
B758-08 9 962838 315 199100 199100  90.935 926048 12714 815 88426 88426
B2159-13 14 1030086  31.57 211555 211555  90.765 970527 13116 1037 86273 86273
B1395-14-1 17 31.41 219978 | 100798 @ 73.369 793276 10551 653 93439
B1552-14-19 10 314 202048 202048  79.848 834874 10684 662 87111
B2771-14-1A 12 985763 3146 203672 203672 | 91.034 955206 12730 873 90076 90076
B2771-14-1B 23 Ni219214 1 31.33 211835 289030 15878 1031 85342 89729
B878-1413 6 894230 3143 224551 224551  87.515 887622 10866 722 88769 88769
B457-15-5 16 1065674 3149 223928 223928  90.272 1033706 13344 014  [7e412 " 90023
MS
B2214-07 12 747877 28.03 | 470038 470038 721118 5349 304 %_
B1064-14-H3 12 755632 28.14 202957 202957 727410 5917 621 130720
B1064-14-H4 10 737788 28.02 88.369 714768 5309 418 130780 130780
B1064-14-H5 4 747869 28.02 | 528503 528503  89.393 718564 5532 558 132067 132067
B1393-14-10 8 (781849 | 28.07 460458 469458  89.604 744697 ss08 513 145251
B1394-14-2 6 735711 28.05 |714181 714131 | ss.8 714955 5334 410 145227
B1394-14-5 9 744284 2801 194151 194151  89.212 713250 5429 485 136812 131671
B458-15-1 11 745513 28.09 89.398 716575 5495 728
B458-15-11 9 28.32 187670 187670 4501 433
B458-155M 7 738033 28.05 203867 203867  88.792 711648 5313 670 133702 132003
B458-15-6 6 728526 28.07 | 504129 504120  88.357 707711 5220 753 132008 132008
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M. pullorum

B359-15-6 1 1007172 29.07 1007172 1007172 100 1007172 0 0 1007172 1007172
B2096-143 1 (1054672 28.98 1054672 1054672 100 1054672 522 227 1007073 1007073
B293-15-12 3 1012892  29.07 689328 689328 | 99.785 | 1005987 519 206 689280 689280
B293-15-13 2 1001534 29 986572 986572  95.68 1001381 650 239 963559 963559
B293-15-15 3 1026436 20.04 836823 836823  95.527 1013047 866 204 787080 787080
B293-1517 1 935521 29 935521 935521  91.584 930147 605 220 648094 648094
B359-15-5 1 972098 2002 972098 972098  96.038 967299 560 199 967209 967299

M. gallinaceum

B2096-14-8 1 845307 28.38 845307 845307 100 845307 0 0 845307 845307
B313-05 11 966687 28.36 150847 170455  88.246 746818  2630.88 63.54 35872 40078
B733-05 19 ‘816164 | 286 746987  2508.38 56.51 “
B2176-13 10 971900 2825 140768 140768 683005  2650.82 61.86

B1101-14-7 18 870215 28.25 91.315 781297  2760.48 7216 36116 36856
B1173-142a 12 976615 28.44 477841  92.143 802086  2839.55 97.06 46625 79642
B1173-14-2b 8 968231 2816 311795 311795  91.781 778791 2747.63 7128 35887 46652
B1173-14-4a 4 907869 28.45 349349 349349  92.557 785218  2749.01 79.88 46652 46652
B1173-14-4b 11 968009 2841 | 138234 138234  92.204 825852  2875.78 73 35880 46645
B1173-14-5b 5 1001801  28.41 265011 449789  92.573 837222  2899.71 7054 46644 46646
B1173-14-6b 15 957829 28.37 110666 110666  91.726 802473  2850.79 7713 32898 35879
B1173-147b 1 1000532  28.32 | 1000532 1000532 76.124 | 790984  3422.61 86.09 46641 89519
B1173-1480 5 11028596 | 28.35 636942 636942 92513 813082  2831.25 77.62 35897 80481
B1342-14-10 7 969278 2825 545511 545511  92.405 785095  2767.74 69.13 35882 72993
B1342-14-13 12 955097 2839 | 132788 132788  92.882 796082 2803.34 7375 35569 46493
B1342-14-14 8 959000 2838 104253 465345  90.339 769278 2749.31 65.87 46648 80492
B1342-14-8 18 914526 2832 171857 171857  86.916 735830 2786 7323 35696 | 35883
B1395142 9 948426 2841 239155 239155  92.306 780324  2738.8 68.57 46643 65681
B1396-14-7 15 958672 2854 | 116837 116837 | 92.449 818686  2833.62 7076 46642 64810
B1396-14-8 10 921208 2831 236279 236279  89.395 786122 2864.39 82.05 46651 65251
B1396-149 11 999745 2843 156626 178196  92.394 811502  2853.74 7529 35560 46646
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B1414-14-1 11 889682 28.34 | 115057 128959 92.149 780013 2415.32 65.47 35948 36154

B2096-14-2 1 854538 28.4 844878 2352 21.03 292678 292678
B2096-14-4 1 864492 28.39 24.02 9.46 615026 615926
B2096-147 1 977232 28.59 33.6 414 845310 845310
B878-14-M1 2 875056 2836 583767 583767  80.423 685060  2739.85 7105 32877 | 32877
B878-14-M4 3 904065 2839 639897 639897  79.427 2712.67 68.07 34918 35898
B878-14-M5 4 892443 2859 303535 303535 2695.09 64.80 28507 32874
B293-15-16 22 888154 2841 108381 112524 | 92.799 796100 2699 7853 35496 | 35887
B3381-151 7 961517 2847 210339 225311  89.194 810938  2673.75 124.28 35870 47576
B3381-15-2 8 884790 28.26 217378 217378  88.752 776213 2569.48 102.9 34688 34688
B3381-153 13 854311 284 | 144728 144728  89.207 756734  2519.53 12214 31000 31000
B3381-15-4 8 976338 28.46 286711 286711  88.659 772545  2518.01 100.28 33413 34682
B3381-155 9 933382 28.46 162745 208980  88.517 762090 2500.27 89.28 34826 35880

*- Colorrangeis a heatmap scale comparing the results ofeach genome subjectivelyfrom the weakestvalue (Dark red) to the bestvalue (Dark blue) in the datasetcompared to the
reference genome.
* - N50 — contig length equal to and higher than value repres enting 50% ofassembled genome.
- NG50 — contig length equal to and higher than value representing 50% of reference genome
m - NA50 - length of aligned blocks equal to and higher than value representing 50% ofassembled genome
- NGA50 - length of aligned blocks equal to and higher than value representing 50% ofreference genome
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Figure 4-2: Amount of missamblies compared to reference genome as measured by Quast for each strain analysed for a) Mycoplasma gallisepticum b)
M. synoviae c) M. gallinaceum and d) M. pullorum.
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The annotated reference genome of M. pullorum strain B359-5 (synonymous with strain B359-15-
5) contained 800 CDS of which 319 were assigned to RAST protein categories, 33 tRNAs, one
copy of the 5S rRNA and two copies each of the 16S and 23S rRNAs. RAST identified an average
of 805 CDS of which 327 CDS are assigned to protein categories, strain B540-15-2 had the least
amount of CDS at 633 (256 categorised) and strain B2096-14-3 the most with 875 CDS (361
categorised). An average of 32 tRNAs were identified among the M. pullorum strains, strain B540-
15-2 only had 26 and four M. pullorum strains had 34 tRNAs. Five M. pullorum strains had one
copy each of the 5S rRNA and two copies each of the 16S and 23S rRNAs, strain B293-15-17 had
two copies of each of these genes and strain B540-15-2 had 2 copies each of the 16S and 23S
rRNA, but no 5S rRNA genes were identified.

The reference strain B2096-8 contained 621 CDS of which 272 CDS have been assigned to RAST
protein categories. Only 17 tRNAs, three copies of the 5S rRNA and one copy each of the 16S and
23S rRNA were also annotated. Between the M. gallinaceum strains assembled an average of 750
CDS were annotated with an average of 307 CDS assigned to categories. Sample B3381-15-4 and
B733-05 had the most with 948 CDS (384 categorised) and least with 602 (270 categorised) CDS,
amount of annotated CDS, respectively. An average of 21tRNAs were annotated, three strains,
B878-14-M1, B878-14-M4 and B3381-15-5 had the most with 30tRNAs and four strains, B733-05,
B1414-14-1, B2096-14-2 and B2096-14-4 had the least with 17 tRNAs which is also the same
amount as the reference strains.

Proteins assigned were assigned to the following SEED categories: 1) amino acids and
derivatives, 2) carbohydrates, 3) cell division and cell cycle 4) cell wall and capsule 5) clustering-
based categories 6) cofactors, vitamins, prosthetic groups, pigments 6) DNA metabolism 7) fatty
acids, lipids, and isoprenoids 8) iron acquisition and metabolism 9) membrane transport and
miscellaneous 10) motility and chemotaxis 11) nucleosides and nucleotides 12) phages,
prophages, transposable elements, plasmids 13) phosphorus metabolism 14) potassium
metabolism 15) protein metabolism 16) regulation and cell signalling 17) respiration 18) RNA
metabolism 19) stress response 20) sulphur metabolism 21) virulence, disease and defence and

22) uncategorised.

The amount of classified CDS divided into SEED categories as well as percentage of each
category are shown graphically in Figure 4-3 and Figure 4-4, respectively. An average of 235/497
(47%) CDS were characterised as uncategorised proteins, so to get a clearer picture of the other
categories the uncategorised CDS were left out of the amount of categorised CDS and percentage
of CDS in each categories shown in Figure 4-5 and Figure 4-6, respectively. Categorisation of CDS
were similar across all species, with most CDS classified in the protein metabolism, carbohydrates
and DNA metabolism categories. Some interesting observation that was made include the
annotation of on average one CDS in the iron acquisition and metabolism across the MG strains

86



not found in any of the other strains, also more MG CDS (2%) were assigned to phosphorous
metabolism compared to the other species (0.35%). More of the MS CDS (8%) were assigned to
the cell wall and capsule category compared to the average assignment of 3% across the other

three species.

The SEED subsystem classification divides the categories into subcategories and subsystems.
Taking a closer look at the categories mentioned above, the protein metabolism category includes
genes involved in protein degradation, biosynthesis, folding processing and modification; the
carbohydrate category includes genes involved in among others carbohydrate metabolism, CO:2
fixation, and fermentation and the DNA metabolism category involve genes that play a role in DNA
recombination, repair and replication. The Iron acquisition and metabolism category is linked to the
Campylobacter iron metabolism subsystem, and the phosphorous metabolism category include
genes that play a role in phosphate metabolism and transport. The cell wall and capsule category
involves genes that are involved in capsular and extracellular polysaccharides.

4.3.3. Draftgenome assembly comparison

The draft genomes of each species were aligned with the “progressiveMauve” algorithm to their
respective reference. Coloured blocks represent segments of conserved DNA, i.e. homologous,
that are free of internal genome arrangements also referred to as Locally Collinear Blocks (LCBS).
The MG and M. gallinaceum strains produced large images and is available in multimedia format.
MG strains showed some differences in the order of the LCB coloured blocks (Multimedia). Mauve
is an interactive program and selecting an LCB region aligns all the same regions respective to the
chosen region, from this it was observed that the arrangements of the LCB regions for strains
B1102-06, B726-06, B1028-07, B758-08, B2271-14-1A, B878-14-L3 and B457-15-5 are similar to
strain R(low), strains B1102-03, B852-06 and B1552-14-19 had similar profiles to each other and
strains B943-06, B642-08 and B2159-13 had similar profiles. Of the samples for which information
was available, none were isolated in the same batch or from the same locations (Chapter 2)

MS strains were divided into 4 groups with similar arrangements, and only one or two
rearrangements within each group (Figure 4-7). Strains B1064-14-H5, B1394-14-2 and B458-15-6
were similar to the reference. Strains B2214-07, B1393-14-10, B1394-14-5, B458-15-1 and B458-
15-5M had similar profiles, and strains B1064-14-H3 and B1064-14-H4 were different from each
and from the rest of the strains. Strains B1064-14-H3, B1064-14-H4 and B1064-14-H5 were
isolated from the same farm in the same batch, the same is true for strains B1394-14-2 and
B1394-14-5 as well as for strains B458-15-1, B458-15-5M and B458-15-6 (Chapter 2).
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Table 4-3: Annotation results for draft mycoplasma genomes. Colours rank values in column from
highest to lowest for each species

Strain CDS (ggtse gKoﬁ?sV(Zg) (U(Ii?;ei;rgor:/;g d) Hyp;ﬁgti cal tRNA rF?lﬁA r:—?{E:\ISA résl,\lsA
MG

R(low) 836 388 230 375 32 2 2 2

B1102-03 803 374 225 354 33 2 2 2

B1102-06 777 372 214 341 32 2 2 2

B726-06 808 370 214 373 32 2 2 2

B852-06 807 375 221 358 34 2 1 2

B943-06 776 381 215 334 32 2 2 2

B1028-07 765 373 208 334 32 2 2 2

B642-08 793 365 218 355 32 2 2 2

B758-08 768 369 219 329 32 2 2 2

B2159-13 831 383 229 376 33 2 2 2

B1395-14-1 [ 701 328 193 316 33 1 1 1

B1552-14-19 754 386 221 307 T 1 1

B2771-14-1A 897 439 257 381 32 2 2 2

B2771-14-18 | 1016 479 272 457 39 4 3 4

B878-14-L3 780 395 222 322 32 2 2 2

B457-15-5 897 410 268 382 - 2 2 2

MS

53 727 314 275 254 34 3 2 2
B2214-07 685 314 286 200 33 3 2 2
B1064-14-H3 727 325 302 219 33 3 2 2
B1064-14-H4 695 326 291 200 33 3 2 2
B1064-14-H5 734 333 301 220 3 2 2
B1393-14-10 717 319 294 220 3 2 2
B1394-14-2 689 323 280 204 3 2 2
B1394-14-5 701 325 289 209 3 2 2
B458-15-1 386 370 213 3 2 2
B458-15-11 - 302 262 175 26 3 2 2
B458-155M 756 342 331 207 3 2 2
B458-15-6 767 359 317 225 - 3 2 2
M. pullorum

B359-15-6 804 323 250 358 1 2 2
B2096-143 [U8BN 361 264 401 1 2 2
B293-15-12 836 350 260 365 1 2 2
B293-15-13 846 338 255 386 1 2 2
B293-15-15 859 349 267 383 T 2 2
B293-15-17 783 312 232 362 2 2 2
B359-15-5 800 319 246 360 1 2 2
B540-152 | 688 256 184 289 % o 2 2
M. gallinaceum

B2096-14-8 621 272 183 277 2EE 1 1
B313-05 722 300 224 315 21 3 1 1
B733-05 602 270 182 257 man s
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B2176-13
B1101-14-7
B1173-14-2a
B1173-14-2b
B1173-14-4a
B1173-14-4b
B1173-14-5b
B1173-14-6b
B1173-14-7b
B1173-14-8b
B1342-14-10
B1342-14-13
B1342-14-14
B1342-14-8
B1395-14-2
B1396-14-7
B1396-14-8
B1396-14-9
B1414-14-1
B2096-14-2
B2096-14-4
B2096-14-7
B878-14-M1
B878-14-M4
B878-14-M5
B293-15-16
B3381-15-1
B3381-15-2
B3381-15-3
B3381-15-4
B3381-15-5

767
663
862
778
728
754
783
766
740
822
760
744
761
730
745
748
782
791
669
686
656
692
687
709
686
722
797
840

809

281
275
340
300
302
316
322
308
294
340
300
307
311
291
310
313
309
327
266
289
281
305
271
279
296
284
366
320
350
384
353

220
188
243
215
200
210
225
201
207
231
213
213
211
197
209
208
206
230
200
198
193
231
188
220
211
201
258
215
226
282
215

369
308
407
382
346
353
361
378
359
387
365
345
360
357
345
348
388
359
316
316
295
278
333
312
292
346
429
390
395
426
376
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Figure 4-3: Comparison of RAST SEED category classification for the annotated CDS produced by the RAST annotation pipeline for each strain in each

species.
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M. pullorum strains showed three main segments of conservation (Figure 4-8). Some
rearrangement was observed for strain B293-15-12 and B293-15-15 and possibly strain B293-15-
17. Strains B293-15-12, B293-15-13, B293-15-15 and B293-15-17 were isolated from the same
batch and location, the same is true for strains B359-15-5 and B359-15-6 (Chapter 2). The length
of conserved regions observed in M. gallinaceum strains were smaller than the other strains, and
due to the size of the sample set and small regions of conservation, it was difficult to observe
distinct patterns of rearrangement in the strains (Multimedia).

The backbone view colours conserved regions based on in their presence in each of the strains,
for example conserved regions found in all strains are coloured mauve, other colours are used to
show regions only present is some of the strains. As with the LCB colour view, the figures for MG
and M. gallinaceum are only available in multimedia format due to their size. Most of the conserved
regions of MG were found in all MG strains tested, one conserved region was found in all strains
except strain B457-15-15 and two conserved regions were only observed in the reference and
strains B1102-03, B726-06, B943-06, B1028-07, B642-08 and B2159-13. Most of the conserved
regions was observed to be present across all MS strains and no large conserved regions was
observed in only some strains (Figure 4-9). Most of the conserved regions observed for the M.
pullorum strains were also found across all the genomes, and strains B293-15-13, B293-15-15 and
B293-17 had a conserved region pattern not found in the other strains (Figure 4-10). Among the M.
gallinaceum strains, only about half of the strains were observed to contain the same conserved
regions, almost half of the other major conserved regions were only observed in some of the

strains.

The BLAST matrix tool of the CMG package was used to produce a pairwise comparison of the
proteins between the strains. When two proteins align at least 50% identity and the alignment
length is at least 50% of the longest protein, the protein alignment is considered as significant and
the proteins grouped in the same protein family. In the context of this program package, the
amount of shared protein families between two strains determines the homology and the
homologies within each strain are defined as paralogs, which in turn is determined by finding
matching protein families within the genome itself (Vesth et al., 2013). Homologies observed
between the MG proteomes were in the range of 69 and 96.8%, with the highest homology
observed between strain B1102-03 and B1102-06 (Figure 4-11). Homology observed within each
strain ranged from 2.2 to 12.1%, strain B457-15-5 and B1102-06 had the highest and lowest level
of similarity within the respective strains (Figure 4-11).

MS strains showed homology between strains in the range of 63 to 92.3%, with the highest
homology shown between strains B1393-14-10 and B1395-14-5 (Figure 4-12). Homology within
each strain was observed in the range of 2.6 to 7%, with strains B1393-14-10 showing the highest
degree of homology (Figure 4-12). The shortest range of homology was observed between the M.
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pullorum strains, ranging from 82.5 to 91.4%, with the highest homology observed between strain
B359-15-5 and B359-15-6 (Figure 4-13). The observed range of homology between the M.
pullorum strains were between 1.2 and 7.8% with highest internal homology observed for strain
B2096-14-3 and the lowest for strain B293-15-17. The BLAST matrix generated for the M.
gallinaceum strains was too large and is available as part of the multimedia. The range of
homology observed between these strains was the longest of all the species, ranging from 38.4 to
93.3%. The highest homology observed was between strain B2096-14-4 and the reference strain
B2096-14-8. Homology within the M. gallinaceum strains was the lowest and highest of all the
species in the range of 0.6 and 14.4%, respectively with strain B1173-14-7 showing the highest
and strain B3381-15-3 the lowest homology within their genomes.

A pan- and core genome plot was also generated for each species as well as for all species
combined. The pan genome is an accumulation of all the genes present across the submitted
dataset, and the core genome is a set of genes that is conserved among the submitted dataset.
The same parameters as the pairwise analysis of the BLAST matrix that 50% of the alignment
must be identical and 50% of the longest protein must be aligned was used. The pan genome of
the MG strains contained 997 genes and the core genome were made up of 573 genes (Figure
4-14). Across the MS strains 990 genes formed part of the pan genome and 544 genes made up
the core genome (Figure 4-15). The pan genome of the M. pullorum strains consist of 951 genes
and the core genome contained the most genes with 673 genes (Figure 4-16). Analysis of the M.
gallinaceum strains resulted in a pan genome containing 1580 genes and core genome containing
only 220 genes (Figure 4-17). Comparing the genes in all the samples resulted in a pan genome of
3218 genes and core genome of only 26 genes (Figure 4-18 and Table 4-4).

4.3.4. Candidate gene identification

The protein file containing the list of candidate core genes were submitted to WebMGA for
assigning COG categories to each of the proteins. Of the 573 core genome candidates found for
MG, were 388 assigned to 21 COG categories and 113 were classified as hypothetical proteins the
remaining candidates could not be assigned to a functional category (Figure 4-19(a)) The core
genome for MS consisted of 544 genes, 383 of these were assigned to 21 COG categories and
119 as hypothetical proteins (Figure 4-19(b)). Of the 673 core M. pullorum genes could 390 be
assigned to 20 COG categories, and an additional 213 were classified as hypothetical proteins, the
remaining genes could not be classified to a functional category (Figure 4-19(c)). Of the 220 M.
gallinaceum core genes were 157 assigned to 19 COG categories and 96 were classified as
hypothetical proteins (Figure 4-20(a)). All 26 of the core genes across all species could be
assigned to 8 COG categories (Figure 4-20(b)).
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Figure 4-7: Linear view of locally collinear block (LCB) colour scheme alignment of M. synoviae strains as determined by the progressiveMauve
algorithm of the Mauve software. Coloured blocks represent segments of conserved DNA between the strains that are internally free from genome
arrangements. Black and white blocks represent the genes identified in each strain. Blocks facing upwards are found on the sense strand and blocks
facing downwards are found on the antisense strand. Strains in order are a) MS strain 53 b) B2214-07 c) B1064-14-H3 d) B1064-14-H4 e) B1064-14-H5 f)
B1393-14-10 g) B1394-14-2 h) B1394-14-5 i) B458-15-11 ) B458-15-5M and k) B458-15-6.
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Figure 4-8: Linear view of locally collinear block (LCB) colour scheme alignment of M. pullorum strains as determined by the progressiveMauve
algorithm of the Mauve software. Coloured blocks represent segments of conserved DNA between the strains that are internally free from genome
arrangements. Black and white blocks represent the genes identified in each strain. Blocks facing upwards are found on the sense strand and blocks
facing downwards are found on the antisense strand. Strains in order are a) B359-15-6 b) B2096-14-3 c) B293-15-12 d) B293-15-13 e) B293-15-15 f) B293-
15-17 and g) B359-15-15.
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Figure 4-9: Linear view of backbone colour scheme of progressiveMauve alignment algorithm of M. synoviae strains. Mauve coloured lines indicate
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Figure 4-10: Linear view of backbone colour scheme of progressiveMauve alignment algorithm of M. pullorum strains. Mauve coloured lines indicate
conserved regions present in all aligned strains and other coloured regions indicate conserved regions only present in some of the strains. Strains in

order are a) B359-15-6 b) B2096-14-3 c) B293-15-12 d) B293-15-13 e) B293-15-15 f) B293-15-17 and g) B359-15-15.
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Figure 4-11: BLAST matrix comparing M. gallisepticum strains. Green blocks depict homology between strains, and red blocks depict homology
(paralogs) within each strain. Homology is determined by pairwise alignment and significance of the alignment is dependent on a 50% identify between

the proteins as well asat least 50% of the longest proteins hasto be aligned (Vesth etal., 2013).
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Figure 4-12: BLAST matrix comparing M. synoviae strains. Green blocks depict homology between strains, and red blocks depict homology (paralogs)
within each strain. Homology is determined by pairwise alignment and significance of the alignment is dependent on a 50% identify between the

proteins as well asat least 50% of the longest proteins have to be aligned (Vesth et al., 2013).
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Figure 4-13: BLAST matrix comparing M. pullorum strains. Green blocks depict homology between strains, and red blocks depict homology (paralogs)
within each strain. Homology is determined by pairwise alignment and significance of the alignment is dependent on a 50% identify between the

proteins as well as at least 50% of the longest proteins has to be aligned (Vesth et al., 2013).
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Figure 4-14: Pan genome analysis of M. gallisepticum depicting the core and pan genome of the
strains.
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Figure 4-15: Pan genome analysis of M. synoviae depicting the core and pan genome of the strains.
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Figure 4-17: Pan genome analysis of M. gallinaceum depicting the core and pan genome of the
strains.
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Figure 4-18: Pan genome analysis of all species depicting the core and pan genome of the all
strains tested.

Table 4-4: List of core genes for all mycoplasma species with the M. gallinaceum protein accession
number.

Hit Definition Accession Hit Definition Accession
30S ribosomal protein S11 AKA49980 Fructose-bisphosphate aldolase AKA49871
30S ribosomal protein S12 AKA49959 Glucose-inhibited division protein A  AKA49686
30S ribosomal protein S13 AKA49979 Glycyl-tRNA ligase AKA50218
30S ribosomal protein S7 AKA49960 Inorganic pyrophosphatase AKA50022
30S ribosomal protein S9 AKA49911 Molecular chaperone DnaK AKA49816
50S ribosomal protein L1 AKA49905 PAP phosphatase AKA49818
50S ribosomal protein L11 AKA49906 Phosphocarrier protein HPr AKA49708
50S ribosomal protein L19 AKA49992 Phosphoglycerate mutase AKA49902
50S ribosomal protein L20 AKA49919 Preprotein translocase subunit SecA AKA49915
50S ribosomal protein L33 AKA49877 Ribosome-binding ATPase YchF AKA49996
ABC transporter permease AKA49896 Translation initiation factor IF-1 AKA49977
DNA gyrase subunit A AKA49729 Translation initiation factor IF-2 AKA50004
Elongation factor G AKA49961 Transposase AKA50233
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= Energy production and conversion Cell cycle control, cell division, chromosome partitioning

= Amino acid transport and metabolism = Nucleotide transport and metabolism

= Carbohydrate transport and metabolism = Coenzyme transport and metabolism

= | ipid transport and metabolism = Translation, ribosomal structure and biogenesis

= Transcription = Replication, recombination and repair

= Cell wall/membrane/envelope biogenesis = Cell motility

= Posttranslational modification, protein turnover, chaperones = Inorganic ion transport and metabolism

= General function prediction only = Function unknown

= Signal transduction mechanisms Intracellular trafficking, secretion, and vesicular transport
= Defense mechanisms = Mobilome: prophages, transposons

= Secondary metabolites biosynthesis, transport and catabolism

Figure 4-19: COG categories assigned to core genes for a) M. gallisepticum strains, b) M. synoviae strains and c) M. pullorum strains.
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= Energy production and conversion Cell cycle control, cell division, chromosome partitioning

= Amino acid transport and metabolism = Nucleotide transport and metabolism

= Carbohydrate transport and metabolism = Coenzyme transport and metabolism

= Lipid transport and metabolism = Translation, ribosomal structure and biogenesis

= Transcription = Replication, recombination and repair

= Cell wall/membrane/envelope biogenesis = Cell motility

= Posttranslational modification, protein turnover, chaperones = Inorganic ion transport and metabolism

= General function prediction only = Function unknown

= Signal transduction mechanisms Intracellular trafficking, secretion, and vesicular transport
= Defense mechanisms = Mobilome: prophages, transposons

= Secondary metabolites biosynthesis, transport and catabolism

Figure 4-20: COG categories assigned to core genes for a) M. galllinaceum strains and b) all the strains combined.
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4.4. Discussion

During this study, 124 samples in total were analysed, of which 80 samples were found to be
axenic isolates. One of these isolates was identified as Acholeplasma laidwalli and as the
focus of this study was mycoplasma genomes, this sample was excluded from further
analysis along with 11 isolates that were identified as M. gallinarum which does not have a
reference genome available yet. The remaining 68 axenic mycoplasma isolates consisted of
15 MG, 11 MS, 8 M. pullorum and 34 M. gallinaceum strains that were sequenced using
predominantly lon Torrent sequencing technology. Samples received prior 2014 were
sequenced using llumina MiSeq sequencing with high depth of coverage ranging from 133
to 1923 times and 143 to 216 times, respectively which is much higher than the minimum
recommended depth of coverage for whole genome assembly of at least 30 times.

Each strain was independently de novo assembled using CLC Genomics Workbench for
both lon Torrent and lllumina reads as well as the recommended assemblers MIRA through
the lonGap pipeline for lon Torrent reads and SPAdes for the llumina reads. As with MIRA
and CLC Genomics Workbench, SPAdes also uses De Bruijn graphs but also uses
variations of the A-Bruijn graphs to remove bubbles and chimeric reads (Bankevich et al.,
2012). Resulting contigs were then aligned to a reference genome and overlapping contigs
joined to produce draft assemblies of less than 25 contigs. Mixed methods for genome
assembly, such as reference guided de novo assembly are also useful for genomes with a
high occurrence of repeat sequences as is the case with mycoplasma genomes (Sims et al.,
2014). Highly variable regions were difficult to align, and laboratory methods, such as primer
walking or third and fourth generation sequencing technologies that produces larger reads
can be used to close the gaps if required. For this study, draft assemblies were adequate as
good candidate genes include genes present in all strains or species being studies. Draft
genome assemblies were successfully annotated by the RAST server. Different annotation
programs use different algorithms for determining CDS assign different naming conventions
to the identified genes. The reference genomes were submitted to the RAST server for
reannotated and consistency in gene naming across all strains, so difference between these
and the genome annotations available from the NCBI server are expected.

Additional metrics are used to assess the quality of genome assemblies if a reference is
available, to address some of the problems associated with the N50 metric, as discussed in
Chapter 2. The N50 metric is subjective as it can be manipulated by choosing a cut-off for
contig size and is dependent on the total length of the assembled contigs using the NG50
metric instead the assembly metrics are standardized to the length of the reference genome
for a better comparison (Earl et al., 2011, Elin Videvall, 2017). Misassemblies can occur
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when contigs are joined without the reference genome, as was the case in the final steps of
reference-guided de novo draft assembly method used in this study. Quast introduced
additional metrics to address possible problems associated with misassemblies by aligning
the contigs to the reference and splitting the contigs that align on different regions of the
reference genome and the N50 and NG50 values are recalculated based on the split contig
lengths and presented as NA50 and NGAS50 (Gurevich et al., 2013). These misassemblies
are further classified by Quast as relocations (parts of contig align on different regions of
reference genome), translocations to a different chromosome (this classification is not
relevant to the single circular double stranded DNA of mycoplasma genomes) or inversion

(contigs align in reverse order).

Comparing the metrics reported by Quast of the MG strains draft genome assembly of strain
B1395-14-1 was the shortest assembly compared to the reference, and also the worst
assembly, this was unexpected as the depth of coverage and quality analysis of this sample
was very good. In my opinion there are two possible reasons for this either the genome of
this strain is very divergent from the reference strain used, or errors occurred during
sequencing including that some regions of the genome was sequenced at a much higher
rate than expected than other regions of the genomes, and some regions of genome might
not have been sequenced at all. When the reads were mapped to the reference genome,
large regions of the reference genome had very low or no read coverage (data not shown),
but further analysis is required to study the poor-quality assembly. The same argument could
also be made for the weakest assemblies observed for MS strain B458-15-11 and M.

pullorum strain B540-15-2 (data not shown).

Misassemblies can be due to assembly errors or can represent true genome variation
(Gurevich et al., 2013). Differences between mycoplasma species isolated from different
countries, paired with observations made during assembly of the draft genomes indicate that
the misassemblies reported by the Quast analysis is due to true genome variation that could
be caused by numerous events such as rearrangement or large indels (Gurevich et al.,
2013). MG (20) strains had the most misassembled contigs on average, followed by M.
gallinaceum (18), MS (7) and M. pullorum (2).

Divergence of MG strains in South Africa from other countries have been shown (Moretti et
al., 2013, Bwala, 2017). As most of the MG samples were isolated from archived samples,
little information was available on the area these samples were collected, and as these
samples were all collected between 2003 and 2015 the amount of observed misassemblies
due to relocations in these strains were not unexpected. The progressiveMauve and

pairwise alignment of these strains showed high protein indentity and a high occurrence of
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conservation between strains, however the contigs were joined using the reference strain as
a guide, so the observed arrangements might not be a true reflection of the genome
arrangement for each, but for the purpose of identifying conserved genes for downstream
diagnostic and vaccine development applications are these draft assemblies more than

adequate.

Genome statistics and annotations for ten of the MG strains were in range what was
expected and considered as very good draft genomes. The five remaining MG strains
analysed differed from the reference genome with regards to the amount of rRNAs identified
in each. Only one 16S rRNA gene was not found in strain B852-06 and one of each copy of
the rRNA genes were not found in strain B1552-14-19, when comparing all the genome
statistics analysed these two strains were still considered as good assemblies and the lack
of the rRNAs was attributed to a failure to duplicate in the genome assembly step. Sample
B2771-14-1B and B1395-14-1 had less and more rRNAs, respectively than was expected
and a comparison of the other genome statistics these strains were considered as low-
guality assemblies and for the purpose of this study excluded from further analysis. The
complete genome of MG was the first of all the poultry mycoplasma species to be published
and was assembled using shotgun sequencing with capillary electrophoresis and primer
walking (Papazisi et al., 2003). Most of the MG strains assembled in this study was the same
size or smaller than the reference genome and is probably close to the correct genome.

Of the eleven MS strains analysed, only strain B458-15-11 was considered as a low-quality
assembly for this study and excluded from downstream analysis. MS showed some
divergence from the reference genome and MS strains could possibly be more conserved
between countries, but further analysis is required. Sample collection information show that
the samples were mainly collected from three farms, however the four rearrangement
profiles observed shows differences between the samples collected on the same farms and
are good candidates for planned future studies on recombination in MS strains. The high
level of conservation and protein identity observed between the MS strains also show that
the draft genome assemblies are adequate for candidate gene identification. The reference
genome for MS was sequenced using shotgun sequencing and the gaps closed using in
silico methods as well as PCR assisted contig extensions (Vasconcelos et al., 2005). Some
of the strains was however longer than the reference genome and it is possible that the
reference genome is not complete or strains in South Africa are larger and a more updated

reference genome can be assembled using current technologies for future analysis.

Eight M. pullorum strains, including the reference genomes, were analysed and only strain

B540-15-2 was excluded from further analysis due to an observed low-quality assembly
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compared to the other strains and for the purpose of this study. As the reference genome of
M. pullorum was sequenced from a South African strain in the same time period and mainly
from two farms in the Gauteng province, little or no divergence was observed as expected
between these strains. Possible rearrangement observed for between samples from the
same farms also makes these strain good candidates for planned future genome
recombination studies of M. pullorum. The degree of protein identity observed between
these draft genome assemblies are also good for candidate gene finding. The reference
genome of M. pullorum was assembled using only in silico methods using both lllumina and
lon torrent data. Considering that it was the largest among all the M. pullorum strains, is this
genome probably close to the correct genome, but can still be validated using laboratory and
long sequence read technologies, such as Pac-Bio methods.

M. gallinaceum strains were isolated from at least four farms in the Gauteng province and
the three farms in the Western Cape and was also the species isolated the most among all
strains. These strains grow faster than MG and MS strains which along with the
geographical spread of this organism could account for the high level of divergence
observed for this species. A higher degree of protein identity was observed between strain
isolated from the same farms and provinces than between different farms and provinces and
no obvious patterns of conservation could be observed between the strains. The M.
gallinaceum reference genome had the least amount of tRNAs across all species with only
17 tRNAs which is less than the recommend amount of at least one for every amino acid, i.e
21, indicating that the reference genome of M. gallinaceum might not be completed, which is

possible as this genome was assembled using only in silico methods with llumina data.

More than 50% of all CDS were assigned to categories with known protein function with the
most assigned to genes involved in protein metabolism, including protein degradation,
biosynthesis, folding processing and modification; followed by carbohydrates, which includes
carbohydrate metabolism, CO: fixation, and fermentation, followed by DNA metabolism that
includes DNA recombination, repair and replication. The amount of CDS assigned to DNA
metabolism is not unexpected as mycoplasma evolved by reductive evolution, and genes
involved in replication were prioritised, however at the expense of genes involved in
biosynthesis of lipids, amino acids and co-factors (Bradbury, 2005, Razin et al., 1998).
Closer inspection of the genes identified in the protein metabolism category, showed that
most of these genes are involved in biosynthesis of ribosomal proteins that play a key role in
protein translation and the genes involved in carbohydrate metabolism are required for ATP

synthesis as was expected (Arraes et al., 2007).
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A number of interesting differences were observed in the classification of proteins across all
species. MG strains contained CDS encoding proteins involved in iron metabolism, which
has been shown in Campylobacter jejuni to play a role in iron storage as well as protection
against an high iron environments and the resulting oxidative stress caused by these
environments (Wai et al., 1996). Most of the cell wall and capsule categorised CDS identified
for MS play a role in sialic acid metabolism which has been shown to play a role in bacterial
pathogenesis of Escherichia coli, Pasteurella multocida and numerous other bacteria (Li and
Chen, 2012).

The pan- and core genome analysis produced a theoretical representation of the total gene
complement and conserved gene complement of each dataset, respectively. The MG strains
theoretically had 573 candidate genes for future analysis, 388 of these could be assigned to
COG categories and 113 were hypothetical proteins. The MS strains have a theoretical
candidate gene list of 544 genes, 383 could be assigned to COG categories for easy
evaluation in the future, 119 were hypothetical proteins for which protein IDs still need to be
assigned. In the M. pullorum strains studied, the candidate genome list for this species was
the largest with 673 genes, of which 390 could be assigned to COG categories and 213
were hypothetical proteins this is probably due to the high level of conservation observed
between these strains. M. gallinaceum strains had the least conservation and protein identity
between its strains and produced the smallest list of candidate genes with 220 genes. COG
categories could be assigned to 157 of these and 96 were hypothetical proteins. These are
still large lists of genes, and the discriminatory power of each gene still needs to be

evaluated.

The largest COG class across all the species contain genes involved in translation,
ribosomal structure and biogenesis, and these mostly contain ribosomal proteins that are
generally highly conserved within a species and might not give good discriminatory power to
distinguish strains from each other. But an alignment of the genes that encode these
proteins will aid studying these genes and study their potential as candidate genes for
multiplex diagnostic assays and vaccine development. Genes that play possible roles in
pathogenesis, such as the genes involved in metabolism, motility and defence mechanism
categories are good categories to start with for both diagnostic and vaccine development
targets. As the list of candidates produced during the pan-core genome analysis test for 50%
identity, there is a high probability of finding good candidate genes with good discriminatory
power that can be used in laboratory assays to differentiate between different species or
strains.
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A comparative analysis across all strains and reference genomes used in this study resulted
in a list of candidate genes of only 26 genes. Ribosomal proteins are known to be conserved
within and between species, and the discriminatory power of the 16S rRNA gene is well
known. Sixteen genes form part of this COG category of which ten encode various ribosomal
proteins. Due to the highly conserved nature of these ribosomal proteins are these good
candidates for vaccine development. Nine of the candidate putative genes encoding DNA
gyrase subunit A, elongation factor G, glucose-inhibited division protein A, molecular
chaperone DnaK, ribosome-binding ATPase UYchF, tranposase, preprotein translocase
subunt SecA and translation initation factors IF-1 and IF-2 also play various roles in DNA
replication, tRNA modification, protein translation and intracellular protein transport. Two
more of the putative genes encode fructose-bispohate aldolase and phospoglycerate mutase
that play a role in glycolysis. One putative gene encodes the phospocarrier protein HPr that
forms part of the phospoenolpyruvate-dependent sugar phosphotransferase system (PTS)
and three putative genes encode proteins glycyl-tRNA ligase, inorganic pyrophosphatse and
PAP phosphatase that play a role in amino acide metabolism, lipid metabolism and
nucleotide metabolism, respectively. The last putative candidate gene encodes the ABC
transporter permease protein UgpE that play a role carbohydrate transport and metabolism.
Little information is available on most of these putative genes and a more in-depth study on

their functions as well as suitability as candidate genes is required.

The use of reference-guided de novo in silico assembly methods for genome assembly can
be time consuming, depending on the characteristics of the bacterial genome of interest; as
well as computationally resource-intensive, but is an effective starting point for finding
conserved regions between species of the same genus as well as different strains of a
species. Comparative genome analysis using various available bioinformatic tools is
furthermore an effective method of identifying candidate genes for vaccine and diagnostic
assay development, as well as shortlist candidates without the need for expensive, time-
consuming laboratory methods. This is however just theoretical and laboratory methods,
such as DNA microarray and two-dimensional gel electrophoresis are still required to
analyse the characterise these candidate genes, i.e. determine whether these genes are
expressed and to analyse the protein products which can then be used to narrow the list
down even more and could aid in assigning functions to the large amount of hypothetical
proteins. Transcriptome analysis using RNA-sequencing (RNA-Seq), instead of DNA
microarrays is also a useful tool to study the RNA expression, but this technology is very
expensive and not yet feasible for a large comparative omics project, such as the current

project.
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CHAPTER 5: CONCLUSION AND FUTURE PERSPECTIVES

Second generation sequencing (SGS) technologies produces high throughput DNA
sequencing data that have changed the face of genome sequencing, changing the rate of
whole genome sequencing (WGS) from months and years to days and weeks as well as
decreasing the cost involved. This led to major growth in the field of the bioinformatics and
the size of scientific studies. Even though in silico methods can never completely replace
laboratory methods for studying biological systems, it can shorten the time requirements for
answering various biological questions. However, as | have learned in this study, things are
not always so easy and various factors can influence the effectiveness with which these
SGS datasets can be processed, such as 1) the choice of sequencing technology and the
effect this has on how the data is interpreted and processed, 2) the amount of data
generated is computationally very heavy requiring strong computer capabilities, 3) the
sequence quality and depth of coverage influence what type of information can be generated
from the data set and 4) the genomic characteristics of a species of interest, such as G+C
content and frequency of repeats can influence the quality of data generates, as well as the

amount of processing times required to analyse the data (Schatz et al., 2010).

WGS using SGS has various applications and in this study WGS data for 124 mycoplasma
positive samples isolated from commercial poultry in South Africa was generated. The
dataset has not only been used to identify 178 Mycoplasma isolates in both axenic and
mixed samples using 16S rRNA phylogeny, but also for a pioneering study on the mutations
associated with antimicrobial resistance (AMR) in non-pathogenic Mycoplasma species.
Mycoplasma species isolated included M. gallisepticum, M. synoviae, M. iners, M. pullorum
and M. gallinarum. M. gallisepticum, M. gallinaceum and M. gallinarum were the most
prevalent species found in South African poultry. Novel mutations associated with macrolide
resistance were discovered in the L4 protein (1196T) and 23S (G748A) rRNA gene for M.

gallinarum and M. gallinaceum, respectively.

The problems associated with the golden standard for mycoplasma identification assays, i.e.
culture with growth inhibition were reiterated in these results, it is thus important to find more
sensitive, specific and accurate diagnostic assays. However, genetic differences within and
between species especially between countries also has an influence on the effectiveness of
both culture and DNA-based methods as any mutation in the target antigen or genes will
influence the specificity or sensitivity of these assays (Moretti et al., 2013). In this study the
well-used, proven 16S rRNA gene was used as an alternative, and as expected was an
effective target for differentiating between mycoplasma species. This gene just has one
limitation in that M. imitans can’t be distinguished from M. gallisepticum which can luckily be
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mitigated by studying 16S-23S intergenic region of the strains identified as M. gallisepticum
strains for the presence of the putative transposon gene unique to M. imitans (Harasawa et
al., 2004). Various other genes have been used for differentiation, but these were mainly
aimed at distinguishing the different known strains of the important pathogenic
mycoplasmas, M. gallisepticum and M. synoviae. Even though the other species are
considered as non-pathogenic, their potential for causing disease has been shown (Moalic et
al.,, 1997), and the high occurrence of the these species found in South African poultry
emphasizes the need for monitoring these species, which will require improving diagnostics
not just for M. gallisepticum and M. synoviae strain differentiation, but also for identifying all

the poultry mycoplasmas.

Hybrid whole genome assembly strategies were developed in this study for handling the low
GC content and high occurrence of repeats characteristic of mycoplasma genomes. The first
successful hybrid strategy as described in Chapter 3 used sequencing data from both
llumina and lon torrent sequencing platforms, as well as different assemblers to produce the
first 1 007 271 bp complete genome of a previously unpublished mycoplasma, M. pullorum,
which was annotated and published under accession number CP017813. However, this
method was still time consuming due to problems caused by repeat sequences. Third
generation sequencing technologies, such as single molecule real time (SMRT) platform
from Pacific Biosciences, also referred to as PacBio sequencing can produce longer read
sequences, that can aid with elucidating repeat sequence regions. This technology has only
recently been offered in South Africa and could aid in developing an improved complete

genome assembly strategy for other unpublished mycoplasmas, such as M. gallinarum.

A reference-guided de novo assembly strategy was used in Chapter 4, where de novo and
reference guided assemblies were combined with different assemblers to produce draft
assemblies of 78 Mycoplasma strains for which reference genome were available, i.e. M.
gallisepticum, M. synoviae, M. pullorum and M. gallinaceum. A basic comparative genomics
study of these draft assemblies produced large list of candidates for each Mycoplasma
species than can be used for novel intraspecies diagnostic strategies and candidates for
vaccine development. As expected, proteins from the translation, ribosomal structure and
biosynthesis category encompassed the largest part of these lists. Within this class are
ribosomal proteins the most prevalent, and the conserved nature of these proteins may be
good diagnostic candidates, as the 16S rRNA and 23S rRNA genes have shown. The list of
candidates can for each species can also be shortened by aligning the genes for each of the

strains available and evaluating their discriminatory power.
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The main aim of this study was to identify novel genes that can aid in diagnosis and
treatment of Mycoplasma species in South Africa using comparative genome analysis. A
pan- and core genome analysis of M. gallisepticum, M. synoviae, M. pullorum and M.
gallinaceum produced a shortlist of 26 candidates that can be studied for their potential to
differentiate between multiple mycoplasma species without the requirement for additional
assays. A large part of these genes were ribosomal proteins and the next step will be to
align each of these genes for all the species to assess the possible discriminatory power of
these genes.

This is just a drop in the water of all the information contained in the database | have created
from the WGS of the mycoplasmas from South African poultry. This database of draft
assemblies, and the availability of the raw sequencing data for the axenic and mixed

infection will provide data for numerous future studies, including:

- A more in-depth study of AMR and the genetic changes associated with AMR. This is a
main priority as the treatment with antimicrobials is currently the standard method of
mycoplasma control in South Africa. Understanding the mechanisms behind AMR and
identifying genetic markers for AMR can aid in recommending appropriate antibiotics for
use not only in treatment, but also for the practise of enhanced growth. This will decrease
the risk of spreading AMR faster through inappropriate antibiotic use as well as transfer of
the AMR genes between species.

- Further studies on the differences and similarities between and within poultry
Mycoplasma species can be used to direct in vivo and in vitro studies horizontal gene
transfer studies. This can aid in improving our understanding of mycoplasma survival
strategies.

- Complete genome assembly annotation of the first M. gallinarum genome.

- Combining data from other species known to interact with mycoplasma species, such as
the multifactorial disease complex between M. gallisepticum and Escherichia coli and
infectious bronchitis virus, can improve our knowledge of how this microorganism
interactions with the host and environment to cause disease or negatively affect poultry
production, which will eventually aid in improved diagnostic and preventative measures.

- PacBio sequencing can be used to improve hybrid assembly strategy for completing the
other unpublished mycoplasma genomes.

- PacBio sequencing will be used to improve the draft assemblies of a few representative
strains, to produce higher quality, more complete reference genomes and improve on the
currently method of identifying core genes between and within species producing a better
set of candidate genes for the development of novel diagnostic assays and future vaccine
development.
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APPENDIX A: RESULTS

A.1l. DNA concentrationofisolated MycoplasmaDNA

Numberon Sample Concentration | A260 A280 A260/A280 | A260/230
agarose gel®
(ng/ul)
B1102-03 24.2 N/A N/A N/A N/A
B313-05 53.1 N/A N/A N/A N/A
B733-05 16.4 N/A N/A N/A N/A
B1102-06 333 N/A N/A N/A N/A
B726-06 30.8 N/A N/A N/A N/A
B852-06 19.6 N/A N/A N/A N/A
B943-06 354 N/A N/A N/A N/A
B1028-07 21.8 N/A N/A N/A N/A
B2214-07 12 N/A N/A N/A N/A
B04-09-07 81.5 N/A N/A N/A N/A
B1072-08 12.8 N/A N/A N/A N/A
B642-08 42.4 N/A N/A N/A N/A
B758-08 59.7 N/A N/A N/A N/A
B730-09 27.7 N/A N/A N/A N/A
B2076-13-3 29.6 N/A N/A N/A N/A
B2159-13 53 N/A N/A N/A N/A
B2176-13 20.6 N/A N/A N/A N/A
B2888-13-1A 19.8 N/A N/A N/A N/A
50 B1064-14-H3 96.7 1.934 1.082 1.79 1.49
48 B1064-14-H5 105.2 2.104 1.048 2.01 1.56
71 B1101-14-10 118.1 2.362 1.134 2.08 1.54
46 B1101-14-6 15.7 0.313 0.215 0.29 1.46
5 B1101-14-7 175.2 3.504 1.942 2.27 1.8
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47 B1101-14-8 59.4 1.189 0.657 181 2.24
31 B1101-14-9 35.2 0.705 0.435 1.62 0.95
9 B1064-14-H4 103.4 2.068 1.14 2.28 181
21 B1173-14-2a 1353 2.705 1.591 1.7 0.65
28 B1173-14-2b 61.9 1.239 0.753 1.65 0.95
14 B1173-14-4a 433 0.866 0.5 1.75 1.73
10 B1173-14-4b 48.7 0.973 0.545 2.07 1.79
15 B1173-14-5b 321 0.641 0.359 1.92 1.78
29 B1173-14-6b 100.4 2.008 1.078 1.86 0.83
6 B1173-14-7b 28.9 0.579 0.313 1.73 1.85
26 B1173-14-8b 41.9 0.838 0.466 1.8 1.52
7 B1342-14-10 29.5 0.59 0.341 1.72 1.73
39 B1342-14-13 50.2 1.005 0.574 2.11 1.75
22 B1342-14-18 534 1.067 0.668 1.6 0.89
38 B1342-14-14 259 0.519 0.291 2.13 1.78
30 B1342-14-4 123 0.247 0.142 1.74 1.47
85 B1342-14-9 159.8 3.195 1.729 24 1.85
32 B1342-14-8 17.9 0.357 0.212 1.69 0.75
16 B1393-14-10 45 0.9 0.502 2.09 1.79
23 B1393-14-4 51.4 1.029 0.556 1.85 1.57
20 B1394-14-5 36.7 0.735 0412 1.21 1.76
11 B1394-14-2 345 0.69 0.396 1.87 1.74
12 B1395-14-1 62.3 1.246 0.69 3.54 181
19 B1395-14-2 156.7 3.134 1.754 2.05 1.79
65 B1395-14-5 100.4 2.008 1.121 0.93 1.79
86 B1396-14-6 272.6 5.453 2774 1.97 0.99
40 B1396-14-7 45.9 0.918 0.55 1.53 1.67
49 B1396-14-8 88.1 1.763 1.065 1.65 0.73
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66 B1396-14-9 70.7 1.415 0.752 1.88 1.21
34 B1412-14-18 26 0.52 0.297 15 1.75
18 B1414-14-1 84 1.679 0.954 1.99 1.76
35 B1552-14-19 35.7 0.714 0.389 1.78 1.84
89 B2096-14-2 57.8 1.157 0.648 1.79 l61
51 B2096-14-3 253.2 5.063 2.569 1.97 135
41 B2096-14-4 80.6 1.611 1.018 1.58 0.73
42 B2096-14-7 26.4 0.528 0.298 1.78 1.46
52 B2096-14-8 40 0.799 0.601 133 0.34
36 B2771-14-1A 42 0.84 0.454 1.9 1.85
37 B2771-14-1B 331 0.661 0.362 1.54 1.83
53 B2771-14-15A 182.6 3.652 2.032 1.8 0.67
33 B878-14-13 44 0.881 0.52 1.7 1.71
27 B878-14-M1 75.1 1.503 0.992 1.52 0.68
25 B878-14-M2 28.6 0.572 0.334 1.72 1.94
24 B878-14-M3 22 0.439 0.229 1.92 0.98
8 B878-14-M4 2141 4.282 2.354 2.33 1.82
13 B878-14-M5 113.8 2.276 1.245 2.32 1.83
87 B1931-15-6A 88 1.759 1.029 1.71 1.08
88 B1932-15-2 2415 4.83 2.608 1.85 2.03
109 B2053-15-1 121.9 2.439 1.307 1.87 1
110 B2053-15-2 213.6 4.273 2.497 1.71 0.75
111 B2053-15-3 115.9 2.317 1.265 1.83 1.88
112 B2053-15-5 177.7 3.554 1.954 1.82 1.07
113 B2063-15-3 118.7 2.373 1.333 1.78 1.7
107 B2772-15-1 198 3.961 1.866 2.12 142
105 B2777-15A-7 296.4 5.928 3.373 1.76 0.72
106 B2777-15A-8 151.4 3.028 1.79 1.69 0.79
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55 B293-15-10 139.2 2.783 1.597 1.74 1.24
60 B293-15-11 77.2 1.544 0.924 1.67 0.94
61 B293-15-12 173.5 3.47 1.796 1.93 1.09
90 B293-15-13 150.4 3.007 1.666 1.8 0.76
45 B293-15-14 86.5 1.729 0.972 1.78 0.69
43 B293-15-15 100.7 2.014 1.089 1.85 0.91
58 B293-15-16 123.2 2.463 1.524 1.62 0.55
62 B293-15-17 57.7 1.154 0.668 1.73 0.63
44 B293-15-18 127.5 2.55 1.425 1.79 0.74
63 B293-15-4 131.7 2.633 1.59 0.53 1.66
56 B293-15-6 239.3 4.786 2.581 1.85 1.66
57 B293-15-7 83.1 1.662 0.967 1.72 1.07
54 B293-15-8 93.8 1.876 0.997 0.73 1.88
59 B293-15-9 140.4 2.808 1.564 1.8 1.73
100 B3381-15-1 71 1.419 0.772 1.84 1.8
101 B3381-15-2 138.1 2.762 1.512 1.83 1.7
102 B3381-15-3 191.4 3.827 2.113 181 1.85
103 B3381-15-4 141 2.821 1.578 1.79 0.77
104 B3381-15-5 163.8 3.275 1.892 1.73 0.63
92 B3443-15-1 126.8 2.536 1.396 1.82 2.48
93 B3443-15-2 273.8 5.475 3.015 1.82 1.58
94 B3443-15-3 151.3 3.026 1.679 1.8 1.66
95 B3443-15-4 172.6 3.453 1.866 1.85 1.58
96 B3443-15-5 177.2 3.544 1914 1.85 2.46
97 B3443-15-6 111 2.219 1.186 1.87 1.62
98 B3443-15-7 2253 4.505 2.462 1.83 1.52
99 B3443-15-8 158.1 3.163 1.758 1.8 1.39
4 B359-15-2 54.4 1.089 0.561 1.52 1.94
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2 B359-15-3 380.4 7.607 3.542 2.34 2.15
70 B359-15-4 143.4 2.867 1.525 1.88 0.98
64 B359-15-5 143.8 2.876 1.596 1.8 1.85
1 B359-15-6 156.1 3.122 1.542 1.9 2.05
3 B359-15-8 84.2 1.684 0.854 1.36 1.97
67 B457-15-3 90 1.8 1.127 1.6 0.55
69 B457-15-5 24 0.479 0.319 1.5 0.27
76 B458-15-1 61.8 1.236 0.663 1.86 1.08
73 B458-15-10 139.5 2.791 1.505 1.85 15
78 B458-15-11 83.6 1.672 0.902 1.85 0.73
68 B458-15-5 553 1.105 0.64 1.73 1.61
74 B458-15-5M 93.5 1.87 0.984 1.9 1.23
77 B458-15-6 52.9 1.059 0.61 1.74 0.69
75 B464-15-3 107.1 2.142 1.153 1.86 0.91
82 B540-15-2 107 2.141 1.177 1.82 1.52
83 B540-15-4 201.7 4.034 2.141 1.88 1.29
84 B540-15-5 1304 2.608 1.446 1.8 0.91

N/A — Not available — sequenced pr
a —seegel photo’s Appendix A2

orto start of this PhD project.
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A.2. Gelelectrophoresis
DNA agarose gel 1: DNA agarose gel 2:

MM 1 2 3 45 6 78 9 MM 10 11 12 13 14 15 16 17 18 19 20

DNA agarose gel 3: DNA agarose gel 4:

MM 21 22 23 24 252 27 28 2930 MM 3132 33 34 35 36 37 38 39 40

DNA agarose gel 5: DNA agarose gel 6:
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DNA agarose gel 7: DNA agarose gel 8:
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DNA agarose gel 9: DNA agarose gel 10:
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DNA agarose gel 11: DNA agarose gel 12:
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APPENDIX B:  SEQUENCE ALIGNMENTS

B.1. M.gallinarum vipDgene alignment

20 40 60 80
|

B1101-14-6
B1101-14-8
B1101-14-9
B878-14-M3 s & 3 . <
B2053-152 . .. .. .. 5 . o SRS eerw. AL S Wen E ARG
B2772151 . ... ... e % s %R B N RS N R B W 8 e X
B293-1510 . .. .. ..
B203-156 . ......

100 120 140 160 180
| I | |

I

B1101-146 GCTCCAAAAG AAACAGTTAA AAAAGAAGTT GCTAAACCAA CAAAAGTAAC AAACACTAAA AAAGACTTTA ACAAAGATTT AACATTAAAT
B1101-14-8 . .. .. ¢ £ Ze g 3 % 3 &
B1101-14-9 . .. ..

B878-14-M3 . . . . . ¥ TEE 5 o
B2053-15-2 . .. .. 5 5 v 8
B2772-151 . .. .. v v .
B293-15-10 . .. ..
B293-156 . .. ..

[eNe]

200 220 240 260

| [ | |
B1101-146 TTTGATAACA AAAACTTGCC AAATGTTTTT GCTTCAGAAA AAATTTACGA ACAAGCAATT TTTGACAGTA TTCTTTCAGA AAGAGCTTCA
BIIOEIES: i« e wimie e o oon & G siaws  one enes i eHE wE S 2 o s b 2 . s .
B1101-14-9
B878-14-M3 . . y . . % . sy o .
B2053-152 . ... .. G [ SN SEE GIE SESTEER | R S 3 5 s 4 B TN Nae SRS ens BLaEE § S
BZTTZADN.. o osonse s swioisn 70 ior i el bl s
B293-15-10 SR ¥R & AR = S wars A
B0 ] O e I e Tt e T IR | e . s pmea . ] .
280 300 S%O 3-:0 36[0

[oNe]
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| |
B1101-14-6 CGTGCTGGTT CAACCAGATC TCCAATTTGA GTTGGTGGTG GTAGAGCATT TGGACCTACA CCTGAAAGAA ATTACGAATT AAAAGTAAAT
B1101-14-8 . .. ... .. 5 - S . . i ™, 2% .
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B2053-15-2
B2772-15-1
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B293-15-6

480 500 520 540
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I | I I
B1101-14-6 AGAAAAGTTA AAAAACTTGC ATTTATTTCA GCTTTAACAT TATTAGCACA AAGTAAAGCT GTTGTAGTTG ATGATTTAAA ATTAAATAAA
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