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2 Abstract

2.1 Abstract (English)

Mycoplasma agalactiae is an important pathogen of small ruminants, but the
molecular basis of its pathogenesis is largely unknown. This lack of
knowledge is mainly attributed to the previous lack of tools to genetically
manipulate this agent. In the current study, pathogenicity determinants of M.
agalactiae were identified by in vifro and in vivo screening of a Tn-mutant
library of 200 sequenced mutants. Following extensive in vitro studies, pools
of selected mutants were injected into lactating sheep via the intramammary
route. The injected mutant population was compared with the recovered
population to identify the attenuated mutants by using a negative selection
method called Signature Sequence Mutagenesis. A total of 14 mutants were
identified during initial screening in sheep and were then confirmed for 100%
absence in a second round of sheep infection studies that were carried out in
triplicate. The latter identified 7 mutants with insertions in MAG1050,
MAG2540, MAG3390, uhpT, eutD, adhT, and MAG4460. Importantly, the
attenuated mutants belong to different functional classes including many
hypothetical genes implying their previously unknown role in M. agalactiae
pathogenicity.

The in vitro analysis comprised growth profiles, cell invasion studies, co-
cultivation and cytotoxicity studies in mammalian cell lines, revealing an
important role of certain genes, as also confirmed for some mutants by
complementation studies using a newly developed expression vector. These

studies demonstrated for the first time M. agalactiae’s ability to invade
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cultured mammalian cells. Furthermore, cell invasion was also demonstrated
in vivo during experimental sheep infection. The detection of M. agalactiae in
the cytoplasm of epithelial cells and macrophages clearly provided the first
formal proof of M. agalactiae’s capability to translocate across the mammary
epithelium and systemically disseminate to distant inner organs, a possible
explanation for its persistence and the chronicity of disease caused by this
agent.

Altogether, this study has identified many different factors involved in M.
agalactiae pathogenesis and has provided a potential basis in developing

successful intervention and prevention strategies
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2.2 Abstract (Deutsch)

Mycoplasma agalactiae ist ein wichtiger bei kleinen Wiederkauern
vorkommender Krankheitserreger, dessen Pathogenesemechanismen auf
dem molekularen Level jedoch weitgehed unverstanden sind, da bis vor
kurzem ein Mangel an Moglichkeiten bestand, M. agalactiae genetisch zu
manipulieren. In der vorliegenden Arbeit wurden Pathogenitatsdeterminanten
von M. agalactiae durch In vitro- und In vivo- Screeningexperimente anhand
von 200 sequenzierten Transposon-Mutanten identifiziert. Pools aus
ausgewahlten Mutanten wurden im Schaf-Infektionsmodell unter Anwendung
der intramammaren Infektionsroute auf Attenuierung einzelner Mutanten
gepruft. Dazu wurden die fur die Infektion verwendete Mutantenpopulation
und die reisolierte Mutantenpopulation mittels Signatur-Sequenz-Mutagenese
als Negativselektionsmethode verglichen.

Wahrend eines initialen In Vivo-Screeningexperiments wurden insgesamt 14
Mutanten identifiziet und ihre Attenuierung in einem zweiten
Infektionsexperiment aufgrund ihrer 100%igen Abwesenheit unter den
Reisolaten bestatigt. Unter den attenuierten Mutanten befanden sich 7
Mutanten mit Insertionen in den Genen MAG1050, MAG2540, MAG3390,
uhpT, eutD, adhT und MAG4460, die verschiedenen Funktionsklassen
einschlieBlich hypothetischen Genen zugeordnet sind, deren pathogenetische

Rolle bei M. agalactiae bisher unbekannt war.

Im Rahmen der In vitro-Untersuchungen wurden unter Einsatz verschiedener

Zelllinien Wachstumsprofile erstellt sowie Zellinvasions-, Ko-Kultivierungs-
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und Zytotoxizitatsstudien durchgefuhrt, anhand derer eine wichtige Rolle
einzelner Gene aufgezeigt werden konnte. Diese wichtigen Funktionen
konnten bei einigen Mutanten auch durch Komplementationsstudien unter
Anwendung eines neu-entwickelten Expressionsvektors bestatigt werden.
Daruber  hinaus haben diese  Untersuchungen erstmalig die
Zellinvasionsfahigkeit von M. agalactiae nachgewiesen, und zwar sowohl in
vitro im Zellkultursystem wie auch in vivo im Schaf-Infektionsmodell. Die
Detektion von M. agalactiae im Zyotoplasma von Epithelzellen und in
Makrophagen ist der erste formale Nchweis der Befahigung von M. agalactiae
zur Translokation des mammaren Epitheliums und nachfolgender
systemischen Disseminierung unter Einbeziehung entfernt liegender innerer
Organe, eine mogliche Erklarung fur die Persistenz dieses Erregers und fur

die Chronizitat der durch ihn hervorgerufenen Erkrankung.

Insgesamt konnten im Rahmen dieser Arbeit viele verschiedene fur die
Pathogenese relevante Faktoren von M. agalactiae identifiziert werden,
wodurch eine madgliche Basis gelegt wurde, erfolgreiche Bekampfungs- und

Praventionsstrategien zu entwickeln.
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3 Introduction

3.1 Features of Mycoplasmas

Mycoplasmas are the simplest and smallest (0.3-0.8 pm diameter) self-
replicating bacteria with low GC content (~30 mol%) belonging to the class
Mollicutis (mollis- soft, cutis- skin) and are taxonomically defined to have
evolved from Gram-positive bacteria through reductive evolution (1, 2). The
trivial name “mycoplasmas” is used for any species included in the class
Mollicutes even though they are categorized under different genera, such as
Mycoplasma, Acholeplasma, Spiroplasma, Anaeroplasma and Ureaplasma (3).
The M. genitalium genome is one of the smallest prokaryotic genomes known
and contains barely 500 protein-coding genes (4). Owing to their small
genomes, mycoplasmas are fastidious and require complex media to grow
under laboratory conditions. Mycoplasmas lack a rigid cell wall (Fig. 1A) and
show a typical “fried egg” colony morphology (Fig. 1B) when grown on solid
agar media. Due to the absence of a cell wall, they are resistant to beta lactam
antibiotics that are otherwise used to inhibit bacterial growth. Another striking
feature of mycoplasmas is their unusual codon usage. The UGA codon that
functions as a stop codon in other bacteria is a tryptophan codon in
mycoplasmas. This results in truncated gene products when mycoplasma genes
are cloned in heterologous systems (5). Because of their smaller genome size
and content, mycoplasmas provide an opportunity to study fundamental aspects

of biology, such as the minimal set of essential genes, and also provide an
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experimental platform to explore and create the first organism controlled by an

artificially synthesized genome (6, 7).

Fig.1. (A) Transmission electron microscopy of M. agalactiae illustrating cell
morphology and size (8). (B) M. agalactiae colonies displaying typical “fried egg”
morphology after 7 days of incubation on SP-4 agar.

The Mycoplasma genus includes more than 120 well-described species, many
of which are established etiological agents of disease in man and animals (9-
11). Due to their limited biosynthetic capabilities, these organisms are
dependent on their infected hosts for nutrition and survival. They exhibit strict
host and tissue specificity with a preference for the urogenital tract and the
respiratory tract, as well as for the joints (10, 11). Mycoplasma infections are
usually chronic and difficult to eradicate, but sometimes can also lead to acute
disease (10). Mycoplasmas are regarded as ‘ideal parasites’ as they live in
harmony with their host. Despite their medical and economical importance, the

molecular basis for mycoplasma pathogenicity is largely unknown.
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3.2 Mycoplasma Pathogenicity

Mycoplasmas are simple organisms, yet their pathogenicity is very complex.
Due to their limited biosynthetic capabilities, mycoplasmas use host metabolic
precursors such as lipids and nucleotides to grow in the in-host environment
(10). Some mycoplasmas are capable of entering and surviving inside host cells
by mechanisms that are up to now only poorly understood. As for most of the
pathogenic bacteria, adhesion is a primary step for entering into the host cells.
Loss of adhesion, either due to mutations or due to the blocking of adhesion
proteins with specific antibodies, resulted in the loss of infectivity (12). Well-
characterized human mycoplasmas, such as M. pneumoniae and M. genitalium
use their surface bound adhesion proteins to gain access into the host cells
(13). The P1 protein of M. pneumoniae was one of the first mycoplasma
adhesins discovered and shown to play an important role in its infectivity (14)
(Fig. 2). As the P1 adhesin of M. pneumoniae, the P140 protein of M. genitalium
was found to be similarly important for host colonization (15). Mycoplasmas that
share a common host, also share common properties between their virulence
factors, such as the P1 adhesin of M. pneumoniae and the P140 adhesin of M.
genitalium, which cross-react with antibodies raised against each other (13).
Apart from the surface localized proteins involved in adhesion, some
cytoplasmic proteins, such as the enolase, pyruvate dehydrogenase beta
subunit (PDHB) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
have also been reported to be involved in cytadherence (16-19). Even though
these proteins are involved in major metabolic activities inside the cell, their
additional role in cytadhesion indicates the clever utilization of a minimal

repertoire of proteins by mycoplasmas.
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Fig. 2. Schematic depiction of the major cytadherence and accessory proteins in
M. pneumoniae (12).

For many years, it was believed that mycoplasmas are obligate extracellular
pathogens. After the first discovery of M. fermentans inside cells of the tissue
samples from AIDS patients (12), several Mycoplasma species were found to
be capable of invading non-phagocytic eukaryotic cells (20). The intracellular
residence is a favored niche as it is protected from immune response and action
of several antibiotics. Bacterial cell invasion is generally mediated by host
surface receptors that facilitate the interaction between bacteria and host cells.
Mycoplasmas have been shown to bind host cell proteins such as fibronectin
and plasminogen that act as molecular bridges to facilitate invasion (20, 21). As
found in other bacterial invasion studies, host cytoskeleton re-arrangements

seems to play an important role in mycoplasma cell invasion (12).

Like many other successful pathogens, mycoplasmas possess sophisticated

surface antigenic variation systems to evade the host immune response and to
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adapt to the different host niches (2, 22). Surface variation of lipoproteins has
been demonstrated to be advantageous to mycoplasmas for binding to a vast
number of host surface proteins. Mechanisms such as frame shift mutation, site-
specific recombination and unidirectional or reciprocal gene recombination drive
the variation of surface lipoproteins in mycoplasmas (22, 23). Several
mycoplasma species use these mechanisms to change their surface

characteristics and persist within the host (Table.1).

Mycoplasmas cause host cell damage like other pathogenic bacteria. But unlike
other bacterial pathogens, mycoplasmas do not release toxins. However, they
can produce toxic metabolic products to affect host cells. Depending on the
metabolic capabilities of specific mycoplasmas, the released products can differ
in their mode of action and nature of damage to host cells. Some of the toxic
metabolites like H,O2, urea, and hydroxyl-free radicals are capable of damaging
host cell membranes (13). Biofilm formation, a common characteristic of many
pathogenic bacteria, has also been implicated in mycoplasma persistence and
protection against complement (24, 25). Mycoplasmas lack flagella but many
species exhibit gliding motility supported by a tip structure or by cell surface
proteins that act as tiny legs by connecting to the surface (26, 27). For motile
mycoplasma pathogens, mutants with reduced motility were demonstrated to be
less virulent (28). Gliding motility might facilitate access to host cell receptors as
it was shown in one report that mycoplasma colonization of host epithelium

requires this movement (29).
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Based on the current knowledge it is clear that mycoplasma pathogenesis is
very complex and diverse. To better understand the pathogenesis of
mycoplasmas defined studies are needed to control the economic losses
caused by mycoplasma infections in the dairy and meat industry and to
understand and treat human mycoplasma.

Table 1. Mechanisms governing antigenic variation in mycoplasmas (22)

mechanism genetic event mycoplasma gene
of variation species family
ON/OFF DNA slippage involving M. hyorhinis vip
switching SSR in promoter regions
M. gallisepticum vihA
M. capricolum vmc
subsp. capricolum
site-specific recombination M. pulmonis vsa
(gene rearrangement)
M. bovis vsp
M. agalactiae vpma
U. parvum mba
site-specific recombination M. penetrans mpl
(promoter inversion)
size variation DNA slippage involving M. agalactiae vpma
short direct repeats within
CDSs
M. hyorhinis vip
M. pulmonis vsa
M. bovis vsp
U. urealyticum mba
domain gene conversion M. synoviae viha
shuffling (unidirectional)
reciprocal recombination M. genitalium mgp
DNA recombination M. agalactiae vpma
M. bovis vsp
other gene or locus duplication M. agalactiae vpma
CDS: coding sequence; SSR: single sequence repeat.
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3.3 Mycoplasma agalactiae

3.3.1 M. agalactiae infection in small ruminants

Mycoplasma agalactiae is a causative agent of the CA syndrome in small
ruminants. This organism belongs to the hominis phylogenetic group that also
includes M. synoviae, M. pulmonis, M. hyopneumoniae and M. mobile (30). M.
agalactiae is believed to have acquired 18% of its genome via horizontal gene
transfer (HGT) from mycoplasmas belonging to the phylogenetically distant
mycoides cluster that infect the same ruminant hosts (30). CA is mainly
characterized by mastitis, conjunctivitis and arthritis (Fig. 3) as predominant
symptoms of a localized infection (31-35). But, cases of septicemia, arthritis and
sporadic genital infections are not uncommon (31). This is an indication that the
pathogen is capable of crossing the epithelial barrier to reach distant host
niches, as also evidenced in a recent report where naturally infected
asymptomatic male goats were shown to harbour M. agalactiae in atypical inner
organs like brain and heart (36). M. agalactiae is estimated to be responsible for
annual losses in excess of US$ 30 million, especially in European countries
around the Mediterranean, primarily due to losses in the dairy industry (35, 37).
The CA syndrome is included in the list of transmissible diseases notifiable to
the ‘Office International des Epizooties’ (OIE) that are considered to be of socio-
economic and/or of public health importance (http://www.oie.int/en/animal-
health-in-the-world/the-world-animal-health-information-system/oldclassification-
of-diseases-notifiable-to-the-oie-list-b/). Although the disease is predominant in

the Mediterranean region, it is also widespread in other countries (33, 35).
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Fig. 3. Typical symptoms of (A) mastitis, (B) arthritis and (C) conjunctivitis, as
observed in sheep showing the Contagious Agalactia syndrome (38)

Shedding of the pathogen by diseased or asymptomatic carriers continues for
months or years after the initial infection with a potential risk of infecting
susceptible animals (31, 33, 35). Antibiotic therapy tends to reduce clinical signs
but promotes the carrier state (37). Attempts to minimize the clinical
manifestation of CA by antibiotic therapy, culling and/or vaccination are not
always successful and, in fact, no single vaccine against CA has been

universally adopted (http://www.oie.int/doc/ged/D6448.PDF).  Chronically

infected but serologically negative herds with no signs of disease are a common
clinical-epidemiological situation in endemic areas (39). Such animals easily
escape disease control and eradication measures, and are capable of flaring up
frequent CA outbreaks under stress conditions leading to huge economic losses

(35, 39).

3.3.2 Current research on M. agalactiae

Despite its agronomical significance, M. agalactiae’s pathogenic determinants
and mechanisms of infection and persistence are largely unknown. The Vpmas
(Variable Proteins of M. agalactiae) (Fig. 4) are the major abundantly expressed

phase-variable lipoproteins of M. agalactiae that have been implicated in
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pathogenesis (35, 40). Earlier studies done in our laboratory have reported
about the mechanisms governing Vpma phase variation and the construction of

phase-locked mutants (PLMs) (41, 42).

Like many other mycoplasmas, genetic manipulation of M. agalactiae was not
possible for a long time until our laboratory achieved it through transposon
mutagenesis (43). Later on, a random Tn mutant library was used by another
research group to identify genes involved in in vitro host cell interaction through
co-cultivation with mammalian cell lines (44, 45). The results obtained were then
further evaluated in vivo to conclude that the NIF locus is important for its
pathogenicity (46). Phenomenons like biofilm formation and H,O» production,
which are often implicated in pathogenesis, have also been shown in M.
agalctiae (24, 47). Earlier efforts to identify factors involved in M. agalactiae
pathogenesis were limited to in vifro studies, such as studies focusing on
adhesion (48). However, later in vivo studies of naturally infected animals
revealed several up-regulated genes in milk fat globules (49). In another natural
infection study, M. agalactiae was isolated from several different locations of the
host demonstrating its ability to spread systemically (36). Despite these efforts
and the resulting progress of understanding the pathogenesis and involved
factors, it is yet unclear how this pathogen successfully survives and persists

inside the host for a prolonged time.
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The vpma gene locus

(9981 bps)
ORF2'\ xer1 vpmaZ vpmalU meay vpmaX vpmaW vpmaV

tRNA-lys

Fig. 4. Schematic representation of the vpma gene locus in the clonal variant
55-5 derived from M. agalactiae type strain PG2.

3.4 Genetic Manipulation of Mycoplasmas

3.41 Available genetic tools

Being important bacterial pathogens of humans and animals, thorough genetic
analyses of pathogenic mycoplasmas are imperative in understanding their
pathogenicity mechanisms and in identifying factors involved in disease
progression. However, this has been hampered due to their long resistance to
genetic manipulation and the lack of appropriate genetic tools for targeted gene
disruptions and protein expression and analysis. In addition, the unusual
property of mycoplasmas of using the general stop codon UGA as a tryptophan
codon further poses problems in expressing mycoplasma proteins in
heterogeneous systems like E. coli (50). In order to study the role of a
mycoplasma gene or a set of genes in pathogenesis, it is important to mutate
the same, either by homologous recombination or by random mutagenesis

using transposons.

Targeted gene knockout. The targeted gene knock out through homologous

recombination (HR) has been used in some mycoplasmas to disrupt specific
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gene/s (41, 51, 52). The lack of HR in other mycoplasmas was assumed to be
due to insufficient expression of genes involved in the initial recombination and
resolution of Holiday junction (50). Proteomic results indeed showed that RuvAB
is not expressed in M. pneumoniae, but other studies have shown that M.
pneumoniae  encodes proteins that bind ssDNA and promote
homologous DNA recombination (53, 54). Another method to achieve targeted
gene disruption is through the use of oriC plasmids and their integration into the
chromosome (55). This method has been successfully used in M. agalactiae
and other mycoplasmas to achieve targeted gene disruption (41, 52). Apart from
this, transposition can also be used for the targeted disruption of specific genes

(50).

Transposon mutagenesis. Random mutagenesis through transposition is
widely used in mycoplasma pathogenesis studies. Transposon mutagenesis
was initially applied to study the essential and minimal set of genes required in
mycoplasmas as minimal bacteria (4, 7). Further studies using transposition
have deciphered the role of different genetic factors involved in motility,
cytadherence and also restriction modification systems (29, 56, 57). Large-scale
transposon mutagenesis has been performed with a few species, and some of
these studies additionally determined genes defective to mediate host

colonization (58-60).

3.4.2 Genetic manipulation of M. agalactiae
Despite being a very important pathogen of the dairy industry, M. agalactiae’s

pathogenic attributes are not yet understood. This is mainly due to the previous
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lack of proper genetic tools for genetic manipulation. The first genetic
modifications (43) and development of shuttle vectors for cloning and
heterologous gene expression in M. agalactiae was reported by our laboratory
(61). This oriC-based vector was then successfully used to disrupt xer? gene via
homologous recombination to generate Vpma phase-locked mutants (PLMs)
(41). As a first step towards manipulating the M. agalactiae genome, the wild
type PG2 strain was transformed with the transposon Tn4007mod to randomly
disrupt the genes (43). Later studies reported the development of a tetracycline
inducible gene expression system for M. agalactiae indicating the further

development of genetic tools to study pathogenesis of this ruminant pathogen.

3.5 Experimental Sheep Infection Models to study M.

agalactiae Pathogenesis

In order to study pathogenesis, it is important to have a proper infection model
that can simulate a natural infection. Previous M. agalactiae pathogenicity
studies have been unsatisfactory due to the lack of appropriate animal models,
especially small animal models for the convenient analysis of disease
progression. The natural hosts, namely sheep and goats, have been used for
experimental infections to study different aspects of M. agalactiae pathogenesis.
Different infection models were used depending on the inoculation routes to
study different aspects of disease, or to evaluate diagnostic tests, antibiotic
therapies or vaccinations (62, 63). Lambs infected with M. agalactiae via the
conjunctival route led to the constant colonization of the regional lymph nodes

(LNs) (64). Later studies employing the intramammary route of infection showed
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not only the lymphogenic but also the systemic spread of the pathogen in
lactating ewes leading to the major symptoms of mastitis and agalactia (35, 65).
Therefore experimental sheep intramammary infections were chosen for this
dissertation project to assess the attenuation of M. agalactiae transposon

mutants using negative selection methods described below.

3.6 In vitro and In vivo Genetic Analysis of Bacterial Virulence

The virulence of bacterial pathogens is very complex and involves several
different genetic factors interacting during different stages of infection. Usually
the sequence of events leading to persistent infection begins with adhesion
leading to cell invasion and intracellular survival. In order to survive and persist
inside the host, the pathogen should find a way to circumvent host immune
responses. These processes involve several factors that are either secreted into
the host cells or undergo direct interaction with them. Identifying these factors is
a challenging task and needs sophisticated techniques to deal with

sophisticated pathogens (66).

Several in vitro phenotypic assays have been developed to mimic the bacterial
pathogenesis process that could facilitate identification of virulence factors.
Assays focusing on adhesion, cell invasion, and cytotoxicity involving tissue
culture have been used to simulate the in-host environment. Apart from these,
the effect of different physiological factors namely pH, acid stress, salt stress
and temperature have been used as a basis for the in vitro identification of

different factors involved in pathogenesis.
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Even though in vitro assays provide very useful information about mechanisms
involved in bacterial pathogenesis, they cannot really imitate the in vivo host
environment. Once inside the host, pathogens encounter very different
environments that are very difficult to construct in the laboratory. In order to
address this issue, several in vivo experimental models and methods have been
developed (67, 68). Methods, such as the In Vivo Expression Technology
(IVET) and the Signature Tagged Mutagenesis (STM) allow in vivo analysis of
virulence factors (68, 69). IVET was designed to identify activated promoters in
vivo, whereas STM involves the identification of specific attenuated mutants that
are unable to survive inside the host amongst a total pool of infecting mutants
(67). Out of these two methods, STM has been widely used to identify virulence

factors for several important bacterial pathogens (70, 71).

3.6.1 Signature Tagged Mutagenesis (STM)

STM was developed as a method to simultaneously screen a large number of
mutants in vivo using negative selection (69). This method allows rapid and
unbiased identification of mutated virulence genes among a pool of mutants that
are unable to survive in the infected host. Each mutated gene is marked with a
‘Signature’ tag to allow its identification among a pool of mutants in the animal
host. Signature tags were originally designed as short DNA fragments
containing variable 40 bp central regions flanked by invariable ‘arms’ that allow
a transposon vector to further introduce mutations in the pathogen of interest.
Each mutant is stored separately in microtitre plates and colony hybridization or
dot blot studies are carried out for analysis. The mutants are pooled together to

infect the host animal and those recovered from the animal tissue samples are
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then compared to identify ‘missing’ ones. Mutants found absent in the output

pool but present in the input pool are considered important for in vivo

colonization. This method has been used in several pathogenic bacteria to

identify important virulence genes (70). Over the years several technical

modifications in the mutagenesis and detection methods led to the adaptation of

this strategy to different hosts and pathogens as needed (Table. 2).

Table 2. Technical modification of STM (70)

Procedure
modified

Examples

Organisms

For efficient mutagenesis

Transposition In vivo transposition Salmonella typhimurium, Mycbacterium tuberculosis,
Vibrio cholerae, Yersnia enterocolitica, Legionella
pneumophilia, Brucella suis, Escherichia coli

In vitro transposition Streptococcus pneumoniae, Neisseria meningitidis,
Helicobactor pylori

Mutagenesis Shuttle mutagenesis N. meningitidis

without Insertion-duplication S. pneumoniae

transposons mutagenesis

Gene-replacement by Saccharomyces cerevisiae

homologous recombination

Non-homologous Candida globrata, Cryptococcus neoformans
(illegitimate) recombination

For efficient detection of tags

Tag design Longer tags Yersinia pestis, S. typhimurium.

Multiple tags Yersinia pseudotuberculosis, S. cerevisiae
Pre-selected pools of tags | Staphylococcus aureus, Pseudomonas aeruginosa
Detection Hybridization to purified S. aureus
methods plasmids carrying tags

Hybridization to PCR
amplified tags

S. pneumoniae

Non-radioactive probes

S. aureus, Y. pseudotuberculosis

Direct detection of PCR
product

P. aeruginosa, group A Streptococcus, N.
meningitidis

Microarray assembly of
tags

S. cerevisiae, Desulfovibrio desulfuricans,
Shewanella oneidensis

interest

*The choice of a specific method of mutagenesis is depends on its applicability to organism of
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3.6.2 Signature Sequence Mutagenesis (SSM)

The Signature Sequence Mutagenesis (SSM), a variation of STM, is a
transposon-based strategy that was employed to identify M. gallisepticum genes
involved in the colonization of the chicken respiratory tract (59). Unlike STM,
sequencing of transposon mutants prior to screening is necessary in SSM.
Detection of attenuated mutants is through PCR instead of hybridization. Each
mutant is identified by a ‘signature sequence’ generated by PCR reactions using
a common Tn-specific primer and separate gene-specific primers, which are
designed either upstream or downstream of the Tn-insertion site (59). Input pool
PCR generated from the input pool of mutants injected into the chickens was
compared with the output PCR corresponding to the mutants recovered from
the animals at necropsy. Mutants absent in the output PCR but present in the
input PCR represent attenuation in vivo. M. gallisepticum is the only
mycoplasma where negative selection-based strategies have been used in vivo
in the natural host to identify virulence genes using a pool of mutants (59, 60).
In this project, the SSM PCR technique has been employed to identify M.
agalactiae mutant/s that are unable to survive in experimentally infected sheep

via the intramammary route.

3.7 Project Background

Genetic manipulation of M. agalactiae through transposon mutagenesis had
been achieved and was employed to generate a transposon mutant library in
the wild type strain PG2. Transposition was performed using the vector

pISM2062 carrying the Th4007mod transposon (72). Several different genomic
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loci were found disrupted in the resulting mutants. More than 150 mutants were
sequenced using a novel Quantitative Target Display (QTD) PCR-based
method (73). The disrupted genes belonged to different functional categories,
such as lipoproteins, transporters, metabolic enzymes and other important
categories (Table 3). Genes with no known function were also disrupted and
they constituted a significantly high number in the library. This transposon
mutant library was used to study the role of the disrupted genes in M. agalactiae

pathogenesis.

Several in vitro studies were performed to assess the role of each disrupted
gene. Invasion into non-phagocytic cells has been shown for many
mycoplasmas (12, 20) but not for M. agalactiae. As described above, cell
invasion is an important strategy employed by pathogenic bacteria to persist
inside the host cells and to avoid host immune response (2). Since M.
agalactiae is known to cause chronic and persistent infections, its cell invasion
capability was evaluated in vitro using different mammalian cell lines and in vivo

during experimental sheep infection.

30



Table 3. Selected transposon mutants of M. agalactiae belonging to different
functional categories that were used in experimental sheep infection studies

Locus tag | Gene description Locus tag | Gene description
Lipoprotein/predicted lipoproteins Hypothetical Proteins
MAG2540 Vpma like lipoprotein MAG1890 Hypothetical Protein
MAG7070 VpmaX MAG4010 Hypothetical Protein
MAG7080 VpmaY MAG2810 Hypothetical Protein
MAG6200 Predicted lipoprotein MAGO0110 Hypothetical Protein
MAG1450 Predicted lipoprotein MAGO0390 Hypothetical protein
MAG4460 Predicted lipoprotein MAG3390 Hypothetical Protein
MAG6410 Lipoprotein MAG3120 Hypothetical Protein
MAG1050 Lipoprotein MAG0250 Hypothetical Protein
Transporters MAG1570 Hypothetical Protein

MAGo370 | Oligopeptide ABC transporter permease | \4x sags0 Hypothetical Protein

protein (OppB)
MAGO0360 Oligopeptide ABC.transporter permease Metabolism

protein (OppC)
MAGo340 | Oligopeptide ABC transporter permease | \1aGe330 | Loribulose-5-phosphate 4-epimerase

protein (OppF)
MAG4970 Hexose phosphate transport protein MAG6300 Phosphoenolpyruvate phosphotransferase

(UhpT) (PtsL)
MAG2320 | Clycerol ABC transporter permease | \4x 0040 Esterase/Lipase (Iip)
component (GtsB)
MAG5960 ABC transporter ATP-binding protein | MAG0940 | ' Yruvate dehyd{ggﬁg"’)‘se beta subunit
PTS system ascorbate-specific transporter
MAG6380 subunit IIC (UlaA) MAG1390 Phosphate acetyltransferase (EutD)
Other important genes MAG4340 Alcohol dehydrogenase (AdhT)

MAG5920 Elongation factor G (FusA) MAGO0070 Lipoate protein ligase A (LplA)
MAG6730 Robonuclease HIl (Rnhll) MAGO0960 | Dihydrolipoamide dehydrogenase (PdhD)
MAG3820 GTP-dependent nucleic acid-binding | ;73553 NADH oxidase (Nox)

protein (EngD)
MAG1790 DNA methylase MAG0180 Deoxyguaosine kinase
MAG2930 FOF1 ATP synthase subunit alpha (AtpA) | MAG6360 Pentitol phosphotransferase enzyme II
MAG5520 Aminopeptidase
MAG6310 Transcriptional regulator
MAG3740 Cell division protein (MraZ)
MAG1530 Type Il restriction-modification system:

methylase

3.8 Project Description

The main goal of this dissertation project was to identify and study the factors

involved in M. agalactiae pathogenesis. This project design was sub-divided into

three parts.
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1. Identification of genetic factors involved in host cell interaction

A previously prepared M. agalactiae transposon mutant library was used to
screen the genes involved in colonization of the sheep udder. Pools of mutants
were screened in an experimental sheep intramammary infection study using
SSM PCR as a negative selection method. Pools of 15-19 mutants were
screened in two successive cycles of sheep infection and resulted in the
identification of a total of 14 different mutants that were unable to colonize the
udder and other different host niches upon systemic spread. Among these 14
mutants, 7 were attenuated at local sites of infection, i.e. in udder, lymph nodes
and milk samples, whereas the other 7 mutants were additionally found to be
missing in distant body sites. Some of the attenuated mutants demonstrated
growth deficiency during co-cultivation assays with Hela cells and during
cytotoxicity assays with murine macrophages as compared to the wild type
strain. Taken together, these results imply a role of different set of genes in the

pathogenesis of M. agalactiae.

2. In vitro and in vivo cell invasion and systemic spreading of
M. agalactiae in the sheep infection model

The aim was to check the ability of M. agalactiae to invade non-phagocytic cells.
This was assessed using Hela cells as standard epithelial cell line and also
using bovine endometrium (BEND) and bovine lung fibroblast (BLF) cell lines.
The ability of M. agalactiae to invade these cell lines was determined using the
gentamicin invasion assay and the double immunofluorescence technique (DIF)
assay. With both methods the ability of M. agalactiae to invade non-phagocytic

cells was demonstrated. When tested in vivo in the sheep intramammary

32



infection model using the wild type PG2 strain, the results showed spreading of
M. agalactiae to distant body sites, such as brain, lungs, spleen and uterus.
Dissemination to distant host niches and intracellular presence of M. agalactiae
in epithelial and macrophage cells of the udder and other organs was clearly
demonstrated by immunohistochemistry (IHC), culture and M. agalactiae-
specific PCR. The results provided the first proof of M. agalactiae’s ability to

invade host cells, both in vitro and in vivo.

3. Role of PDHB in in vitro growth and host cell invasion

Several in vitro assays were performed in order to assess the role of mutated
genes in different cellular functions. Among the analyzed mutants, pdhB
disrupted mutants demonstrated a growth deficiency in axenic medium. This
mutant also showed deficiency in HelLa cell invasion as analyzed by DIF and
exhibited different and smaller colony morphology as compared to the wild type
strain. In order to confirm the role of the pdhB gene in growth, colony
morphology and cell invasion phenotypes of M. agalactiae, the pdhB mutant
was complemented with a copy of the intact pdhB gene. The complementation
was performed by first constructing a new complementation vector carrying the
lacZ reporter gene and a strong vpma promoter. The wild type copy of the pdhB
gene was then cloned in this vector and transformed into the mutant to assess
the functional complementation in terms of in vitro growth, colony morphology
and cell invasion. The results demonstrated reversion to the wild type
phenotypes indicating the role of the pdhB gene in cell invasion, growth and

colony morphology.
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Generally regarded as extracellular pathogens, molecular mechanisms of mycoplasma persistence,
chronicity and disease spread are largely unknown. Mycoplasma agalactiae, an economically important
pathogen of small ruminants, causes chronic infections that are difficult to eradicate. Animals continue
to shed the agent for several months and even years after the initial infection, in spite of long antibi-
otic treatment. However, little is known about the strategies that M. agalactiae employs to survive and
spread within an immunocompetent host to cause chronic disease. Here, we demonstrate for the first
time its ability to invade cultured human (HeLa) and ruminant (BEND and BLF) host cells. Presence of
intracellular mycoplasmas is clearly substantiated using differential immunofluorescence technique and
quantitative gentamicin invasion assays. Internalized M. agalactiae could survive and exit the cells in a
viable state to repopulate the extracellular environment after complete removal of extracellular bacte-
ria with gentamicin. Furthermore, an experimental sheep intramammary infection was carried out to
evaluate its systemic spread to organs and host niches distant from the site of initial infection. Positive
results obtained via PCR, culture and immunohistochemistry, especially the latter depicting the presence
of M. agalactiae in the cytoplasm of mammary duct epithelium and macrophages, clearly provide the first
formal proof of M. agalactiae’s capability to translocate across the mammary epithelium and systemically
disseminate to distant inner organs. Altogether, the findings of these in vitro and in vivo studies indicate
that M. agalactiae is capable of entering host cells and this might be the strategy that it employs at a
population level to ward off the host immune response and antibiotic action, and to disseminate to new
and safer niches to later egress and once again proliferate upon the return of favorable conditions to
cause persistent chronic infections.

© 2014 Published by Elsevier GmbH.

Introduction

and thereby cause slow-progressing chronic diseases that are dif-
ficult to cure (Razin et al., 1998). Well-known for their antigenic

Commonly described as the smallest and simplest bacteria,
mycoplasmas are important pathogens of humans and animals
with rather complex and sophisticated pathogenic attributes
(Rosengarten et al., 2000). Having lost many of their metabolic
pathways during a so-called degenerative evolution from a Gram-
positive ancestor, these wall-less prokaryotes readily obtain their
nutrition from host cells by mostly colonizing epithelial surfaces
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variation systems, they have adapted sophisticated mechanisms
to evade immune clearance, survive in the host and have evolved
to infect new host niches (Rottem and Barile, 1993; Chopra-
Dewasthaly et al., 2012; Citti and Blanchard, 2013). Mycoplasmas
lack typical bacterial virulence factors like toxins, and the molecu-
lar determinants of their pathogenicity are largely unknown. This
can be partially attributed to their fastidious and slow growth, rel-
ative recalcitrance to genetic manipulations, and also to their strict
host-specificity that hinders the development of convenient small
animal models (Razin et al., 1998; Citti and Blanchard, 2013).
Mpycoplasma agalactiae is an economically important pathogen
and the main etiological agent of contagious agalactia (CA) syn-
drome in sheep and goats, mainly characterized by mastitis,
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conjunctivitis and arthritis as predominant symptoms of a local-
ized infection. Sporadically septicaemia, arthritis, pneumonia and
reproductive disorders have also been reported (Bergonier et al.,
1997; Gomez-Martin et al., 2013), indicating that the pathogen
is capable of crossing the epithelial barrier to reach distant host
niches, as also evidenced in a recent report where naturally infected
asymptomatic male goats were shown to harbour M. agalactiae in
atypical inner organs like brain and heart (Gomez-Martin et al.,
2012). Nevertheless, M. agalactiae has so far been regarded as an
extracellular parasite and it is unknown how it transforms local
infections into systemic ones.

Persistence and chronicity are other hallmarks of M. agalac-
tiae infections. Both diseased and asymptomatic animals continue
to shed the pathogen for long periods of time, sometimes lasting
up to several years (Bergonier et al., 1997). Antibiotic treatments
are often unsuccessful as they can only reduce clinical symptoms
but tend to promote the carriers that stay unaffected (Nicholas,
2002). Chronically infected and serologically negative herds with
no signs of disease are a common clinical-epidemiological situa-
tion in endemic areas. Such animals easily escape disease control
and eradication measures, and are capable of flaring up frequent
CA outbreaks under stress conditions (Gomez-Martin et al., 2013)
leading to huge economic losses. Despite such agronomical signifi-
cance, M. agalactiae’s pathogenic determinants and mechanisms of
infection and persistence are largely unknown, a fact that can be
attributed to its long resistance to genetic manipulation until 2005
(Chopra-Dewasthaly et al., 2005a, b), and also because it does not
exhibit the more practical phenotypes associated with mycoplasma
pathogenicity, such as hemadsorption and the presence of terminal
tip structure as attachment organelle, and lacks convenient small
animal models or cell lines for appropriate studies.

M. agalactiae demonstrates surface antigenic diversity via
high-frequency switching of six immunodominant surface lipo-
proteins (Vpmas) caused by Xer1 recombinase encoded on the
same pathogenicity island-like locus (Glew et al., 2002; Chopra-
Dewasthaly et al., 2008; Czurda et al., 2010). Though lacking
in concrete proof, such variable systems are often believed to
play important roles in pathogenicity via host immune evasion
and adaptation. Our data from a recent experimental infection
study with Xer1-disrupted Vpma ‘phase-locked’ mutants (Chopra-
Dewasthaly et al., 2008) clearly demonstrated that Xer1 is not a
virulence factor of M. agalactiae and Vpma phase variation is not
necessary for establishing infection though it might critically influ-
ence the survival and persistence of the pathogen under natural
field conditions (Chopra-Dewasthaly et al., 2012). P40, a cytad-
hesin, and P48 with macrophage stimulatory activity, are two other
lipoproteins, which seem to have important pathogenicity related
attributes (Rosati et al., 1999; Fleury et al., 2002). Besides, produc-
tion of hydrogen peroxide (Khan et al., 2005), biofilm formation
(McAuliffe et al., 2006) and identification of genes involved in
indirect host cell interactions (Baranowski et al., 2010) are also
implicated in M. agalactiae’s pathogenicity.

In view of the prevailing scenario, we tried to investigate
whether M. agalactiae has the capacity to enter, survive and exit
the eukaryotic host cells in a viable state, as this could explain the
chronic, persistent and difficult-to-eradicate nature of its infec-
tions in spite of long antibiotic therapies. This phenomenon may
also allow it to reach more favorable host niches by crossing the
epithelial barrier as cell invasion is often considered a major fac-
tor for systemic spread (Cieri et al., 2002; Much et al., 2002). Here,
we provide evidence for the first time that M. agalactiae is able
to invade eukaryotic host cells whereby quantitative results are
supported by the qualitative double immunofluorescence assay.
Intracellular mycoplasmas were detected not only after in vitro
infection but also in vivo in various tissue samples from experi-
mentally infected sheep using immunohistochemistry. Also, by the

isolation of mycoplasmas from various internal organs of sheep
experimentally infected via the intramammary route we formally
demonstrate that M. agalactiae has the capability to cross local
epithelial barriers and to disseminate to distant body sites. The
findings of this study, together with the sophisticated antigenic
variation system, could explain the persistence and chronicity of
M. agalactiae infections.

Materials and methods
Mycoplasma growth

M. agalactiae pathogenic type strain PG2 (Sirand-Pugnet et al.,
2007) was used in this study and was previously isolated from an
infected goat in Spain (Fleury et al., 2002). It was grown in Alu-
otto or SP4 medium supplemented with penicillin, pyruvate, and
phenol red as indicator as described before (Chopra-Dewasthaly
etal., 2005b). Mycoplasma cultures were grown for 48 h and diluted
serially in minimal essential medium (MEM) supplemented with
non-essential amino acids and 10% heat inactivated fetal bovine
serum (FBS) (Gibco BRL, Life Technologies) prior to infection of cul-
tured mammalian cells. Number of viable mycoplasmas at the time
ofinfection was determined by plating serial dilutions on SP4 plates
containing 1% (wt/vol) Difco Noble agar and counting colonies
under BMS 74955 stereomicroscope after 4-5 days of incubation
at37°C.

Cell culture

HeLa-229 (ATCC CCL-2.1), Bovine endometrium cell line BEND
(ATCC CRL-2398) and Buffalo lung fibroblasts (BLF; ATCC IMR-31)
were the cell lines used in this study and were purchased from
the American Type Culture Collection (ATCC; Manassas, USA) and
certified to be free of mycoplasmas. HeLa-229 was maintained in
MEM, BLF in McCoy'’s 5a medium (Sigma) with 10% heat inactivated
FBS, and BEND cells in 1:1 mixture of Hams F12 and Eagle’s MEM
with Earle’s BSS (Sigma-Aldrich) as per the instructions of ATCC.
Trypsin and PBS were purchased from PAA Laboratories GmbH,
Pasching, Austria or Sigma-Aldrich. 1 x 10* cells/well were seeded
into Lab-Tek II Chamber Slides (Nunc International, Naperville,
IL) for immunofluorescence staining and 5 x 104 cells/well were
seeded into 24-well plates (CELLSTAR® Greiner Bio-One GmbH,
Germany) for the gentamicin invasion assay 48h prior to infec-
tion to attain confluence. Cell cultures were regularly checked for
mycoplasma contamination by culture and PCR.

Mycoplasma infection and gentamicin invasion assay

Gentamicin invasion assay was carried out as described before
with some modifications (Elsinghorst, 1994; Winner et al., 2000).
M. agalactiae was grown for about 48 h indicated by metabolic color
change before pelleting at 10,000 x g at 4°C for 10 min and resus-
pending in MEM. The cells were passed through 27-gauge needle
for three to four times to disrupt any cell aggregates. Eukaryotic
cells were infected with diluted cultures of mycoplasmas at a multi-
plicity of infection (MOI) of about 10-30 and incubated at 37 °C with
5% CO,, for 4, 8, 16 and 24 h. Thereafter, extracellular bacteria were
killed by incubation in MEM containing 400 p.g/ml of gentamicin
for an additional 3 h period. Although a concentration of 50 p.g/ml
gentamicin is known to be completely inhibitory for M. agalactiae
growth (Chopra-Dewasthaly et al., 2005b), a higher concentration
of 400 pg/ml was used to ensure the reliability of the assay and was
experimentally determined to be sufficient to kill 100% of M. agalac-
tiae in 3 h duration. After gentamicin treatment, supernatants were
checked for the presence of any viable mycoplasmas by plating on
SP4 agar. Subsequently, the cells were washed two to three times
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with PBS and trypsinized before making serial dilutions for plat-
ing on SP4 agar to quantify invaded mycoplasmas. Trypsinization
did not cause any adverse effects on the mammalian cells as con-
firmed by the viable cell counts using trypan blue staining. Invasion
frequency was calculated as percentage ratio of cfu of intracellular
mycoplasmas to cfu of mycoplasmas added initially. Survival and
exit of mycoplasmas from the eukaryotic cells was assessed by the
same procedure as was described for invasion, except that after 24 h
of infection, eukaryotic cells were further incubated in fresh MEM
containing 50 p.g/ml gentamicin for 8, 16 and 24 h. This lower con-
centration of gentamicin was checked to be sufficient to prevent the
multiplication of mycoplasmas (Chopra-Dewasthaly et al., 2005b).
Escape of invaded intracellular mycoplasmas from eukaryotic cells
and their reinfection was monitored by incubating the cells in par-
allel wells under the same conditions in absence of gentamicin.
Penicillin (50 pg/ml) was added here as a control antibiotic to pre-
vent general contamination. Cells collected at 8, 16 and 24 h post
gentamicin treatment were then serially diluted and plated on SP4
agar. The cfu obtained in presence and in absence of gentamicin
were compared with the cfu of invaded mycoplasmas at 24 h pi.
Viability of eukaryotic cells was checked regularly by trypan blue
staining. All the above experiments were done in duplicates and
performed at least thrice under the same conditions.

Raising M. agalactiae antiserum

M. agalactiae specific antiserum was generated in rabbits as
described earlier (Ruhnke and Rosendal, 1994) by subcutaneous
inoculation of 10'° cfu of M. agalactiae type strain PG2 at the Insti-
tute of Bacteriology, Mycology and Hygiene, Veterinary Medicine
University of Vienna, Austria.

Double immunofluorescence assay

Double immunofluorescence assay was performed to visually
detect M. agalactiae inside the eukaryotic cells. The assay was per-
formed as originally described (Heesemann and Laufs, 1985) and
previously applied on mycoplasmas (Winner et al., 2000) with
minor modifications. Eukaryotic cells were seeded on eight-well
Lab-Tek Il Chamber Slides (Nalge Nunc International, Naperville, IL)
in their respective media and confluent monolayers were infected
with mycoplasmas at a MOI of approximately 20 as described above
and incubated at 37 °C with 5% CO, for 24 h for optimal invasion.
Unbound bacteria were washed away with PBS containing 2% BSA
and chamber slides overlaid with 300 wl of 1:200 diluted rabbit
anti-M. agalactiae serum and gently shaken for 30 min at room tem-
perature. After washing away the excessive antiserum, the cells
were covered with fluorescein isothiocyanate (FITC)-labeled goat
anti-rabbit immunoglobulin G (IgG) (Invitrogen) as a secondary
antibody for 20 min at room temperature with shaking to stain
extracellular mycoplasmas. After air-drying, cells were permeabil-
ized for antibody diffusion by successively treating with 50%, 70%,
and 96% (vol/vol) ethanol and twice with 100% methanol for 1 min
each. The cells were again air-dried prior to treatment with 300 .l
of rabbit anti-M. agalactiae serum for 30 min before labeling with
Texas Red-labeled goat antirabbit IgG (Invitrogen) as secondary
antibody for 20 min to stain extracellular and intracellular bacte-
ria. After washing, the nuclei were stained with 300 .l of 1:2000
diluted DAPI (Invitrogen). After final washing, the chambers were
removed and cells mounted under a glass coverslip in 1:2 (vol/vol)
glycerol-PBS containing 13% (wt/vol) Mowiol (Clariant, Muttenez,
Switzerland) and 0.5% (wt/vol) n-propyl gallate (Sigma). The cells
were examined under OLYMPUS AX 70 epifluorescence microscope
with an oil immersion lens (magnification, x100). Extracellular
mycoplasmas were observed as green spots using FITC filter set,
whereas the Texas Red filtering revealed both the extracellular

and intracellular mycoplasmas as red spots. The two images were
superimposed using the Soft Imaging System Cell* from Olympus,
Muenster, Germany, whereby intracellular mycoplasmas appeared
red and extracellular mycoplasmas appeared yellow due to the
overlap of red and green color.

Systemic spread and reisolation of M. agalactiae from different
inner organs of experimentally infected sheep

Clinically healthy lactating ewes of the local mountain breed,
negative for major sheep pathogens (attested by routine bacterio-
logical and PCR diagnostics) and also confirmed to be seronegative
for M. agalactiae by two different commercial ELISA kits (Cypress
Diagnostics, Langdorp, Belgium and IDEXX Montpellier SAS,
Montpellier, France) were infected via the right teat canal as
described earlier (Chopra-Dewasthaly et al., 2012). The inoculum,
which consisted of 10° bacteria/sheep in 5ml volume, was pre-
pared as described before (Chopra-Dewasthaly et al., 2012) except
that the pellet was resuspended in PBS (Gibco BRL, Life Technolo-
gies). The sheep were housed at the Veterinary Medicine University
of Vienna, Austria, and infections carried out in accordance with
the guidelines of the Austrian law for animal protection with the
requisite official approval. Sheep were subjected to regular clini-
cal and serological examination 1 week prior to the intramammary
infection and during the entire experimental period of 2 weeks.
Presence of bacteria in milk and in mucosa of eye, ear, nose, and
genitals was checked regularly by culturing in Aluotto medium
as described earlier (Chopra-Dewasthaly et al., 2012). The animals
were humanely killed after a fortnight and various organs, such as
spleen, lungs, kidneys, udders, heart, brain, uterus, liver and joint
tissue, and also various lymph nodes including mandibular, parotid,
medial and lateral retropharyngeal, superficial cervical, mediasti-
nal, jejunal, mesenterial, medial iliac, popliteal and supramammary
were obtained. A portion of each of these was immediately cultured
and the rest of the samples stored at —80°C in individual sterile
vials for subsequent examination. Bacteria from these necropsied
specimens were isolated by growing undiluted and diluted tissue
samples in Aluotto medium at 37°C for 7 days. Confirmation of
M. agalactiae was made by standard biochemical and serological
methods as described earlier (Chopra-Dewasthaly et al., 2012) and
by performing M. agalactaie specific PCR based on 16S rRNA gene
(Chavez Gonzalez et al., 1995). Host tissues found positive for M.
agalactiae were cultured again in SP4 medium (Chopra-Dewasthaly
et al., 2005b) for calculating quantitative mycoplasma loads per
gram of tissue by excising, weighing and inoculating an estimated
small part (about 1cm?3) from the frozen —80°C sample (Chopra-
Dewasthaly et al., 2012).

In vivo detection of M. agalactiae by immunohistochemical
analysis

Tissue samples collected from necropsied animals were fixed
in 10% buffered formalin, alcohol dehydrated, embedded in paraf-
fin wax and stained with haematoxylin-eosin and examined by
light microscopy. Additional sections were stained for demonstra-
tion of mycoplasmas using a rabbit polyclonal antiserum raised
against whole cell antigens of M. agalactiae (as described above
in Section 2.4). Immunohistochemistry was performed using the
HRP polymer method on a Lab Vision-Autostainer (Thermo Fisher
Scientific, Fremont, CA). Briefly, the paraffin wax sections (2 pm)
were mounted on positively charged glass slides (Superfrost plus;
Menzel Glaeser, Braunschweig, Germany) and deparaffinized with
Neo Clear® solution (Merck, Darmstadt, Germany) and rehydrated
twice in 100% alcohol and once in 96% and 70% alcohol and finally
in distilled water. Antigen retrieval was performed by heating the
slides in citrate buffer (pH 6.0) in the Lab Vision PT Module (Thermo
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Fisher Scientific). To reduce nonspecific background staining due to
endogenous peroxidase, slides were incubated in Hydrogen Per-
oxidase Block (Thermo Fisher Scientific) for 5min, followed by
a 10-min incubation in Ultravision Protein Block (Thermo Fisher
Scientific). Subsequently, the sections were incubated with the pri-
mary antibody (rabbit anti - M. agalactiae serum 1:1500) for 30 min
at room temperature, followed by the Primary Antibody Enhancer
(Thermo Fisher Scientific) for 15 min, and finally with Large Volume
HRP Polymer (Thermo Fisher Scientific) for 20 min. Large Volume
DAB Plus Substrate System (Thermo Fisher Scientific) was used
as chromogen for 5min. After counterstaining with 1:8 diluted
Mayer’s Hematoxylin (Thermo Fisher Scientific) for 1 min, the sec-
tions were dehydrated in alcohols (70, 96, and 100%) and treated
with Neo Clear® (Merck, Darmstadt, Germany) before mounting
them in Neomount (Merck, Darmstadt, Germany) for microscopic
examination.

Statistical analysis

Invasion rates are expressed as mean + standard deviation (SD)
of n independent values. The significance of differences between
means of experiments was calculated by Student’s t test using
GraphPad Prism 5 (Graphpad Software Inc, CA, USA). Differences
with P<0.05 were considered significant.

FITC

Texas Red

Merge

DAPI

DAPI Merge

Results
Entry of M. agalactiae into mammalian cells

The ability of M. agalactiae to invade mammalian cells was inves-
tigated by infecting three different mammalian cell lines with the
pathogenic type strain PG2. Apart from HeLa, which is a standard
epithelial cell line used in many mycoplasma invasion studies
(Andreev et al., 1995; Winner et al., 2000; Yavlovich et al., 2004;
Marques et al., 2010; Fiirnkranz et al., 2013; Hopfe et al., 2013),
gentamicin invasion assays were also performed on cultured rumi-
nant cells, namely BEND and BLF. PG2 cells were incubated with
these mammalian cells at an MOI of 10-30 for 4, 8, 16 and 24h
before subjecting them to gentamicin treatment to kill extracellu-
lar bacteria and then directly plated onto SP4 agar to enumerate
viable intracellular bacteria by cfu counts. Each cfu represents an
infected eukaryotic cell and might be actually corresponding to
more than one mycoplasma cell residing in the same eukaryotic
host cell. This implies that the actual invasion frequency might
be higher than the calculated value as most infected cells were
observed to harbor multiple mycoplasma cells in them (Fig. 1).
The invasion frequency was expressed as percentage ratio of num-
ber of recovered intracellular bacteria to the number of bacteria
used for the initial infection. For HeLa cells an increase in invasion
frequencies was observed with increasing infection times (Fig. 2).

BEND

Fig. 1. Double immunofluorescence staining showing the invasion of M. agalactiae into HeLa-229 and BEND and BLF cells. The five panels correspond to the same area of
the infected monolayer. FITC fluorescence showing extracellular mycoplasmas stained green, Texas Red fluorescence showing extracellular and intracellular mycoplasmas
stained red, and DAPI fluorescence showing cell nuclei stained blue. Merged images indicating the localization of extracellular (yellow) and intracellular (red) mycoplasmas.

Bars, 10 m.
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Fig. 2. Invasion of M. agalactiae type strain PG2 into cultured HeLa-229 cells at dif-
ferent times post infection. The percentage invasion was calculated by dividing the
cfu value obtained after gentamicin treatment with the cfu value of total mycoplas-

mas added for infection and multiplied by 100. The data represent mean (+SD) of
four independent experiments performed in duplicate.

The invasion at 4h post infection was quite low (0.032%+0.01)
and thereafter increased exponentially with highest rates wit-
nessed at 24 h post infection (2.28%+0.19). Such long infection
periods and/or comparable invasion frequencies have earlier been
reported for many bacterial pathogens, including mycoplasmas,
which were predominantly known to be extracellular but were sub-
sequently shown to have alternative intracellular lifestyle (Martin
and Mohr, 2000; Dusanic et al., 2009; Marques et al., 2010; Buim
et al,, 2011; Hopfe et al., 2013; Lamberti et al., 2013). The per-
centage invasion frequency differed slightly for the three cell
types. At 24h post infection, the invasion frequency for BEND
cells (2.14% 4+ 0.8) was comparable to HeLa but BLF cells demon-
strated a relatively lower frequency of 1.14 £0.5. It was checked
that incubation of mycoplasmas in MEM medium alone for this
time period of 24 h yielded negligible or no increase in their num-
bers.

Invasion of M. agalactiae into non-phagocytic cells was fur-
ther confirmed by double immunofluorescence staining as used
for other mycoplasmas (Winner et al., 2000) with some modifica-
tions as mentioned above under Section 2.6. Since the gentamicin
invasion assay had indicated optimal invasion rates at 24h post
infection, this time point was selected for fluorescence stain-
ing to enable proper readouts. The results clearly demonstrate
the intracellular status of M. agalactiae as seen in Fig. 1, which
shows five micrographs, each corresponding to the same area
of infected HeLa, BEND and BLF cells. Extracellular mycoplasmas
were observed as green spots using FITC filter set, whereas the
Texas Red filtering revealed both the extracellular and intracellular
mycoplasmas as red spots. The two images were superimposed and
intracellular mycoplasmas appeared red. As controls, uninfected
eukaryotic monolayers were also stained to rule out the possibility
of any previous contamination with mycoplasmas and/or any cross-
reactivity of antibodies. In agreement with the gentamicin invasion
assay results, BLF cells showed comparatively fewer intracellu-
lar mycoplasmas via double immunofluorescence as compared to
BEND and HelLa cells (Fig. 1).

Fate of M. agalactiae after entry into the eukaryotic cells

Cell invasion and subsequent intracellular survival, intermit-
tent or prolonged, is an important strategy of many successful
pathogens to evade the host immune response. Not just the entry
but also the exit from the host cell is a critical step for an intracel-
lular pathogen (Hybiske and Stephens, 2007, 2008; Friedrich et al.,
2012; Lamberti et al., 2013). Therefore, fate of M. agalactiae was
evaluated after its entry into HeLa cells. This was done by infect-
ing HeLa cells with M. agalactiae for 24 h and further treating them

Fig. 3. Fate of M. agalactiae after entry into the eukaryotic cells. HeLa-229 cells were
incubated with M. agalactiae type strain PG2 for 24 h followed by gentamicin treat-
ment for 3 h at 37 °C. Cells were washed and incubated with fresh MEM with (black
squares) or without (black circles) gentamicin for additional 8, 16 and 24 h, and then
trypsinized and plated to enumerate the viable mycoplasmas. Mean values +SD
from three independent experiments performed in duplicate are indicated.

with gentamicin to kill extracellular bacteria. This was followed
by additional incubations for 8, 16, or 24 h in absence, as well as in
presence of gentamicin at a concentration of 50 pg/ml. Viable intra-
cellular bacteria were enumerated at these different times by cfu
counts as described in Section 2.3. The results, as shown in Fig. 3,
are very different for the cells incubated in presence of gentam-
icin as compared to those that were incubated in absence of the
same. In presence of gentamicin, a continuous decrease in the cfu
counts is observed until the last tested time point of 24 h of incu-
bation. Compared to this, in absence of gentamicin the cfu count
is not going down and rather shows an increase by 24 h of incu-
bation. Two possibilities could explain the latter results whereby
the bacteria are either replicating extracellularly or intracellularly.
But intracellular multiplication is ruled out as parallel incuba-
tions in gentamicin show a continuous decrease in the cfu counts.
Taken together, these results imply that intracellular M. agalactiae
isreleased in a viable state into the surrounding medium and possi-
bly multiplies extracellularly to reinfect new host cells, as observed
in case of incubation in the absence of gentamicin. Since we did not
see any cell death in parallel uninfected wells during 24 h infec-
tion, the exit of M. agalactiae is likely not due to cell lysis caused
by culture overgrowth. As a control, presence of gentamicin was
checked to have no adverse effects on the viability of eukaryotic
cells.

In vivo systemic dissemination of M. agalactiae to distant body
sites during experimental intramammary sheep infection

M. agalactiae causes chronic and persistent infections in small
ruminants and the infected animals continue to shed the bacteria
for several months, sometimes for several years (Bergonier et al.,
1997; Gomez-Martin et al., 2013). Cell invasion is believed to play
a major role in the systemic spreading of many pathogens, includ-
ing mycoplasmas (Cieri et al., 2002; Much et al., 2002). Apart from
a report describing the isolation of M. agalactiae from naturally
infected goats (Gomez-Martin et al., 2012) there are hardly any
such reports based on experimental infections of lactating sheep.
However, sporadic isolation of M. agalactiae (P89) was observed in
spleen and lungs of very few lambs experimentally infected via the
conjunctival route (Sanchis et al., 1998). We wanted to formally
address the ability of M. agalactiae to cross the epithelial barrier of
the udder and disseminate throughout the body by demonstrating
its isolation from various internal organs during an experimental
intramammary sheep infection. Routine milk and mucosal swab
samples, as well as the necropsied tissue and lymph node samples
were checked for the reisolation of M. agalactiae via culture and PCR
methods as described earlier (Chavez Gonzalez et al., 1995; Chopra-
Dewasthaly et al., 2012). Data demonstrated the presence of
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Fig. 4. Immunohistochemical detection of M. agalactiae in samples obtained from sheep experimentally infected via the intramammary route and necropsied at Day 16 p.i.
M. agalactiae specific signals are observed in spleen (A), lung (B), choroid plexus of brain (C), udder (D) and, left (E) and right (F) popliteal lymph nodes respectively, using

anti-M. agalactiae specific rabbit polyclonal antibodies. (A)-(D), x40; (E) and (F), x20.

M. agalactaie in various internal organs collected from infected ani-
mals (Table 1). Apart from the expected organs such as udders and
lymph nodes, M. agalactiae was also detected in liver, lungs, uterus,
kidneys, heart, brain, and carpal and knee joint tissues (Fig. 4). The
results clearly illustrate the successful dissemination and bilateral
spreading of the pathogen from the single site of infection, that is,
the right teat canal, to several distant body sites, including heart and
brain (see Table 1). Quantitative mycoplasma loads in organs, such
as uterus, udder, popliteal lymph nodes and lungs varied between
103 and 10° cfu/g of tissue (Table 2). All samples found positive
in M. agalactiae specific PCR did not show mycoplasma loads dur-
ing quantitative analysis. This might be due to the already low
mycoplasma count in these samples that die further during the sen-
sitive freeze/thaw cycles needed for cfu enumeration. Overall, the
results show for the first time the systemic spread of M. agalactiae to
new anatomic sites during experimental intramammary infection
of sheep.

Immunohistochemical demonstration of M. agalactiae’s cell
invasiveness during an in vivo infection

Detection of M. agalactiae in ovine mastitis by immunohisto-
chemistry has not been reported so far. Various tissue samples
obtained at necropsy were examined by immunohistochemistry
using PG2 specific polyclonal antiserum to determine the presence
of M. agalactiae in tissue/organs of infected animals. As illustrated
in Fig. 4D, M. agalactiae antigens were clearly visible in the cyto-
plasm of mammary duct epithelium. Not only in the expected
udder tissue, but also for the first time, M. agalactae was detected
in the distant internal organs, such as the lungs (Fig. 4B), brain
(Fig. 4C) and spleen (Fig. 4A) of experimentally infected sheep
using immunohistochemistry technique. Interestingly, immuno-
histochemical staining of the lung (Fig. 4B) and brain tissue (Fig. 4C)
demonstrated the presence of M. agalactiae in the cytoplasm of
macrophages. Except for spleen, these results are in agreement
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Table 1

Qualitative bacteriological examination of lymph nodes and organs from sheep inoc-
ulated by the intramammary route with 10° viable cfu of M. agalactiae type strain
(PG2) and necropsied at Day 16 p.i.

Organs/Tissue samples PCR*  Culture® Immunohistochemistry®
Supramammary LN right + + +
Parotid LN right + + ND®
Parotid LN left + + ND
Popliteal LN right + + +
Popliteal LN left + + +
Liver + + -
Udder right + + +
Udder left + + -
Lung left + + +
Lung right + + +
Kidney right + + ND
Spleen - - +
Heart + + -
Uterus (fallopian tube) right + + -
Uterus left + + -
Capsule (carpal joint) left + + ND
Capsule right + + ND
Brain + + +
Synovial fluid (knee joint) right  + + ND

2 M. agalactiae 16S rRNA specific PCR results.

b M. agalactiae colonies obtained on Aluotto agar by plating the broth subcultures
of various tissue and lymph node (LN) samples.

¢ [HC: immunohistochemical analysis of selected M. agalactiae cultures.

d LN: lymph node.

¢ ND: not done.

Table 2

Quantitative bacterial examination of lymph nodes and organs from sheep inocu-
lated by the intramammary route with 10° viable cfu of M. agalactiae type strain
PG2 and necropsied at Day 16 p.i.

Organ/lymph node Mycoplasma load®

Supramammary LN® Right 1.8 x10*
Parotid LN left 5x10°
Parotid LN right 5x10°
Uterus (fallopian tube) right 2.46 x 106
Popliteal LN left 5x10°
Popliteal LN right 5% 103
Udder right 4.79 x 10°

2 Mycoplasma load is represented as cfu/g of tissue/organ/lymph node.
b LN (lymph node).

with bacterial culture and PCR results, reconfirming M. agalactiae’s
capability to spread into anatomically distant body parts during
experimental infections.

Discussion

Mycoplasmas are generally considered extracellular pathogens
although in the last decades there have been quite a few reports
providing sufficient evidence for some of these species to be capable
of invading eukaryotic host cells (Fiirnkranz et al., 2013). How-
ever, for M. agalactiae, which is well known for its chronic and
persistent infections, cell invasion, and for that matter even a pre-
cise or direct account of its cytadherence capability, considering
adherence to be a prerequisite for invasion, is yet to come. This
is in accordance with the fact that it fails to show the more con-
venient phenotypes of hemadsorption and terminal tip structure
unlike some other invasive Mycoplasma spp. (Rosengarten et al.,
2000; Winner et al., 2000; Rottem, 2003). The data presented in
this study provides the first evidence about the cell invasion capa-
bility of M. agalactiae pathogenic type strain PG2. Presence of M.
agalactiae was demonstrated in the standard HeLa cells, as well as
in two different ruminant cell lines, namely BEND and BLF, using
the quantitative gentamicin invasion assay and the qualitative

visual method of double immunofluorescence staining. Though the
highest invasion frequency of M. agalactiae is calculated to be
around 2.3% at 24 h post infection, it is comparable and even better
than the reported invasion frequencies of some other pathogens,
especially mycoplasmas (Martin and Mohr, 2000; Cieri et al.,
2002; Dusanic et al., 2009; Marques et al., 2010; Buzinhani et al.,
2011)

Furthermore, apart from the in vitro proof of M. agalactiae cell
invasion, an in vivo experimental infection study was also per-
formed, whereby the pathogen was demonstrated to be capable
of crossing the epithelial barrier of the infected right udder and
disseminating throughout the body as confirmed by its reisolation
from various internal organs. Cell invasion capacity of pathogens
is often believed to play a significant role in their systemic spread
(Winner et al., 2000; Cieri et al., 2002; Much et al., 2002). Whether
M. agalactiae’s modest cell invasiveness actually correlates with the
observed systemic infection needs to be formally demonstrated.
But the fact that M. agalactiae is capable of entering and escaping
cultured eukaryotic cells and its bilateral presence in many differ-
ent hostinternal organs away from the site of initial in vivo infection
can be well explained, and perhaps indirectly correlated, with its
ability to invade local epithelial cells and/or to spread to draining
lymph nodes before becoming systemic. This is supported by the
immunohistochemical detection of M. agalacatiae in the cytoplasm
of mammary duct epithelium (Fig. 4D) and macrophages present
in different organs (Fig. 4B and C). To our knowledge this is the first
study which has formally proved, not only the entry of M. agalactiae
into host cells, but has also shown using immunohistochemistry
staining, the inter- and intra-cellular residence of this pathogen in
distantinternal organs, such as lungs (Fig. 4B), spleen (Fig. 4A), brain
(Fig. 4C), and in the knee and carpal joints (Fig. 4E and F) of sheep
experimentally infected via the right teat canal. Especially inter-
esting is the immunohistochemistry result where M. agalactiae is
seen in the cytoplasm of macrophages in the lungs (Fig. 4B) and
choroid plexus tissue of the brain (Fig. 4C). This implies that either
the mycoplasma is capable of actively invading these phagocytic
cells, or it has partially or fully survived the macrophage phagocy-
tosis and subsequent immune clearance at the time of necropsy.
Both possibilities are equally intriguing and would provide a fresh
insight into the pathogenicity mechanisms of M. agalactiae.

Animportant finding of the present study is that the internalized
M. agalactiae is released into the extracellular media in a perfectly
viable state, though it is difficult to conclude anything about its
intracellular replication under the given experimental conditions.
After exiting the host cells, mycoplasmas tend to multiply and rein-
fect new host cells. This in vitro scenario could very well reflect
the sequence of events occurring in vivo during the experimen-
tal intramammary infection, where the bacteria is speculated to
have translocated through various host cell layers by cell inva-
sion, exit and reinfection, thereby leading to the systemic spread of
infection.

As for most other invasive mycoplasmas, the precise mecha-
nism employed by M. agalactiae to enter non-phagocytic host cells
is unknown. It is likely that surface proteins facilitating adhesion
will have an effect on invasion, though adherence is not suffi-
cient to trigger invasion events. M. agalactiae lacks a dedicated
terminal tip structure where adhesion related molecules are local-
ized for efficient cytadherence of some important mycoplasma
pathogens (Rottem, 2003). Except for P40 (Fleury et al., 2002), no
other cytadhesin has been identified in M. agalactiae, although the
Vpma family of variable surface lipoproteins were shown to con-
tain adhesion epitopes found in the homologous Vsp proteins of M.
bovis (Glew et al., 2002), a close phylogenetic relative of M. agalac-
tiae (Askaa and Erng, 1976). Further investigations into the detailed
invasion mechanisms of M. agalactiae, including the identification
of mycoplasma adhesins and invasins and also eukaryotic host
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receptors will add to our understanding of this important ruminant
pathogen.

It is thus clear that like many other bacterial pathogens, the
division between intracellular and extracellular mycoplasmas is
becoming increasingly blurred as more and more pathogens origi-
nally believed to be extracellular are now shown to have alternative
intracellular lifestyles (Bower et al., 2005; Fiirnkranz et al., 2013;
Lambertietal.,2013).This alternative capacity of M. agalactiae, even
if it is exhibited by a very small subpopulation of total infected cells,
might provide the pathogen with a gross advantage at the popula-
tion level to hide from antibiotics and host immune responses and
to navigate through the host body to reestablish infection in new
host niches, thus causing persistent infections that are difficult to
eradicate.
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Abstract

The utilization of available substrates, the metabolic potential and the growth
rates of bacterial microbes can play significant roles in their pathogenicity.
This study concentrates on Mycoplasma agalactiae that leads to significant
economic losses by causing the contagious agalactia syndrome in small
ruminants by as yet unknown mechanisms. This lack of knowledge is primarily
due to its fastidious growth requirements and the scarcity of genetic tools
available for its manipulation and analysis. Transposon mutagenesis of M.
agalactiae type strain PG2 resulted in several disruptions throughout the
genome. Among the sequenced genomic loci, a mutant defective in in vitro
growth was found to have a transposon insertion in the pdhB gene component
of pyruvate dehydrogenase complex. This growth difference was quite
significant during the actively dividing logarithmic phase but a gradual
recovery was observed as the cells approached stationary phase. The mutant
also exhibited a different and smaller colony morphology compared to the wild
type strain PG2. For complementation, pdhAB was cloned downstream of a
strong vpma promoter and upstream of alacZreporter gene in a newly
constructed complementation vector. The latter when transformed into
the pdhB mutant recovered its normal growth and colony morphology.
Interestingly, the pdhB mutant also demonstrated a significantly reduced
invasiveness for Hela cells as revealed by double immunofluorescence
staining. This deficiency was recovered in the complemented strain whose
invasion was found comparable to PG2. Taken together, the data indicate
that pyruvate dehydrogenase might be an important player in the infection and

colonization processes of M. agalactiae.
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1 Introduction

Mycoplasmas are the simplest self-replicating organisms that have evolved
from Gram-positive bacteria through reductive evolution (74, 75). As a result
of their limited biosynthetic and metabolic capabilities, mycoplasmas rely on
infected host cells for their nutrition and thus lead a parasitic life (10, 76). As
successful pathogens they have developed mechanisms to invade and
survive within the host cells. Surface lipoproteins play an important role in the
adhesion and invasion of mycoplasmas and also in evading host immune
response because of their variable nature (2, 77). Apart from surface
lipoproteins some metabolic enzymes are also known to play a role in host-
pathogen interactions (18, 19, 78, 79). Although there have been suggestions
by some that metabolic enzymes should not be considered as virulence
factors (80), several studies have identified and described them as important
pathogenicity determinants besides their role in basic metabolism (81, 82).
Genomes of mycoplasmas were among the first ones to be sequenced yet
there is a lack of knowledge about their pathogenicity. This dearth of
information is mainly attributed to insufficient availability of genetic tools and
also because mycoplasmas are not so amenable to genetic manipulations.
Additionally, only few mycoplasmas have self-replicating plasmids that
otherwise could play an important role in their genetic studies. Nevertheless,
several efforts have been made in the past in establishing genetic tools
through the development of oriC-based shuttle vectors and studies have also
been undertaken to genetically manipulate mycoplasmas using conventional

methods, such as transposition and homologous recombination (50).
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M. agalactiae is a pathogen of small ruminants and the main etiological agent
of contagious agalactia syndrome that causes major economic losses every
year, especially because it is hard to eradicate and carriers continue to shed
and infect new herds for many years after the initial infection (33, 34).
Although the disease characteristics and pathology are well documented, little
is known about its pathogenicity determinants and mechanisms of infection
and persistence. As a first step towards understanding the pathogenicity of M.
agalactiae, oriC containing shuttle vectors were developed and genetic
manipulation was achieved using Tn4007mod (43, 61). To understand the
role of Vpmas (Variable surface proteins of M. agalactiae) in pathogenicity,
phase locked mutants were generated through the targeted disruption of site-
specific recombinase xer1 (41) and it was shown that indeed Vpmas and
Vpma phase variation play a role in M. agalactiae’s pathogenesis (35). Other
studies have elaborated on M. agalactiae’s in vitro (45) and in vivo (83)
interactions with host cells, biofilm formation (24) and host cell adhesion (48).
Except for a handful of such reports, and despite the availability of its genome
sequence since 2007 (30), functional analysis of M. agalactiae genes is
largely unaccomplished.

Transposon mutagenesis of M. agalactiae PG2 strain resulted in a clone
carrying an insertion in the pdhB gene (MAG_0940), which encodes the E1
beta subunit of the pyruvate dehydrogenase (PDH) complex involved in the
conversion of pyruvate to acetyl-CoA (Fig. 1). The M. agalactiae PDH
complex consists of 4 genes arranged as 2 operons, designated pdhAB and
pdhCD, encoding the E1 and E2 subunits respectively. The current study

reports the role of the E1 beta subunit (PDHB) in in vitro growth, colony
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morphology and Hela cell invasion of M. agalactiae. Recovery of these
phenotypes was observed for the mutant when a wild type copy of pdhAB was
introduced into it using a newly developed complementation vector. The data
indicates that the PDH complex not only plays a conventional role in M.
agalactiae’s energy metabolism but also decreases its invasion capacity,

which in turn might have an effect on its pathogenesis.

2 Material and Methods

2.1 Bacterial cultures and growth conditions M. agalactiae pathogenic type
strain PG2 (30, 84) and pdhB transposon mutant were grown at 37° C in SP4
medium supplemented with penicillin, pyruvate, and phenol red as indicator as
described before (43). Gentamicin sulphate (50ug/ml) was additionally added
both in broth and agar plates for the propagation of pdhB transposon mutant.
E. coli DH10B (Invitrogen GmbH, Lofer, Austria) transformants containing
transposon vector pISM2062 or M. agalactiae oriC vector pMM21-7 were
grown in LB broth (10 g tryptone, 5 g yeast extract, and 5 g of NaCl per liter)
supplemented with ampicillin (100 pg/ml), gentamicin sulphate (7pg/ml) or
tetracycline (100 pg/ml). M. agalactiae pdhB mutant containing
complementation plasmid pPlacZ was grown in SP4 broth containing both
tetracycline (2 pg/ml) and gentamicin (50ug/ml). To monitor /acZ expression
on the basis of blue-white colonies, M. agalactiae clones were grown on SP4
agar supplemented with 5-bromo-4-chloro-3-indolyl-B-d-galactopyranoside (X-

Gal) at a concentration of 160 pg/ml (42).
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2.2 Transposon mutant library Transposon mutants were generated in M.
agalactiae type strain PG2 using suicidal plasmid plSM2062 containing
transposon Tn4007mod (72) as described previously (43). Transposon
insertion sites were sequenced using a novel method based on ligation
mediated QTD PCR (73). This was further modified and standardized for M.

agalactiae genome to sequence the Tn mutant library (85).

2.3 DNA manipulations Preparation of plasmids and genomic DNA and the
isolation of DNA fragments from agarose gels was carried out using suitable
kits from Promega (Wizard SV gel and PCR clean-up system, Promega,
Mannheim, Germany) and Qiagen (QlAamp DNA Mini kit; Qiagen GmbH,
Hilden, Germany). Restriction and modifying enzymes were purchased from
Promega and Fermentas Life Science and Antarctic phosphatase was
purchased from New England Biolabs (Frankfurt am Main, Germany).
Transformation of E. coli cells was performed by electroporation with a Bio-
Rad Gene-Pulser Il instrument (Bio-Rad Laboratories GmbH, Vienna, Austria)
using 1.25 V voltage, 25 F capacitance, and 200 Q resistance. Transformation
of M. agalactiae cells was also carried out by electroporation as described
previously (43). Oligonucleotide synthesis and sequencing was carried out
respectively at Microsynth AG (Balgach, Switzerland) and Agowa Sequencing
Service (LGC's AGOWA Genomics, Berlin, Germany). Standard molecular

procedures were performed as described earlier (86).

2.4 In silico analysis Promoters in mycoplasmas are not well defined.

Usually promoter regions lie upstream of transcription start site although the
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positions of conventional -10 and -35 elements may vary slightly. In order to
find the putative vpma promoter region, approximately 400 bp fragment
upstream of vomaY was retrieved from NCBI and analysed by Neural Network

Promoter Prediction (NNPP) (http://www.fruitfly.org/seq_tools/promoter.html)

and BPROM softwares
(http://linux1.softberry.com/berry.phtml?topic=bprom&group=programs&subgr
oup=dfindb). The highest score fragments predicted commonly by both these

softwares in the same region of the genome were selected for cloning.

2.5 PCR amplification PCR amplification of pdhAB and vpma promoter
region was carried out in a total volume of 50 pl using 200 ng of PG2 genomic
DNA as template. The reaction mixture constituted 1 uM of the respective
primers (Table 1), 25 mM MgCl,, 0.2 yM of each deoxynucleoside
triphosphate (ANTP), and 5 U of Taqg DNA polymerase (Promega) in 1x PCR
buffer supplied by the manufacturer. Cycling parameters consisted of initial
denaturation of 3 min at 94°C, followed by 30 cycles of 1 min of denaturation
at 94°C, 1 min of annealing at 54°C and either 1 min (vpma promoter) or 2
min (pdhAB) at 72°C for extension, with a final extension step of 5 min at
72°C. The PCR products were either gel extracted or purified with the

appropriate kit before proceeding to restriction digestion.

2.6 Plasmid construction

2.6.1 Construction of placZ and pPlacZ The plasmid placZ was generated

by cloning lacZ reporter gene in BamH| and Smal sites in pMM21-7 shuttle
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vector containing M. agalactiae oriC (61). The plL plasmid (42) containing
lacZ was digested with BamH| and Smal and ligated into the vector pMM21-7
digested with the same enzymes. The resulting placZ construct was
transformed into M. agalactiae PG2 to check lacZ expression in absence of
promoter and found that there were no blue colonies expressing lacZ. The
placZ plasmid was further developed into a complementation vector by
cloning a strong M. agalactiae promoter in it. The putative vpoma promoter
region, which is described in section 2.1, was amplified from M. agalactiae
PG2 strain using primers PromfpB and PromrpN (Table 1) containing BamH|
and Ncol sites respectively and this PCR fragment was introduced into
corresponding sites in placZ. The resulting 12.6 kb plasmid was designated
as pPlacZ and transformed into M. agalactiae PG2 to check lacZ expression

in presence of the cloned putative promoter.

2.6.2 Construction of pPpdhABlacZ The complementation vector pPlacZ
containing the vpma promoter was used to clone pdhB gene. However, our
repeated attempts to clone pdhB gene alone in pPlacZ were unsuccessful.
Hence, it was decided to clone pdhAB as both pdhA and pdhB are found in
tandem in the same operon. The 2.1 Kb region corresponding to pdhAB was
amplified with primers pdhABfpN and pdhABrfN containing Ncol restriction
sites (see Table 1) and the PCR fragment was ligated into pPlacZ vector after
digestion with Ncol to generate pPpdhABlacZ plasmid. The resulting construct
was analyzed for orientation of the pdhAB gene that was also verified by
sequencing before transforming into pdhB mutant. M. agalactiae clones

containing this plasmid were further confirmed for the episomal presence of
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pdhAB via Southern blot analysis using 2.1 Kb DIG-labeled pdhAB PCR

fragment (Roche) as described previously (61).

2.7. Growth curve analysis Growth of pdhB mutant in SP4 medium was
compared with the wild type strain PG2 at 37 °C. Both the cultures were
grown for 48 h with appropriate antibiotic in SP4 medium and growth curve
was initiated by sub culturing 1:100 diluted cultures in SP4 medium in
duplicates. Starting cfu of all the cultures were determined by plating suitable
dilutions on SP4 agar plates. At 6, 12, 24 and 48 h post inoculation, small
aliquots of each culture were diluted in SP4 medium and plated on SP4 agar
plates. After 5-6 days of incubation at 37 °C, mycoplasma colonies were
counted under an inverted microscope to determine growth in terms of cfu/ml.
The same growth curve was then performed together with the complemented
clone of the pdhB mutant. The latter growth curves were performed three

times in duplicates.

2.8. M. agalactiae cell invasion M. agalactiae’s invasion into Hela-229
(ATCC CCL-2.1) cells was performed and analysed as described earlier (83)
by the Double Immunofluorescence Assay (DIF). Invasion was quantified by
randomly selecting and analyzing about hundred Hela cells in random
microscopic fields. The results were expressed as the average number of
invaded mycoplasmas per 100 HelLa cells. The experiments were performed

in duplicate for at least four different times.
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2.9 Statistical analysis Results of growth curves performed at three different
times in duplicates were expressed as mean + standard deviation (SD) of n
independent values. The invasion experiments were performed at least four
times in duplicates. The significance of differences between means of
experiments was calculated by Student’s t test using GraphPad Prism 5
(Graphpad Software Inc, CA, USA). Differences with P< 0.05 were considered

significant.

3 Results

3.1 pdhB transposon mutant exhibits slow growth during logarithmic
phase and altered colony size and morphology Transposon mutants of M.
agalactiae were checked for in vitro growth defects, and the results
demonstrated slower growth of the pdhB mutant compared to the wild type
strain PG2. A significantly slower growth rate (P<0.05) was observed for the
pdhB mutant during the log phase (Fig. 2). A growth difference of nearly two-
fold was observed at 6 h between mutant and wild type strain, which further
increased to four-fold difference at 12 h (Fig. 2). At 24 h the growth difference
was nearly 8 fold (Fig. 2) indicating the inability of the mutant to efficiently
replicate during the prolific logarithmic growth phase. However, the mutant
was able to recover its growth to that of wild type strain during stationary
phase at 48 h (data not shown).

Transposon insertion in the pdhB gene also led to smaller colony size

compared to the wild type counterpart, even when plated on rich SP4 agar
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medium (Fig. 3). Not only this, the pdhB colonies failed to exhibit the typical
“fried-egg” morphology with most colonies showing just the dark dense central
‘down growth” button without the peripheral surface growth when observed

under an inverted microscope (87) (Fig. 3).

3.2 pdhB mutant is deficient in HelLa cell invasion Double
immunofluorescence (DIF) assay was performed to evaluate the invasion
capacity of pdhB mutant in comparison with the wild type PG2 strain.
Extracellular mycoplasmas were stained with FITC conjugated antibody
whereas Texas red was used to stain both intracellular and extracellular
bacteria. After merging two images the intracellular mycoplasmas appear red
in color where as the extracellular ones are yellow (Fig. 4). Observation of
HelLa cells infected with pdhB mutant revealed few or no intracellular
mycoplasmas for most tested microscopic fields (Fig. 4) whereas the wild type
PG2 infected Hela cells showed large numbers of intracellular bacteria (Fig.
4). The mutant showed significantly lower (P<0.05) number of invaded
mycoplasmas as compared to wild type PG2 (Fig. 4 & 5). On an average,
only about 120 mutant bacteria were observed per hundred HelLa cells,
whereas the number of wild type PG2 cells was found to be nearly three fold
higher (357 mycoplasma cells/100 HeLa cells) (Fig. 5). Hence, pdhB mutation
led to a significant reduction in M. agalactiae’s ability to invade non-
phagocytic eukaryotic cells.

The inefficient invasiveness of pdhB mutant cannot be attributed to its slow
growth phenotype because it showed slower growth only in the early

logarithmic phase and reached wild type levels during the stationary phase.
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Both the mutant and the wild type strains were grown for 48 hours and had
reached stationary phase when used for infecting HelLa cells. This was also
evident from the calculated MOls, which were found to be comparable for both
pdhB and wild type PG2. As controls, uninfected eukaryotic monolayers were
also stained with FITC and Texas Red to rule out the possibility of any
previous contamination with mycoplasmas and/or any cross-reactivity of

antibodies (data not shown).

3.3 Complementation studies

3.3.1 Generation of reporter based complementation vector To confirm
the role of pdhB in M. agalactiae’s in vitro growth, altered colony morphology
and ability to invade eukaryotic cells, wild type pdhB gene was cloned into a
complementation vector pPlacZ that was constructed as described under
Section 2.6. For proper expression of the cloned genes a strong promoter was
desired in the complementation vector. It was decided to clone the putative
vpma promoter as Vpmas are one of the most abundantly expressed proteins
of M. agalactiae (Glew et al, 2000). The vector was generated by cloning a
strong putative promoter upstream of lacZ gene. The putative promoter region
upstream of vpmaY gene was analyzed for promoter prediction using two
different softwares, namely BRPOM and NNPP. The software NNPP
generated total ten fragments in the 400 bp region upstream of vomaY gene
when considering a cut-off score of 0.8. Among these fragments, one putative
promoter was predicted within the 273-300 bp region upstream of vomaY with
the highest possible score of 1 (Table 2). The BPROM software also predicted

possible -10 and -35 elements in the same promoter fragment that had scored
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1 with NNPP analysis (Table. 2). So, this 400 bp upstream region of vomaY
gene was PCR amplified and cloned as a putative strong promoter in front of
the lacZ gene in autonomously replicating vector placZ as described under
Section 2.6.1. The cloned vpma promoter showed strong activity indicated by
blue colored colonies when pPlacZ was transformed into M. agalctiae PG2
(Fig. S1 B). However, in absence of this promoter, the lacZ gene alone in the
placZ failed to show blue colonies (Fig. S1 A). Hence, pdhAB was cloned in
the complementation vector pPlacZ to generate pPlacpdhAB. Interestingly,
pPlacZpdhAB also showed faint blue colored colonies when transformed into
pdhB mutant (Fig. S1 C) indicating strong functional activity for the cloned
vpma promoter. The pPlacZpdhAB was sequenced to confirm the orientation
and correct sequence of pdhAB. The latter was then transformed into pdhB
mutant to generate the complemented strain ApdhB :: pPlacpdhAB, in which
the episomal presence of pdhAB was further verified by Southern blot analysis

(data not shown).

3.3.2 Complementation of pdhB mutant phenotypes Results of the growth
curve analysis clearly demonstrated the rescue of normal growth in the
complemented strain ApdhB :: pPpdhABlacZ, which now exhibited log phase
growth comparable to wild type PG2 strain (Fig. 2). Presence or absence of a
functional pdhB gene led to a significant growth difference (P<0.05) between
the complemented ApdhB::.pPpdhABlacZ and the mutated pdhB strain,
respectively (Fig. 2) clearly indicating the role of this gene in M. agalactiae’s

growth in axenic medium. Also, pdhAB complementation of the mutant
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reverted its colony size and morphology back to the normal “fried-egg”
phenotype (Fig. 3).

Similarly, when tested for HelLa cell invasion, the complemented ApdhB ::
pPpdhABlacZ strain showed significantly higher (P<0.05) number of
intracellular mycoplasmas as compared to the pdhB mutant (Fig. 5). On an
average, approximately 387 invaded mycoplasmas were counted per 100
HelLa cells infected with the complemented strain and observed randomly in
different microscopic fields (Fig. 5). Although the counts were slightly higher
than the wild type PG2 strain (357 mycoplasmas/100 HelLa cells), they are not
significantly different (P>0.05) and quite comparable to it.

Altogether, these data clearly demonstrate that the growth and invasion
deficits, as well as the altered colony morphology of pdhB mutant are indeed
due to the absence of E1 beta subunit of the pyruvate dehydrogenase
complex and are efficiently restored back to the normal wild type levels upon

the episomal introduction of intact pdhAB.

4 Discussion

Transposon mutagenesis is a powerful tool to identify genetic factors involved
in the virulence of pathogenic bacteria. It has also been widely used in
mycoplasmas to understand the role of different genes involved in motility,
cytadherence and restriction modification defence systems (29, 56, 57). After
successful manipulation of the M. agalactiae genome using Tn4007mod, a
library of mutants was created and all the disrupted genes were sequenced

(43, 85). Several important loci belonging to different functional categories
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were found disrupted, such as lipoproteins, transporters and metabolic
enzymes. Among the several loci belonging to the latter category was the
pdhB gene encoding E1f subunit of the PDH complex.

Here, we have studied the effect of pdhB disruption on M. agalactiae’s growth
and host cell invasion. This gene is part of the PDH multi-enzyme complex
involved in the conversion of pyruvate to acetyl-CoA. It has been previously
demonstrated that M. agalactiae growth shows a marked increase in
presence of pyruvate (88) indicating it to be a major energy yielding pathway.
Pyruvate is known to be metabolized to acetate in a series of reactions
involving the PDH complex, EutD and AckA, with the generation of ATP.
Although any defect in this pathway is likely to affect growth, it is interesting to
note that unlike the pdhB mutant, transposon insertion in the eutD gene did
not cause any growth retardation or altered colony morphology (data not
shown). Our results with the pdhB mutant suggest that conversion of pyruvate
to acetyl-CoA is critical and causes the slow log phase growth and altered
colony morphology in M. agalactiae. The growth of the pdhB mutant recovers
during the stationary phase, indicating the involvement of alternative pyruvate
breakdown pathways operational at this stage (Fig. 6). It could be
hypothesized that during the prolific log phase growth, pdhB mutant is unable
to metabolize pyruvate to meet its energy needs and as a result pyruvate
accumulates, which is then likely to slow down the other pyruvate
metabolizing pathways, if operational, due to reverse kinetics. During the
stationary phase, perhaps an alternative pathway becomes predominant (Fig.
6), namely conversion of pyruvate to lactate via lactate dehydrogenase, and

hence the recovery of growth of the pdhB mutant. This study highlights the
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fact that despite the many alternative pathways of (pyruvate) metabolism in
Mollicutes, and despite the very rich growth media, the presence or absence
of specific gene products can significantly influence the growth rate of these
pathogens. Such variation in metabolism activity may have consequences
with regard to pathogenesis, and also at a subtle level, to the survival and
propagation of these pathogens.

It is also interesting to note that the pdhB mutation also has a negative effect
on M. agalactiae’s ability to invade Hela cells. Involvement of mycoplasma
glycolytic enzymes in host cell interactions has been reported earlier (19, 78,
89). Among them are a-enolase, GAPDH and PDHB proteins, which were
shown to be involved in interactions with host extracellular matrix proteins (16-
19, 78, 89). Since adhesion is a prerequisite for invasion into host cells it is
likely that these proteins also play a role in internalization of bacteria.
Although our results revealed inefficiency of the pdhB mutant to invade Hela
cells, we did not find any adverse effect on the cell adhesion phenotype of the
mutant compared to the wild type strain. This indicates that pyruvate
dehydrogenase likely acts at a stage secondary to the initial contact for
successful internalization into eukaryotic cells. Confirmation of the role of
pyruvate dehydrogenase in cell invasion is substantiated by complementation
studies. To our knowledge this is the first report describing the role of pyruvate
dehydrogenase in host cell invasion and further elaborate studies might help
understand the exact details of this process

Even though PDH mutants show slow in vitro growth phenotypes, they have
often been used in STM screens, and even accepted to play important roles in

the pathogenicity of other bacterial pathogens (90, 91). Recently, PDHB of M.

64



bovis, showing 98% homology to M. agalactiae counterpart, was identified as
a novel immunogenic target for a serodiagnostic ELISA test (92). Also, as in
vitro cell invasiveness of pathogens is believed to play a significant role in
their systemic spread and pathogenicity (83, 93-995) it is anticipated that

pyruvate dehydrogenase might play a role in M. agalactiae infections-
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Tables and Figures

Table 1. List of oligonucleotides used in this study. Underlined sequences

represent incorporated restriction sites.

Name Sequence
PromfpB AGT CAAGGATCCTCTTCACGATTCTGTT
PromrpN CTC TAT CCATGG CGC TAC AATCTT CTACT

pdhABfpN  ACT TAT CCA TGG CAG CTAGTC CGC TTA

pdhABN

GTACTT CCATGG CTC CGT ACG GTT ATA

Table 2. Promoter regions upstream of the vomaY gene predicted by two

different promoter prediction softwares

Input Start End Score Promoter sequence Software

sequence

-400bpof 273 318 1.00 acaaaaaatttttgctattttttttttttttatataatattgtcatctat NNPP

vpmaY 269 318 1.00 caaaaaatttttgctatttttttttttittatataatattgtcatctatt BPROM
-35 -10
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Figure Legends
Figure 1. Schematic representation of the pyruvate dehydrogenase
(PDH) complex in M. agalactiae type strain PG2. Transposon (Tn) insertion

in the pdhB gene is shown.

Figure 2. pdhB affects M. agalactiae in vitro growth. Growth curves of wild
type strain PG2 (circles), ApdhB mutant (squares) and complemented strain

ApdhB :: pPpdhABlacZ (triangles) in SP4 medium.

Figure 3. Effect of pdhB disruption on colony morphology of M.
agalactiae. Colonies of wild type PG2, mutant (ApdhB) and complemented
(ApdhB :: pPpdhABlacZ) strain observed microscopically after 7 days of

growth on SP4 agar. The pictures were taken at the same resolution.

Figure 4. Micrographs depicting the interaction of M. agalactiae with
HeLa-229 cells. Double immunofluorescence staining showing the invasion of
the wild type PG2 strain, the pdhB mutant (ApdhB) and the complemented
strain (ApdhB :: pPpdhABlacZ) of pdhB mutant into HelLa cells. The three
panels of each strain correspond to the same area of the infected monolayer.
FITC fluorescence showing green colored extracellular mycoplasmas and
Texas Red fluorescence showing extracellular and intracellular mycoplasmas.
Merged images indicating the localization of extracellular (yellow) and

intracellular (red) mycoplasmas. Bars, 10 ym
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Figure 5. Effect of pdhB mutation on HelLa cell invasion analyzed via the
double immunofluorence assay. Cellular invasion was evaluated using the
wild type M. agalacatie PG2 strain, the pdhB mutant (ApdhB) and the
complemented strain (ApdhB :: pPpdhABlacZ) by counting the internalized
mycoplasmas using an Olympus AX-70 epifluorescence microscope. The
average number of internalized M. agalactiae (MA) per 100 HelLa cells was
determined using 100 randomly selected microscopic fields. The bars and
error bars indicate the means and standard deviations of triplicate

experiments. * P<0.05

Figure 6: Schematic representation of alternative pathways of pyruvate

metabolism in M. agalactiae.

Supplementary Figure S1. Schematic representation of the plasmids used in
this study with the corresponding M. agalactiae transformant colonies
depicted on the right. (A) pPlacZ with the lacZ gene alone failed to show
expression (white colonies), (B) pPlacZ carrying the voma promoter in front of
the /acZ gene led to intense blue colored colonies, (C) pPlacZpdhAB carrying
the pdhAB cloned between the vpma promoter and the lacZ gene showed

intermediate blue colored colonies thereby indicating strong promoter activity.
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Figure 1. Schematic representation of the pyruvate dehydrogenase
(PDH) complex in M. agalactiae type strain PG2. Transposon (Tn) insertion

in the pdhB gene is shown.
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Figure 2. pdhB affects M. agalactiae in vitro growth. Growth curves of wild
type strain PG2 (circles), ApdhB mutant (squares) and complemented strain

ApdhB :: pPpdhABlacZ (triangles) in SP4 medium.
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Figure 3. Effect of pdhB disruption on colony morphology of M.
agalactiae. Colonies of wild type PG2, mutant (ApdhB) and complemented
(ApdhB :: pPpdhABlacZ) strain observed microscopically after 7 days of

growth on SP4 agar. The pictures were taken at the same resolution.

PG2 ApdhB ApdhB :: pPpdhABlacZ
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Figure 4. Micrographs depicting the interaction of M. agalactiae with
HeLa-229 cells. Double immunofluorescence staining showing the invasion of
the wild type PG2 strain, the pdhB mutant (ApdhB) and the complemented
strain (ApdhB :: pPpdhABlacZ) of pdhB mutant into HelLa cells. The three
panels of each strain correspond to the same area of the infected monolayer.
FITC fluorescence showing green colored extracellular mycoplasmas and
Texas Red fluorescence showing extracellular and intracellular mycoplasmas.
Merged images indicating the localization of extracellular (yellow) and

intracellular (red) mycoplasmas. Bars, 10 ym
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Figure 5. Effect of pdhB mutation on HelLa cell invasion analyzed via the
double immunofluorence assay. Cellular invasion was evaluated using the
wild type M. agalacatie PG2 strain, the pdhB mutant (ApdhB) and the
complemented strain (ApdhB :: pPpdhABlacZ) by counting the internalized
mycoplasmas using an Olympus AX-70 epifluorescence microscope. The
average number of internalized M. agalactiae (MA) per 100 HelLa cells was
determined using 100 randomly selected microscopic fields. The bars and
error bars indicate the means and standard deviations of triplicate

experiments. * P<0.05
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Figure 6: Schematic representation of alternative pathways of pyruvate

metabolism in M. agalactiae.
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Supplementary Figure S1. Schematic representation of the plasmids used in
this study with the corresponding M. agalactiae transformant colonies
depicted on the right. (A) pPlacZ with the lacZ gene alone failed to show
expression (white colonies), (B) pPlacZ carrying the voma promoter in front of
the lacZ gene led to intense blue colored colonies, (C) pPlacZpdhAB carrying
the pdhAB cloned between the vpma promoter and the lacZ gene showed

intermediate blue colored colonies thereby indicating strong promoter activity.
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Abstract

Mycoplasmas possess complex pathogenicity determinants that are largely
unknown at the molecular level. Mycoplasma agalactiae serves as a useful
model to study the molecular basis of mycoplasma pathogenicity. Generation
and in vivo screening of a transposon mutant library of M. agalactiae was
employed to unravel its pathogenicity factors. Tn4007mod mutants were
sequenced using a novel sequencing method and functionally heterogeneous
pools containing 15 to 19 selected mutants were simultaneously screened
through two successive cycles of sheep intramammary infections. A PCR
based negative selection method was employed to identify mutants that failed
to colonize the udder and lymph nodes in the animals. A total of 14 different
mutants found to be absent in = 95% of samples were identified and
subsequently verified via a second round of stringent confirmatory screening
where 100% absence was considered as attenuation. Using the criterion
seven mutants with insertions in genes MAG1050, MAG2540, MAG3390,
uhpT, eutD, adhT, and MAG4460 were attenuated, as they were not
recovered from any of the infected animals. Among the attenuated mutants,
many contain disruptions in hypothetical genes implying their previously
unknown role in M. agalactiae pathogenicity. These data indicate the putative
role of functionally different genes, including hypothetical ones, in the
pathogenesis of M. agalactiae. Defining the precise functions of the identified
genes is anticipated to increase our understanding of M. agalactiae infections

and to develop successful intervention strategies against it.
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Introduction

Being the smallest and simplest self-replicating prokaryotes, mycoplasmas
can serve as useful models to study the molecular basis of bacterial
pathogenicity. Despite their small genomes, they possess unique biological
properties and complex pathogenicity determinants, and apart from rare
exceptions, their infection biology and virulence mechanisms at the molecular
and cellular level are still largely unknown (1). This study concentrates on
Mycoplasma (M.) agalactiae, an important pathogen of small ruminants that
can act as a general model for mycoplasma molecular pathogenesis studies,
especially the molecular pathogenesis of ruminant mycoplasmosis, as it has
acquired about 18% of its small genome from other mycoplasma pathogens
via horizontal gene transfer (2) and also shows very close phylogenetic and
symptomatic proximity to Mycoplasma bovis, a worldwide economically
significant bovine pathogen. Besides, it grows well in the laboratory, is

amenable to genetic manipulation and its disease pathology is well studied.

M. agalactiae is the main etiological agent of the chronic contagious agalactia
syndrome in sheep and goats, which is mostly characterized by mastitis,
conjunctivitis, and arthritis (3, 4). Despite causing significant economic losses,
its pathogenic mechanisms and attributes are largely unknown. Earlier studies
in this regard were based on in vitro analysis of genes involved in host-cell
interaction (5) and a recent report has focused on a single factor in an
experimental infection study (6). In general, the previously reported in vivo
studies either dealt with the characterization of field strains or deciphering

events occurring in mammary epithelial cells during M. agalactiae infection (7-
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10). However, there is a complete lack of studies on the systematic analysis of
M. agalactiae genetic factors involved in the colonization of the udder and
subsequent systemic spread and persistence leading to chronic infections. M.
agalactiae genome sequencing, together with the development of genetic
tools for its genetic manipulation has opened new dimensions in

understanding its pathogenesis (2, 11-13).

Although genomics, transcriptomics and proteomics are post-genomic
approaches to discover and understand virulence factors (14), pre-genomic in
vivo methods, such as transposon (Tn) based Signature Tagged Mutagenesis
(STM) and In Vivo Expression Technology (IVET) still play important roles in
understanding bacterial pathogenicity (15, 16). As for many other bacteria,
random mutagenesis through transposition has been previously used in
understanding mycoplasma pathogenesis, but more frequently via in vitro
studies. Transposon mutagenesis was initially applied in M. genitalium to
study the essential minimal set of genes required for independent existence
(17, 18). Transposition studies have also helped in deciphering the role of
different genetic factors involved in motility, cytadherence and defence
systems of mycoplasmas (19-21). Although transposon mutagenesis is
attained in many mycoplasmas, it is only in M. gallisepticum that Tn mutant
libraries have been screened in vivo for identifying pathogenicity determinants
using the chicken infection model (22, 23). However, there is no report of any
such study in ruminant mycoplasmas, which is imperative in understanding
and preventing infections caused by this economically important group of

mycoplasmas. Even though transposition in M. agalactiae was attained much
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earlier (13), it was only recently that this approach was used to identify genes

involved in host cell interactions during in vitro cell culture studies (5, 24).

A combination of Tn mutagenesis and negative selection methodology allows
identification of in vivo attenuated genes from a complex pool of mutants (15,
25). Although Tn mutagenesis remains a major approach for disruption of
genes in mycoplasmas, STM has been applied only in very few instances to
identify genes defective in host colonization (22, 23). Studying a similar
approach in M. agalactiae and other ruminant mycoplasmas has been
hindered due to the lack of small animal models. However, general
experimental infections of natural ruminant hosts have demonstrated
adequate antibody titers, host colonization, systemic spreading and visible
clinical signs (8, 26), as also observed during M. agalactiae experimental
intramammary infections of sheep (10, 27). To understand M. agalactiae
factors mediating colonization of the host udder, the current study exploited
the use of a heterogenous pool of Tn mutants that were simultaneously
screened in a sheep intramammary infection model. Colonization-defective
mutants in the udder and draining lymph nodes (LNs) were identified by
negative selection (15) using Signature Sequence Mutagenesis (SSM) PCR
(22). The results demonstrate an attenuation of mutants harboring insertions
in different functional genes, some of which have also been previously
implicated in the pathogenesis of other bacteria, thus underlining their similar
role in M. agalactiae infections. Furthermore, many attenuated mutants were
identified to carry insertions in hypothetical genes, thus indicating a likely role

of these in M. agalactiae host colonization. One such hypothetical gene was
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previously also identified to play a role during in vitro cell interaction studies
(5) thus confirming the in vivo screening protocol used here as a valid
approach to identify the actual genes involved in mycoplasma-host interaction

during pathogenesis.

Material and Methods

Mycoplasma cultures and growth condition

M. agalactiae pathogenic type strain PG2 (2, 28) was used in this study and
was previously isolated from an infected goat in Spain . All the mycoplasma
cultures were grown at 37° C in standard Aluotto medium (29) containing
penicillin G, 10% horse serum, 25% sodium pyruvate and 0.5% phenol red as
described before (13). Gentamicin sulphate (50ug/ml) was used both in broth
and agar plates for the propagation of Tn mutants. E. coli strain DH10B
(Invitrogen GmbH, Lofer, Austria) containing Tn vector pISM2062 was grown
in Luria broth (1% tryptone, 0.5% yeast extract and 0.5 % NaCl)

supplemented with ampicillin (100 pg/ml) and gentamicin sulphate (7ug/ml).

Transposon mutant library

Transposon mutants were generated in M. agalactiae strain PG2 using the
suicidal plasmid pISM2062 containing transposon Tn4007mod (30) as
described earlier (13). Briefly, the mycoplasmas grown until late log phase
were electroporated with 1-3ug of plasmid DNA and transformants selected

on gentamicin plates were grown in Aluotto medium. Genomic DNA was
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isolated from 30ml culture using QlAamp DNA Mini kit (Qiagen GmbH, Hilden,

Germany) and stored at -20° C until further use.

Identification of transposon insertion site

Transposon mutants were sequenced using a modified QTD based ligation
mediated PCR (31) schematically presented in Fig.1. Mutant DNA was
digested with Apol (NEB Inc.) at 50° C for 4 h as per manufacturer's
instructions and ligated to adaptors using T4 DNA ligase (Promega, Madison,
WI, USA) at 16° C overnight. Adaptors were prepared by annealing an
equimolar mixture of oligos Ad1 and Ad2 (Table 1). Primary PCR was
performed with diluted ligation mixtures as template in PCR carried out in
2mM MgCl; in presence of 40 nM of primers I1S-1 and EcoRI (Table 1), 1M
Betaine and HOT FIREPoI® (Solis Biodyne) in 1x PCR Buffer B. Initial
denaturation was carried out at 94°C followed by annealing at 58°C for 1 min,
reduced by 0.7°C every cycle for 11 cycles after which it was kept constant at
52°C, and an extension at 72° C for 1 min. Primary PCR product was used as
a template in subsequent semi-nested PCR using 200 uM of each dNTP, 200
nM of primers I1S-N and EcoRI, 2 mM MgSO, and 5U of HOT FIREPoI® (Solis
Biodyne) Taq Polymerase in presence of 1x PCR buffer B. The secondary
PCR product was gel purified and sequenced at LGC Genomics GmbH,
Berlin, Germany. The position of Tn in the genome was determined by

nucleotide blast in Molligen 3.0 (32).
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In vitro growth analysis and transposon stability

Growth rate of Tn mutants was analyzed in Aluotto medium for 72 h at 37°C
by plating serial dilutions at regular time intervals to determine viable
mycoplasma counts. For analyzing Tn stability, each mutant was separately
inoculated in 1.5-ml microcentrifuge tube containing 1 ml Aluotto broth and
incubated at 37 °C until growth was evident. These mutant cultures were then
successively passaged 30 times in nonselective broth, and at every 10"
passage cultures were serially diluted and plated on Aluotto agar plates with
or without 50 g/ml gentamicin. Colonies on both plates were compared after
one week to check for the loss of Tn. Additionally, at every 10" passage each
culture was transferred to 30 ml Aluotto medium without gentamicin to isolate
genomic DNA. The latter was used as a template to perform SSM PCR (see
below) to evaluate the loss and movement of the Tn when grown in non-
selective medium. Southern blot analysis using Tn specific probe was also

performed to further check the Tn stability as described earlier (13).

Screening of the mutant population for attenuated virulence through

negative selection in vivo

The mutants were screened using the Signature Sequence Mutagenesis
(SSM) PCR, which is a modification of the original STM technique used to
identify attenuated mutants in vivo (22). Briefly, each mutant in the pool was

identified by a unique PCR product obtained by using a common primer IS-N
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annealing at the end of the Tn and a mutant-specific primer that binds to the
mutated gene (Table S1). Gene specific primers were designed such that the
amplicons fall in the range of 200-1000 bp. Initially, SSM PCR was performed
with the genomic DNA of each of the single mutants and then checked by
mixing equal amounts of genomic DNA of selected mutants to validate the
PCR in a mixture. Each 25 pyl PCR reaction mixture contained 300 ng of
template, 2mM MgCl,, 100 uM dNTP, 1 pyM of each primer and 1.2 U HOT
FIREPol® DNA polymerase in 1x Buffer B (Solis Biodyne). Amplification
conditions were 95 °C for 12 min; 94 °C for 1 min, 54 °C for 30 sec and 72 °C
for 1 min (30 cycles); and 72 °C for 5 min. The PCR products were separated
on 1% agarose gel before staining with ethidium bromide and visualizing

using the Gel Doc™ XR+ System (Bio-Rad, Hercules, CA).
Inoculum preparation

Inoculum was prepared as described previously (27) with some modification.
The mutants were grown in 30 ml Aluotto at 37°C for 72 hrs. The cultures
were centrifuged at 10,000 x g for 15 min at 4°C and pellets were washed with
1x Dulbecco’s Phosphate Buffered Saline pH 7.4 (DPBS, Invitrogen
Corporation, NY, USA) before final suspension and storage at -80°C as 200 pl
aliquots. Killing rate after one freeze thaw cycle was determined by comparing
the cfu at the time of freezing and seven days after freezing by plating serial
dilutions on Aluotto agar. Based on these calculations, mutants were
accordingly mixed in equal proportions to get a total number of 10° cells to be
inoculated per sheep. The residual inocula left after initial infection was grown

in 30 ml Aluotto to isolate ‘input pool’ genomic DNA.
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Ethical statement

All procedures related to the animal experiments were performed with the
permission of the Ethics Committee of the University of Veterinary Medicine
Vienna and Austrian Federal Ministry for Science and Research (field of
engineering and animal testing) with approval number (BMWF-68.205/002-

11/3b/2011 and BMWF-68.205/0104-11/3b/2012).
Intramammary sheep infection model

The intramammary sheep infection model was used in this study as described
earlier (27). Screenings were done in 1-2 years old lactating ewes that were
purchased from a local sheep flock after serological examination and housed
in separate stables. Sheep were monitored for one week through clinical and
serological examinations. Bacteriological tests were performed with swabs
and milk samples to negate the presence of mycoplasma and other
pathogenic bacteria before infection. Each sheep received 5 ml of 10° cfu of
pooled mutants prepared in DPBS (see above). Swabs were collected from
ears, eyes and vagina during the course of infection and grown in Aluotto
medium supplemented with 50 pg/ml each of penicillin, gentamicin and
thallium acetate. Milk yield, body temperature and other clinical data were
recorded regularly. Milk samples from both udder halves at the time of
necropsy were used for bacteriological and SSM PCR analysis. Blood
samples for haematology and serology were collected once in 7 days and
sera were stored at -80°C after centrifugation (27). Sheep were necropsied
two weeks post infection and LNs and udder tissue samples were collected

aseptically.
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Sample collection and cultivation

Milk samples were grown in Aluotto medium as 10 fold serial dilutions for 7
days at 37°C and genomic DNA was isolated from these cultures for SSM
PCR analysis. LNs and organs collected during necropsy were processed as
described before (27). Briefly, samples were grown in Aluotto medium with
antibiotics as 10 and 100 fold dilutions and incubated at 37°C for 7 days to
check for the presence of mycoplasmas by plating on Aluotto agar. Genomic
DNA isolated from these cultures, designated as ‘output pool’ DNA, was
additionally subjected to M. agalactiae specific PCR (33). Once confirmed to
be positive for M. agalactiae, this ‘output pool’ DNA was used as a template to

generate output SSM PCR.

Identification of in vivo attenuated mutants

Output pool DNA was used as template to produce output SSM PCR using
mutant specific primer and Tn specific primer (IS-N). Pools of 15-19 mutants
were tested in 15-19 individual PCRs/sample, each corresponding to
individual mutated genes, and this procedure was applied to all samples
originating from all three sheep in a group. Each output SSM PCR was
compared with that of input SSM PCR from that group and a mutant was
considered absent if the output PCR was negative and input PCR was
positive for it. PCR results from the udder and all the tested LNs from each
sheep were compiled and percentage of absence was calculated for each
mutant. Absence percentage was calculated by dividing the number of
negative PCR results per sheep by total number of samples tested from it,

including udder and LNs. Average percentage of absence for each mutant
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was then calculated from all the three sheep. The results are plotted as a bar
graph with each bar depicting average percentage of absence + standard
deviation. Mutants with an average percentage of absence of = 95% were
considered attenuated in the initial screening and were subsequently
subjected to the second round of confirmatory screening where attenuation
was considered only in case of 100% absence. Similarly, output SSM PCR
was generated using output mutant pool DNA from milk samples from each
sheep at the time of necropsy. Output SSM PCR results from necropsied

samples and milk were compared.
In vivo screening of mutants

The screening was carried out as two successive rounds of screening in

lactating ewes, namely initial screening and confirmatory screening

Initial screening was performed with nine 1-2 years old sheep allocated into
three groups of three animals each. Group 1, 2 and 3 were injected with 10°
cfu of a pool of 15, 17 and 19 mutants respectively, via the right teat canal.
As five mutants were kept common between two or all three groups as
‘watermark’ controls to negate the possibility of individual animal specific
attenuation, the actual number of different mutants tested was 45 (Table S1).
Four mutants were kept common between two groups (rhB, lip, adhT & nox
(double mutant) and oppB), whereas ptsL mutant was kept common between
all three infected groups. Double mutant 9-31 (adhT & nox) was included in
the study to assess the role of individual and/or both mutated genes,
especially in comparison with their single gene mutant counterparts. For this,

nox gene single mutant was included in the group 3 along with double mutant
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9-31. All animals were euthanized after 2 weeks of infection and samples from
local infection sites, such as the udder and supramammary LN were obtained
from left and right sides. Together with the sampled knee tissue (right side)
and other LNs, such as iliacis, cervicalis superficialis, mandibularis,
mediastinalis & mesenterialis, a total of 13 samples/sheep were analyzed via
SSM PCR, thereby corresponding to 39 samples per group of 3 sheep each.
Mutants exhibiting an average percentage of absence of 295% were

considered attenuated.

Confirmatory screening was carried out to verify the attenuation of the
mutants selected in the initial round of screening. Three separate sheep were
infected with a pool of 14 mutants that were selected via the initial round of
screening as described before. All procedures during the experiment were
followed as described before. However, the stringency level was further
increased in this round by considering a mutant attenuated only if it was totally
absent, that is when it showed an average percentage absence of 100%.
Samples were collected from euthanized sheep as described in the initial
screening, except that this time three additional LNs, namely right and left
parotideal and left popliteal were also checked. Hence, total number of
samples analyzed via SSM PCR now corresponded to 16 per sheep and 48
for all three sheep together. Primers and conditions for SSM PCR were the

same as used before.

In vitro competitive assay

In order to assess competition between mutants in a pool, an in vitro growth

assay was carried out with them in axenic medium. Fourteen mutants used in
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the confirmatory screening were grown individually for 48 h in 1ml SP4
medium as described earlier and then mixed in equal amounts based on the
total cell protein concentration determined for each culture as described
earlier (34). The mixed mutant culture was grown for 72 h after removing an
aliquot for TO h genomic DNA isolation for gqPCR analysis. After 72 h of
growth, the culture was removed and genomic DNA was isolated using
QIAamp DNA Mini Kit (Qiagen). Quantitative real time PCR was performed in
CFX96 Real-Time System (Biorad) in 10 pl reaction volume containing 5 pmol
of respective SSM PCR primer set specific to each of the 7 mutants that were
absent in the final round of screening (Table. S1). The reaction mixture also
comprised of 1X SYBR green master mix (Qiagen) and 250 ng of TO and T72
h genomic DNA as template. Cycling parameters consisted of initial
denaturation at 95°C for 10 min followed by 40 cycles of 40 sec of
denaturation at 94°C, 45 sec of annealing at 54°C and 1 min of extension at
72°C, each and this was followed by melting curve analysis at the end of the
amplification. Primer efficiency was calculated for each mutant via the
standard curve method using serially diluted genomic DNA of each mutant as
template. Each reaction was carried out in triplicate and the whole experiment
was performed three times. Mean Cq values as indicator of growth were
compared for each mutant for TO and T72 h samples considering 16s rRNA
(33) as reference gene. The significance of differences between means of
experiments was calculated by paired Student’s t test using GraphPad Prism
5 (Graphpad Software Inc, CA, USA). Differences with P < 0.05 were

considered significant.
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Statistical analysis

For each tested mutant, the SSM PCR results were expressed as average
percentage of absence + standard deviation from each group of three sheep.
Mutants demonstrating 295% and 100% average absence were considered
attenuated in the initial and confirmatory round of screening, respectively.
Reproducibility of results between and within the experiments was checked by
performing the Mann-Whitney test (35). Differences with P< 0.05 were

considered significant.

Results

Identification of Th4007mod insertion sites using a novel QTD based

PCR method

A Tn mutant library was constructed in the pathogenic type strain PG2 of M.
agalactiae using Tn4007mod (30). Disruption sites were mapped using a PCR
method based on the principles of Quantitative Target Display (QTD)
technique (31) as described in the Materials and Methods section. This
sequencing method is based on a ligation mediated PCR using a single
primer pair for all the mutants irrespective of the site of Tn insertion in the
genome as illustrated in Fig. 1. In contrast to previously available methods
that are either laborious, time-consuming or costly (36), this specific and
selective amplification of the Tn insertion sites based on the QTD strategy is
quite simple, cost effective and less laborious as many mutants can be

simultaneously sequenced at the same time using the same pair of primers.
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Besides, this strategy also avoids the problems that are generally
encountered while using the other available methods, such as inverse PCR.
Most importantly, even double insertion sites can be sequenced without any
problem unlike the other available methods. In addition, the possibility of
obtaining two PCR fragments corresponding to the two regions flanking a
single transposon insertion offers a further specificity check for identifying the
mutated gene. Using this unique method, the Tn insertion sites were mapped
in more than 150 mutants. The sequence results were analyzed by BLAST
homology search (37) against the annotated genome of M. agalactiae type

strain PG2 (2) using the MolliGen database (32).

Based on the Hutchison criteria (18), the Tn insertions were analyzed and
classified as functionally disruptive, if they were located after the first 3 codons
and before the 3’-most 20% of the coding sequence of a gene. However, we
have included in our screening protocol a few important Tn mutants that do
not meet these criteria, such as vomaX and oppB, because these criteria are
not always valid as recently shown by May et al (2012) (38) for a sialidase Tn
mutant of M. gallisepticum (that did not meet Hutchison’s criteria) that was
successfully used in chicken experiments to prove that the sialidase gene is
an important virulence-associated gene. Several mutants had insertions either
in inter-genic regions or at the end of coding sequences (CDS) and were
considered not disrupted. Tn insertions were also confirmed by Southern blot
analysis using Tn specific probe (data not shown). Even though Tn insertion
was mostly random, few mutations were repeated with the same gene

disrupted in many different mutants such as MAG6200, MAG6690 and IplA.
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The library also included mutants with double Tn insertions. In such cases the
corresponding single insertion mutants serve as important controls in
comparing the role of individual genes. For instance, mutant 9-31 has two Tn
insertions (adhT and nox), and the corresponding single insertion mutant at
the nox site when used in conjunction served as an important control to
compare the role of individual genes, namely nox and adhT. Numerous
mutants exhibited gene disruptions in previously characterized important
genes of M. agalactiae, namely MAG2540, MAG1890, vomaX, vomaY, mraZ,
whereas several others have been implicated in virulence of other bacterial
pathogens, such as eutD, uhpT, nox, gtsB, pdhB and rmhB. The mutants were
grouped into arbitrary functional categories such as transporters, surface
proteins or lipoproteins, metabolism related, regulatory as well as

hypothetical.

In vitro analysis of transposon mutants

The mutants to be used for in vivo screening were first analyzed in vitro for
their growth compared to the wild type strain PG2. Most of the examined
mutants did not show any defect in growth and were as good as wild type
strain PG2. However, mutants 6-29 (pdhB) and 6-14 (uhpT) exhibited smaller
colony size as compared to PG2 strain on Aluotto agar. Interestingly, in
Aluotto broth, only 6-29 (pdhB) showed a slightly slower growth rate (data not
shown). Nevertheless, this mutant was also included in the current in vivo
study because pyruvate dehydrogenase mutants in other bacteria are also
known to exhibit in vitro slow growth phenotypes and yet have been used in

STM screens and accepted to play important roles in the pathogenicity of
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these bacteria (39, 40). In vitro growth competition assay performed with the
pool of 14 selected mutants used as inocula for confirmatory screening did not
reveal any growth retardation (P>0.05) for any of the 7 mutants showing
100% absence in vivo, This was demonstrated via qPCR analyses as
illustrated in Fig. S1. This rules out the role of competition or growth defects in
attenuation (Fig S1). When checked for stability of the Tn insertions, all
mutants were found to have stable insertions. Also, any movement of the Tn
within the genome of each of the mutants was excluded via Southern blot

analysis.

Model for screening M. agalactiae transposon mutants

An appropriate infection model is essential for the successful identification of
attenuated genes using negative selection methods (41). The lack of a small
animal model has hampered M. agalactiae in vivo infection studies to study its
pathogenicity attributes. Previously, we have studied the colonization of M.
agalactiae wild type strain PG2 and PLMs (Vpma phase-locked mutants)
using the sheep infection model (27). Following intramammary inoculation of
10° cfu in the right udder of lactating ewes, the PLMs and PG2 were
recovered in milk right from Day 1 till the end of the study and also, upon
necropsy, from both udder halves (left and right) and and LN samples
throughout the body (27). Furthermore, the model can discriminate between
colonizing and non-colonizing mycoplasmas and has also been effectively
used in comparing and understanding the pathogenicity of different M.

agalactiae strains (10, 27). In the current study, a total of 45 different mutants
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were screened in two successive experiments through the negative selection
method. Attenuation of mutants was assessed by their absence at local
infection sites and in milk samples using SSM PCR. The results indicated the
involvement of 14 different genomic loci in host colonization (Table 2) in the
initial screening, which corresponds to mutants that were not recovered from
the infected udders and LNs. The latter constituted about 31% of the
inoculated mutants, thereby implying that the remaining 69% of mutants
replicated normally within the host. These non-attenuated mutants might
navigate in the body to colonize distant sites. The absence of mutants in milk
samples was also monitored, and the results obtained around the time of
necropsy further confirmed the mutant attenuation results based on tissue
colonization. Even though tissue tropism was not observed with the set of
mutants used in the current study, correlating the absence of particular
mutants to specific organs/LN and to particular stages of infection could help
in evaluating tissue-specific and time-specific attenuation, respectively.
Bilateral spreading of M. agalactiae was clearly observed as mycoplasmas
were frequently isolated from the left udder half of the sheep although initially
inoculated in the right udder half. Besides the spreading of the organism from
one initial site throughout the body, this route of infection also induces clinical
signs that would be an important added advantage for any model while
performing a challenge infection experiment with single selected mutants to
test their virulence attenuation and to investigate their potential use as a novel
prophylactic tool. Confirmation of colonization defects for the attenuated
mutants even during the second round of our confirmatory screening clearly

indicates the reproducibility of results with this model of infection. Altogether,
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this model allows a systematic identification of pathogenic determinants in M.

agalactiae.

Attenuation of mutants in vivo

For the first time a negative selection approach is used to screen Tn mutants
of M. agalactiae for attenuation in the natural host by using a sheep
intrammamary infection model. The schematic representation of the study is
depicted in Fig. 2. For initial screening, three different pools of 15-19 Tn
mutants were administered per group of three sheep each via the
intramammary route. Sheep were found to be free of mycoplasmas as
analyzed by serological and bacteriological tests. Milk yield, body temperature
and clinical examinations during the course of infection did not yield significant
difference between the groups (data not shown). Differential blood counts did
not show any difference in counts between the groups (data not shown).
About two weeks post infection, the animals were necropsied and tissue
samples obtained from both udder halves and various LNs were also
examined via SSM PCR. Mutants attenuated in the initial screening were re-

assessed in a second round of confirmatory screening as described below.

In order to estimate the reproducibility of results between and within the initial
and confirmatory experiments, Mann-Whitney test (35) was performed. The
test was performed for mutants kept common between the groups in the initial
screening and for mutants identified as attenuated in both screenings. Results
indicate no significant difference in average percentage of absence (p>0.05)
of attenuated mutants that are common between the groups in initial

screening. Similarly, the p-value of 0.99 for the mutants that are attenuated in
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both screening rounds indicates that results are similar and further confirms

the validity of the screening protocols.
Initial screening

A total of 45 different mutants, distributed in three pools, were screened in 9
lactating ewes for two weeks as depicted in Fig. 2. A pool size of 15-19
mutants with each mutant represented in equimolar proportions in a total
challenge dose of 10° cfu/sheep was used for infection in triplicate. Although it
was possible to screen a higher number of mutants, a more complex pool was
avoided as this is known to cause random loss of unattenuated mutants and
inhomogenous results from different animals (42). The mutants included in the
study constituted a functionally heterogeneous population with mutated genes
encompassing various arbitrary categories, such as transporters, surface
proteins/lipoproteins, and metabolism related, regulatory as well as
hypothetical proteins. Mutants found attenuated through SSM PCR analyses
are depicted in Fig. 3 where the average percentage of absence * standard
deviation is shown for three sheep of one group. All these attenuated mutants
showed an average absence of = 95% in the tested samples. Data suggest
that 14 mutants are defective in colonization of local sites and could not
spread or survive in the LNs (Table 2). This corresponds to about 31 % of the
total infection mutants (i.e. 45 mutants) with many of the identified genes

encoding hypothetical products.

Attenuated loci (as shown in Table 2) include four hypothetical genes, namely
MAG1890, MAG3390, MAG4460, and MAG3650, which had no known

functions so far and with this study could be assigned a role in host
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colonization and pathogenicity of M. agalactiae. The other identified mutants
corresponded to genes encoding functional proteins, such as substrate
transporters, peptidases and other metabolic enzymes. Among the attenuated
mutants is a double mutant 9-31 (adhT and nox). However, another mutant
(give name & also refer to list or table no.) bearing a single Tn insertion in the
nox gene was not attenuated indicating that adhT mutation is likely
responsible for the deficient colonization of 9-31 doublemutant. The latter was
kept common between group 1 and 3, and was 100% attenuated in all three
animals of group 3 (Fig. 3C), whereas in group 1 it showed 95% attenuation
(Fig. 3A) as it was present in just one sample each from the two sheep of
group 1. However, the mutant was absent in milk samples of these two sheep
at the time of necropsy. Moreover, the percentage attenuation difference
between these two groups is statistically insignificant confirming the role of
adhT in host colonization. Other mutants with Tn insertions in uhpT, oppB,
oppC, eutD, pdhB, gtsB, aminopeptidase (MAG5520) and lipoprotein genes
such as MAG1050 and MAG2540 were also found deficient in colonization.
Mutant oppB was included in two different groups (group 2 and 3) and was
completely (100%) absent in all sheep of both of these groups indicating its
importance in the infection potential of M. agalactiae. Milk sample results for
most of the mutants were the same as obtained from the organs and LNs

(data not shown).

Contrary to attenuated mutants, several ‘non-attenuated’ mutants were
repeatedly found positive in local infection sites, LNs and milk samples. For

example, mutant 3-1 (ptsL) that was included in all three groups as a common
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‘watermark’ control of the study was found positive in nearly all three groups in
about 27% of local infection site samples from all 9 animals (Fig. 3A, 3B and
3C). Similar results were also obtained with mutant 8+1-5 (rnhB) that showed
even better replication inside the host and was present in 50% samples from 6
sheep of two groups (Fig 3A and 3B). Likewise several other mutants were
also found to exhibit fairly good replication in vivo and hence were not
considered attenuated. Altogether, the results demonstrate considerable
reproducibility as the mutants, even when mixed in different combinations,
indicated no in vivo growth competition between them and gave similar

results.

Confirmatory screening

The number of attenuated mutants obtained in the initial round of screening
was much higher (31% of infected mutants) than expected. To confirm the
role of the mutated genes in pathogenicity, ideally each attenuated mutant
needs to be assessed in sheep individually compared to the WT PG2 and
complimented mutant infection studies. However, this was not possible due to
two main interrelated reasons, Firstly, the number of attenuated mutants was
far too high to make 14 different individual sheep infection trials with all the
necessary controls. Secondly, the sheep infection model is rather a too large
one to handle under limited resources, and since there is a complete lack of
any small animal model existing for M. agalactiae, individual mutant analysis
was not possible. This prompted us to perform a second round of confirmatory

screening via sheep intramammary infections with the selected pool of 14
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mutants to verify their attenuation and to narrow down the number of non-

colonizing mutants.

The 14 attenuated mutants showing an average cut-off of 295% absence in
the first screening were re-injected as a pool into three sheep. Samples from
the infected udders and LNs were analyzed via SSM PCR to confirm the
previous results. However, the stringency level was further increased in this
round by considering a mutant to be attenuated only if it was totally absent,
that is, when it showed 100% absence in all three sheep. This was done to
select only the most important mutants that played a definite role in M.
agalactiae pathogenicity. Using this criterion, 7 genes were identified to be
essential for in vivo survival, out of which MAG3390, and MAG4460 are
hypothetical, whereas the remaining five genes, namely uhpT, eutD, adhT.
MAG1050 and MAG2540 have known functions (Fig. 4, Table 3). The
remaining 7 mutants in the pool were not 100% attenuated but a majority of
them were absent in >85% of the local infection sites and LNs of the three
experimental sheep and might also play some role in pathogenesis (Fig.4).
Except for mutant 9-31, all the other six attenuated mutants were also missing

in the milk samples obtained one day before necropsy (Table 3).

Discussion

Transposon mutagenesis is a powerful tool to identify the genetic factors
involved in bacterial pathogenesis. Different genomic loci were disrupted in

the small ruminant pathogen M. agalactiae type strain PG2 using Gram-
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positive transposon Tn4007mod (13, 30). Location of insertion sites
throughout the genome was sequenced using a novel method based on a
modified version of Quantitative Target Display (QTD) (31). The Tn insertions
were mapped and the mutated genes corresponded to different categories,
such as lipoproteins, transporters, peptidases and metabolic proteins. Apart
from these genes with known functions, many disrupted loci are hypothetical
genes of unknown functions. Along with some of these hypothetical mutants
many important disrupted genes, that have a proven role in the virulence and
disease progression of other pathogens, were selected for in vivo screening.
Instead of using the original STM or other hybridization based strategies for
identifying the missing mutants in local infection sites and LNs, SSM was
employed (22) to avoid the associated problems of cross-hybridization, poor
detection and false negatives (43). Moreover, SSM had been successfully
employed in a similar in vivo screening of selected M. gallisepticum mutants

to identify pathogenicity-associated genes.

An appropriate infection model is essential for the successful identification of
attenuated genes using negative selection methods. Previously, we have
studied the colonization of M. agalactiae wild type strain PG2 and PLMs
(Vpma phase-locked mutants) using the sheep infection model (27). This
study utilizes the natural host and the natural route of infection of M.
agalactiae for in vivo screening of mutants, namely, the intramammary sheep
infection model. Besides the colonization and multiplication of M. agalactiae in
the udder and simultaneous shedding in milk, it also leads to clinical signs and

systemic spreading to various body sites (10, 27, 44, 45). This study is first of
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its kind that exploits a negative selection method for identifying pathogenicity
determinants of M. agalactiae, which can act as a useful model for
understanding ruminant mycoplasmosis. Two successive rounds of
experimental infections were conducted in lactating ewes to screen a total of
about 50 different mutants in a maximum pool size of 19 mutants. Similar
studies with other pathogenic bacteria have been performed using different
animal models and pool sizes (46-48). Here we used a small pool of known
mutants to observe a better spreading and to reduce competition. Additionally,
in vitro growth analysis of the mixture of mutants attenuated in the first round
of screening revealed no competitive growth defects for the seven mutants

that were totally absent in all animals during confirmatory screening.

The study identified 7 different M. agalactiae genes involved in colonization of
local infection sites and survival in the natural host (Table 3). Importantly, two
of these attenuated mutants carried insertions in hypothetical CDS, namely
MAG3390 and MAG4460. As observed for many other sequenced bacteria,
the genome of M. agalactiae contains a large proportion of hypothetical
proteins with no known functions. These genes might provide subtle
quantitative advantages to the pathogen in the host microenvironment,
especially when competing with other mutants in the population. Considering
the minimal genomes of mycoplasmas, the identified hypothetical proteins are
likely to play important roles in infection and disease. In this context,
MAG3390 is especially interesting as it has no homology with any other
mycoplasma gene and is also devoid of any functional motifs. On the other

hand MAG4460 shares about 83% identity with the M. bovis lipoprotein
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MBOVPG45 0528 and both genes share a common acid
phosphatase _hydrolase motif. M. bovis is a close phylogenetic relative of M.
agalactiae that possesses a homologous lipoprotein antigenic variation
system and induces similar clinical symptoms of mastitis and arthritis in cattle
(11). This could suggest a similar function for both genes in their respective

hosts during infection and disease progression.

The M. agalactiae genome encodes abundant surface lipoproteins that
participate in important interactions with host cells, including the modulation
and evasion of the host immune response (27, 49). The final confirmatory in
vivo screen identified two lipoproteins, MAG1050 and MAG2540, the latter
predicted to be a Vpma like lipoprotein. These lipoproteins seem to be
essential for colonization and survival in the host as the corresponding
mutants were totally absent in all samples analyzed from all sheep.
Furthermore, gene MAG2540 was previously shown to be involved in cell
interaction studies performed in vitro using a co-cultivation assay (5). Both in
vitro and in vivo results indicate the importance of this gene in M. agalactiae

host cell interactions and pathogenesis.

It was suggested that genes involved in basic metabolism should not be
considered as virulence factors (50). However, pathogens use basic metabolic
genes to survive and multiply in the host, and sometimes deficiencies of these
genes become much more prominent in host microenvironments. For
instance, genes involved in iron metabolism play a significant role in the
pathogenesis of many bacteria (51). Thus metabolic genes are frequently

identified as important pathogenicity determinants in bacteria and the
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corresponding mutant strains exhibit much less or no virulence compared to
the wild type strains (52). Since mycoplasmas have limited biosynthetic and
metabolic capabilities (1), the role and significance of their minimal set of
genes is further enhanced during their interactions with the host. A previous
study with M. mycoides subsp. mycoides clearly points to the fact that
metabolic enzymes can act as primary virulence factors in mycoplasmas (53).
The eutD gene of M. agalactiae was found to be attenuated as it showed
100% absence in all samples examined. M. agalactiae exhibits enhanced
growth in the presence of pyruvate (54) and in the context of the pyruvate
metabolism pathway, eutD converts acetyl-coA to acetyl phosphate. This is
an intermediate step in the energy yielding process involving the conversion
of pyruvate to acetate. Although the role of eutD in mycoplasma pathogenicity
has never been demonstrated so far, it has been shown to be an important
host colonization factor for some other important pathogenic bacteria (42, 55,
56). Hence, this gene is likely to play a significant role in M. agalactiae’s
survival and multiplication in the host, especially because it controls the main

energy yielding reaction in its metabolism.

Apart from glycerol and pyruvate, M. agalactiae can also metabolise alcohols,
preferably secondary alcohols like isopropanol (57). The gene encoding
alcohol dehydrogenase (adhT), is another gene that is implicated to play an
important role in M. agalactiae survival and pathogenicity as the mutant
carrying an insertion in it was consistently absent in all the local infection sites
and LNs examined. In other pathogens, in vitro studies have illustrated the

role of AdhT in adhesion and biofilm formation (58, 59) whereas a single in
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vivo study has demonstrated its role in host colonization (60). Thus, the data
of the present study confirm that an alcohol dehydrogenase might be involved

in mycoplasma host colonization.

Mycoplasmas import considerable number of biosynthetic precursors and
macromolecular compounds to compensate their limited biosynthetic
capabilities. Hence, a substantial number of genes annotated in the M.
agalactiae genome play a role in substrate transport (2). Sugars are important
nutrients that the pathogens acquire from their respective hosts for
propagation and survival. Hexose phosphate transporter (uhpT) plays an
important role in this process and it has been shown in other bacteria,
however not in mycoplasmas so far, that the deletion of this transporter
causes attenuation (61). The M. agalactiae uhpT mutant is unable to survive
in its natural host during experimental infection indicating its possible role in
pathogenicity. Interestingly, this mutant showed slightly smaller colonies on
agar media compared to the wild type strain, but did not show any growth

deficits in broth cultures (data not shown).

Altogether, these results indicate the diversity of M. agalactiae genetic factors
involved in its pathogenicity. The identified mutants could serve as promising
candidates for detailed investigations for developing them into possible live
vaccine candidates provided they are capable of eliciting a strong immune
response (39). Efforts made so far in understanding the pathogenicity of
mycoplasmas using Tn mutagenesis were based mostly on in vitro studies
with very few exceptions (6, 22, 23). The study presented here describes

reports an in vivo analysis of several different Tn mutants in the natural host.
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Most importantly, instead of checking individual mutants in animal models,
pools of many different M. agalactiae mutants were simultaneously screened
in vivo to identify genes that likely play a significant role in M. agalactiae host
colonization and pathogenesis. To the best of our knowledge, this is the first
report of a systematic analysis of genes involved in ruminant mycoplasmosis

using in vivo negative selection screens.
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Tables and Figures

TABLE 1. Primer and adaptor sequences used in QTD-based transposon

sequencing and in Signature Sequence Mutagenesis PCR

Primer Sequence

Ad1 CTC GTAGACTGC GTACC
Ad2 AAT TGG TAC GCA GTC TAC
IS-N AAA GGA CTG TTA TAT GGC
1S-1 TGT ACC GTA AAAGGACTG

EcoRl TAG ACT GCG TAC CAATTC

113



TABLE 2. M. agalactiae mutants attenuated in the initial round of sheep

intramammary screening

Mutant

Apo7

Apo2-12

3-4-0

3-29

6-32

6-9-2

7+1-3

9-31

9-40

23

81-1

137

Gene

MAG1890

MAG1050

MAG3390

MAG2540

MAG4970_uhpT

MAG0940_pdhB

MAG1390_eutD

MAGO0360_oppC

MAG3650

MAG4340_adhT&

MAG2630_nox

MAG2320_gtsB

MAG5520_aminopeptidase

MAGO0370_oppB

MAG4460

Insertion site/

gene size (bp)

283/975

343/987

788/2355

628/1089

432/1497

982/987

125/957

71/1014

156/720

367/1041

&193/1365

332/987

353/1086

1014/1086

1000/1389

Percentage

absence

100

100

100

100

97

100

100

95

100

97

95

100

98

100
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TABLE 3. M. agalactiae genes required for host colonization. Corresponding
mutants showed 100% absence in all tissue samples tested from all three
sheep during the second round of confirmatory screening in the
intramammary sheep infection model. Presence/absence in milk samples one

day before necropsy is also shown.

Mutant Gene OREF identity Milk
6-32 MAG1390_eutD phosphotransacetylase Absent
9-31 MAG4340_adhT and alcohol dehydrogenase and Present
MAG2630 _nox NADH oxidase
6-14 MAG4970_uhpT hexosephosphate transport Absent
protein
3-4-0 MAG3390 hypothetical protein Absent
137 MAG4460 hypothetical protein Absent
Apo2-12 MAG1050 lipoprotein Absent

3-29 MAG2540 Vpma like lipoprotein Absent
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Figure Legends

FIG. 1. Flow diagram of the selective and specific amplification of Tn insertion
sites using the Quantitative Target Display based PCR methodology (Sharma

et al, 2001).

FIG. 2. Flow diagram of the in vivo screening of M. agalactiae Tn mutants.
Three different pools of 15-19 mutants were administered into each group of
three sheep each via the right teat canal. Genomic DNA isolated from the
input pool served as template for input SSM PCR, which was compared with
output SSM PCR results corresponding to the mycoplasma populations
recovered from udder halves, LNs and milk samples. Mutants found absent in
output SSM PCR ( depicted here as mutants 2 and 4) are considered
attenuated, as they cannot survive in the host due to mutations in the specific

genes.

FIG. 3. Attenuation of Tn mutants in the initial round of intramammary sheep
screening. A total of 46 mutants were screened in three groups of three sheep
each. Group 1 (A), group 2 (B) and group 3 (C) were injected with a pool of
15, 17 and 19 mutants each. Bars represent the average percentage of
absence (x standard deviation) of individual mutants as calculated from the
SSM PCR results obtained from all the examined local infection sites and LNs

from all three sheep of each group.

FIG. 4. Average percentage of absence of mutants in the confirmatory round
of intramammary sheep screening. Each bar represents the average

percentage of absence * standard deviation of individual mutants as
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calculated from the SSM PCR results of udder and LNs obtained from all

three sheep.

FIG. 1. Flow diagram of the selective and specific amplification of Tn insertion

sites using the Quantitative Target Display based PCR methodology (Sharma

et al, 2001)
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Tn4007mod mutant library in M. agalactiae PG2

l

Sequencing using QTD based method
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FIG. 2. Flow diagram of the in vivo screening of M. agalactiae Tn mutants.
Three different pools of 15-19 mutants were administered into each group of
three sheep each via the right teat canal. Genomic DNA isolated from the
input pool served as template for input SSM PCR, which was compared with
output SSM PCR results corresponding to the mycoplasma populations
recovered from udder halves, LNs and milk samples. Mutants found absent in
output SSM PCR (depicted here as mutants 2 and 4) are considered
attenuated, as they cannot survive in the host due to mutations in the specific

genes.
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FIG. 3. Attenuation of Tn mutants in the initial round of intramammary sheep
screening. A total of 46 mutants were screened in three groups of three sheep
each. Group 1 (A), group 2 (B) and group 3 (C) were injected with a pool of
15, 17 and 19 mutants each. Bars represent the average percentage of
absence (x standard deviation) of individual mutants as calculated from the
SSM PCR results obtained from all the examined local infection sites and LNs

from all three sheep of each group.
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FIG. 4. Average percentage of absence of mutants in the confirmatory round
of intramammary sheep screening. Each bar represents the average
percentage of absence * standard deviation of individual mutants as
calculated from the SSM PCR results of udder and LNs obtained from all

three sheep.
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Supplementary tables and figures

TABLE S1. Gene specific primer sequences used in SSM PCR

Mutant Primer designation Gene Primer sequence
Apo7 MAG1890 R MAG_1890 CTAATG TTG GAG CAC TAG TGT G
Apo 6 sgae F MAG_6330 GCGACACTTAAG CCT GAAG
26 oppF F MAG_0340 CCTAGACATTGT CTATGG CTC
3-1 PtsL ptsL R MAG_6300 CAG ATAACA CAG CTG CTG CAG
3-15 fusA FusAF MAG_5920 GCAATC AGG TGG TAAAGG TC
6-9-2 oppC F MAG_0360 GTAGCAACG TTT GGG ATAG
6-14 uhpT F MAG_4970 TAG GTG GTAAGG GTG TTG TG
6-15 Lip R MAG_0040 GTGTCCTGTTTTAGG CATTC
6-21 MrzAR MAG_3740 AAC TCG TCC TCACTATAAG
6-29 pdhBfpN MAG_0940 ACTTGC CCATGGAATAATTGTTCC C
6-32 PtaR MAG_1390 ACATCG TCAGTTAAG CTT CC
7+1-8 ZincR MAG_4010 CTT CTT TAT TTC ATC ACT AGG
8+1-5 Rnh R MAG_6730 TAATCT GTG TTC AGG AGA GG
9-31 AdhT_Nox R &MMAA%_ng 4?0 CAA TAA CAG CTC TTC CTAAG (primer for MAG_2630)
9-40 gtsBfpN MAG_2320 ACT TAT CCATGG CAAGCATTGAAGTTG
Apo2-12 MAG1050 F MAG_1050 ATG TTATCAATG CCG GTAGC
1-3-0 MAG2810 R MAG_2810 GTAATT TAG CTG CAATGC CCG
15-2 MAG6200 R MAG_6200 GGC ATATGA GGC AAT TGAAG
170 MAGO0110 F MAG_0110 GCTTCTGTTGGTTGG TTC TC
3-29 MAG2540 F MAG_2540 TAACCC TGG TGACACAACTG
4-1-0 GTPR MAG_3820 GTG GCAAATATC TCCATCTTGC
8+1-4 ABC ATP F MAG_5960 GCC AAG ACC ATAATG CTTATG

Contd...
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Mutant Primer designation Gene Primer sequence
8+1-8 SGAT R MAG_6380 AGC TGT GCG CCT AAT GACAC
3-4-0 TonB R MAG_3390 AGC CTATGT AAT CCG GAT G
9-28 MAGO0390 F MAG_0390 GTGCTC TTACAC CAAACT CAAC
62 LplAF MAG_0070 CAG CACAAC TTG GAAGTT GTTC
212 T3RMR MAG_1530 CAT GACCAGTTGTTC CTGAACC
9-8 pdhD F MAG_0960 CAT TGC CTG CAT CAATGG TC
9-16 MAG1450 F MAG_1450 ATT GTT GCT TTC ATACCG CC
81-1 oppB F MAG_0370 CTC GTC AAT TCC ATC ACT AG
3-20 Nox F MAG_4340 GAATTT AGT CAACCAGATGGT C
13 VpmaX F MAG_7070 TAC TTG GATCGG TTGCTT C
14 Meth F MAG_1790 ATG ATAAGAGTTATT TCAGGC
137 Acidph F MAG_4460 AGC TGC TACATG TCAAGATCC
8-1 Dgk R MAG_0180 GCG GAATGATAAGTAGTG G
1-2-0 PenAF MAG_6360 CTG GAATGG GAACCAGCATG
96-2 AtpA_2930 R MAG_2930 TCT CCT AAT TTAAGT GCAAC
5-1 Indi F MAG_0250 GTAAGG AAG TTGAAAGCG C
6-13 MAG1570 R MAG_1570 TCCACG TCT GTAATTTCACC
7+1-3 MAG3650 F MAG_3650 GGC TTG GAATGATTGATG G
23 Amino pep R MAG_5520 AGT AGG AAC ACCACC AATACC
6-12 Transreg F MAG_6310 GCC AAT TCATCA GAAGCAGC
San5 MAG3120 R MAG_3120 GAT GTACCATTT GAG CCT G
VpmaY 6-15 VpmaY F MAG_7080 ATC AGT TGC TTC AAT GGC CTC
3-23 MAG6410 lipo F MAG_6410 ATGACT TTG GCAAGG TTC AGG
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FIGURE S1. Graph depicting the mean ACq (Mean Cq of target gene - Mean
Cq of reference gene) values of input pool (0 h) and output pool (72 h)
obtained after 72 h of mixed culture competitive growth of the 14 mutants
used as inocula for confirmatory screening. No significant decrease in the
respective gene abundance was observed at 72 h compared to 0 h (P>0.05)
for all the 7 mutants found absent in the final round of confirmatory screening.

The experiment was performed 3 times in triplicates.
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4.4 Manuscriptlli

Identification of Mycoplasma agalactiae genes involved in
systemic spreading during experimental intramammary

infection of sheep

Abstract

Mycoplasma agalactiae causes chronic infection involving distant body sites
following systemic spreading. The study presented here made an attempt to
identify genetic factors playing a role in the systemic infection process using a
combination of transposon mutagenesis and negative selection. Two
successive rounds of screening in the sheep intramammary infection model
were able to show the attenuation of a set of different mutants at local and
systemic sites with disrupted genes belonging to diverse functional categories.
The results of signature sequence mutagenesis (SSM) PCR obtained from
analysis of mutants recovered from distant body sites revealed a putative role
of oppC, oppB, gtsB, pdhB, MAG5520, MAG1890, and MAG3650 in
dissemination of M. agalactiae. Additionally, mutants pdhB, oppC and
MAG4460 exhibited significantly less growth in the presence of HelLa cells in
MEM medium. In addition to the in vivo findings, in vitro results indicate the
role of different genomic loci in M. agalactiae infection. Future studies
involving individual mutants are planned in order to reveal the detailed

mechanism of each genetic locus in the pathogenesis of M. agalactiae.
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1 Introduction

The term “mycoplasmas” designates a group of bacteria belonging to the
class Mollicutes that have evolved from gram-positive ancestors through
genome reduction (1). Members of this group include the smallest self-
replicating organism, namely Mycoplasma genitalium with the minimum set of
essential genes (2, 3). During reductive evolution mycoplasmas have lost
important genomic components, and this explains in part their parasitic
lifestyle (4). They are mainly pathogens infecting humans, animals and plants.
Mycoplasma diseases are mainly chronic in nature due to persistent infections
of the respective human and animal hosts. Even though our knowledge in
mycoplasma genomics has considerably improved over the years, the
mechanisms by which mycoplasmas cause infection and disease and persist
inside their hosts are still largely unknown.

Of the several pathogenic mycoplasmas of ruminants, M. agalactiae is an
important agent of small ruminants causing contagious agalactia (CA). As an
economically important disease, CA is listed as notifiable disease of the World
Organization for Animal Health (OIE) (http://www.oie.int/en/international-stan
dard-setting/terrestrial-manual/access-online). Shedding of the pathogen by
diseased or asymptomatic carriers continues for months or years after the
initial infection with a potential risk of infecting other susceptible animals (5-7).
Antibiotic therapy tends to reduce the clinical signs but promotes the carrier
state (8). Due to the well-known clinical symptoms and infectious process, M.
agalactiae represents a very good general model organism to study

mycoplasma pathogenesis in its natural host.
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Genome sequencing of the M. agalactiae PG2 type strain revealed that
several of its gene loci were horizontally transferred from the mycoides cluster
(9). However, its virulence mechanisms and factors involved in pathogenesis
are not have still to be explored at the molecular and cellular level. Our
mycoplasma research laboratory has initiated such studies to understand
pathogenesis of M. agalactiae by gene disruption through homologous
recombination and transposon mutagenesis (10, 11). These studies have also
shown the role of the vpma locus in M. agalactiae pathogenesis (12). Other
independent studies using transposon mutagenesis were able to show the
role of different genomic loci involved in interaction with host cells (13) and the
results obtained were then further evaluated in vivo to conclude that the NIF
locus is important for the pathogenicity of M. agalactiae (14). Recently the
ability of M. agalactie to invade eukaryotic cells both in in vivo and in vitro was
discovered along with its ability to systemically disseminate throughout the
body of the infected host (15). However, a comprehensive analysis of the
genetic factors involved in this systemic spreading of M. agalactiae in its

natural host is unavailable.

To study systemic spreading, clinical manifestations and serological response
during M. agalactiae infection, intramammary sheep infection is a suitable
experimental infection model(15). Intramammary infection of lactating ewes
with pools of transposon mutants was able to detect attenuated mutants in
local sites and lymph nodes (Hegde et al., unpublished results). Further

analysis of inner organs revealed non-colonizing mutants that were different
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from those recovered from the local sites of infection. Some of the attenuated
mutants also showed defects in co-cultivation assays in the presence of HelLa
cells and in killing of murine macrophages in vitro. These results depict clearly
the role of different sets of genes involved in systemic and local infection of M.

agalactiae.

2 Material and Methods

2.1 Bacterial cultures and growth conditions

The M. agalactiae type strain PG2 (9, 16) was used in this study. All
mycoplasma cultures were grown at 37°C in standard Aluotto medium (17) as
described before (11). Gentamicin sulphate (50ug/ml) was used both in broth
and agar plates for the propagation of transposon mutants. E-coli strain
DH10B (Invitrogen GmbH, Lofer, Austria) containing the transposon vector
was grown in Luria broth (1% tryptone, 0.5% yeast extract, and 0.5% NaCl)

supplemented with ampicillin (100 pg/ml) and gentamicin sulphate (7ug/ml).

2.2 Transposon mutant library and identification of insertion sites

Transposon mutants were generated in M. agalactiae strain PG2 using the
suicidal plasmid plSM2062 containing the transposon Tn4007mod (18) as
described earlier (11). Transposon mutants were sequenced using ligation-
mediated QTD based PCR (19) as described earlier (Hegde et al.,
unpublished results). The position of the transposon in the genome was

determined by nucleotide blast in Molligen 3.0 (20).

127



2.3 Growth analysis and stability of transposon mutants

Growth rate and insertion stability of each of the transposon mutants were
assessed in Aluotto medium. Mycoplasma cultures were grown up to 72 h and
then plated on Aluotto agar plates at regular intervals to assess the growth.
The transposon mutant stability was assessed as described earlier (21)
except for the loss or movement of the transposon that was determined by

SSM PCR (see below).

2.4 Signature Sequence Mutagenesis (SSM) PCR

SSM PCR is based on genetic foot printing for identification of attenuated
mutants in vivo (21). Gene-specific primers were designed in such a way that
amplicons had a size between 200-1000 bp (Supplementary Table 1). The
PCR conditions were validated for individual mutants and mutant pools. Each
25 pl PCR reaction mixture contained 300 ng of template, 2mM MgCl,, 100
UM dNTP, 1 uM of each primer and 1.2 U HOT FIREPoI® DNA polymerase in
1x Buffer B (Medibena Life Science and Diagnostic Solution, Vienna, Austria).
Amplification conditions were 95°C for 12 min; 94°C for 1 min, 54°C for 30 sec
and 72°C for 1 min (30 cycles); and 72°C for 5 min. The PCR products were
separated on 1% agarose gel before staining with ethidium bromide and

visualizing using the Gel Doc™ XR+ System (Bio-Rad, Hercules, CA, USA).

2.5 Animals and ethical statement
Screening was done in lactating ewes of 1-2 year age that were purchased
from a local sheep flock after serological examination and housed in separate

stables. All procedures related to the animal experiments were performed with
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the permission of the Ethics Committee of the University of Veterinary
Medicine Vienna and the Austrian Federal Ministry for Science and Research
(field of engineering and animal testing) based on the approval numbers

BMWF-68.205/002- 11/3b/2011 and BMWF-68.205/0104-11/3b/2012.

2.6 Initial screening

A total number of 9 sheep was used in the initial screening to assess the
attenuation of 45 different transposon mutants. They were randomly divided
into three groups of three sheep each. The viability of the inoculum following
one freeze-thaw cycle was calculated as described previously (12). Based on
the viability, pools of 15-19 mutants were prepared by mixing equal
proportions of each mutant to get a total number of 10° viable mycoplasma
cells to be inoculated per sheep. Group | infected with 15 mutants, group Il
infected with 17 mutants and group Il infected with 19 mutants were screened
for potential virulence factor. Five mutants kept common between the groups
as ‘watermarks’. Each sheep received in the right teat canal 5 ml of inoculum
containing 10° cfu of the mutant pool prepared in PBS. One portion of the
inoculum was grown in 30 ml Aluotto medium to isolate the genomic DNA
from the ‘input pool’ to be analyzed by SSM PCR.

Two weeks post infection (p.i.), the sheep were necropsied, and samples of
the spleen, liver, lung (left and right), uterus, kidney (left and right) and
synovial fluid from the left and right knee were aseptically removed. The tissue
samples were inoculated in 3 ml of Aluotto medium containing 50 pg/ml of
gentamicin, penicillin and thallium acetate, respectively, and incubated at

37°C for 7 days or till the growth was evident by metabolic color change.
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Simultaneously, 10- and 100-fold diluted tissue samples in Aluotto medium
were also incubated to reduce the inhibitory effect of tissue components. The
genomic DNA (‘output pool’ DNA) from each grown culture was extracted, and
the presence of M. agalactiae in these samples was checked by 16S rDNA
specific PCR (22) and by plating on Aluotto agar plates. M. agalactiae-positive
output pool DNA was used to perform SSM PCR to determine the presence or
absence of individual mutants in the output population by using primer sets
containing a transposon-specific primer (IS-N) and a primer specific for each
transposon mutant (Supplementary Table 1). The amplicons were visualized
in an ethidium bromide-stained 1% agarose gel. The PCR profile from this
output population was compared to the input population profile, and those
mutants not present in the output population but present in the input pool were
considered as absent. The PCR analysis was repeated with M. agalactiae-
positive samples from each sheep using primers specific for each mutant in
the mutant pool. The results were evaluated individually for each sheep in
terms of the totally absent mutants, and then the average based on three
sheeps was calculated. The final results are expressed as ratio of average

SSM PCR positive samples to the total samples analyzed for each mutant.

2.7 Confirmatory screening

All mutants found to be attenuated in the initial screening experiment were re-
screened to confirm their possible role in M. agalactiae pathogenesis. A total
of 14 mutants that were in the initial screening identified as attenuated were
pooled and infected into three sheep via the intramammary route for

confirmatory screening using the same set up and procedures as described in
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the previous section (Section 2.6). Apart from the tissue samples also
included in the initial screening experiment, additional samples such as brain,
heart, and carpal joint tissues were also examined. The presence or absence
of M. agalactiae in isolated tissue samples from the mutant-infected animal

group was compared with that of the wild type PG2-infected group (15).

2.8 Cell culture

The HelLa-229 (ATCC CCL-2.1) and J744A.1 (ATCC TIB-67) cell lines used in
this study were purchased from the American Type Culture Collection (ATCC,;
Manassas, Va. USA) and certified to be free of mycoplasmas. HelLa-229 cells
were maintained in MEM with 10% heat-inactivated FBS, and J744A.1 cells
were propagated in DMEM with 10% FBS and 2mM L-Glutamine (Sigma).
Trypsin and 1x PBS were purchased from PAA Laboratories GmbH
(Pasching, Austria) or Sigma-Aldrich. All cell cultures were regularly checked

for mycoplasma contamination by culture and PCR.

2.9 Quantitative growth analysis in mammalian cells

The ability of the mutants and the wild type PG2 strain to grow in the presence
of HelLa cells was examined quantitatively by co-cultivation. The mutants and
wild type strain PG2 were grown as described before (see section 2.1). PG2
and mutant cultures were diluted in MEM and co-infected with 4x10* HeLa
cells/well to get an MOI of 10-50 in 24- well tissue -culture plates
(CELLSTAR® Greiner Bio-One GmbH, Germany). The infected cells were
incubated at 37°C with 5% CO, for 48 h. The supernatant along with the

trypsinized mycoplasmas containing Hela cell suspension were serially
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diluted in SP4 medium and plated on SP4 agar plates with appropriate
antibiotics. All the experiments were carried out at least three times in
duplicates. The results were represented as doubling time that was calculated
by using the following formula:

Doubling time = (t2-t1) X (log (2)/ log (cfu at t1/ cfu at t1)

t1= Starting time of assay; t2= End time of assay

2.10 Macrophage killing assay

The ability of M. agalactiae to kill infected murine macrophages J744.A1 was
assessed quantitatively by a non-radioactive colorimetric assay. The release
of LDH was quantified using the CytoTox 96° Non-Radioactive cytotoxicity
assay kit (Promega). Initially, pilot experiments with uninfected J744A.1 cells
were performed to determine the optimum number of target cells to be used
with the CytoTox 96° assay according to the manufacturer’s instructions. A
96-well V-bottom shaped microtitre plate containing 5x10° cells/well of
J744 A1 was infected with M. agalactiae wild type strain and mutants to get
an MOI of about 100. The plates were centrifuged at 250xg for 4 min at RT
and incubated at 37°C with 5% CO, for 24 h. The released LDH as an
indicator of macrophage cell lysis expressed in percentage of cytotoxicity was
calculated using the formula given in the kit protocol. The assay was done in

triplicate and repeated at least twice.

2.11 Statistical analysis
The SSM PCR results were expressed as percentage of attenuation *

standard deviation from each group of three sheep. Mutants with 100%
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absence were considered attenuated, and results from both screening
experiments were compared using the Mann-Whitney test (23). The results of
the in vitro assay were statistically analyzed by the unpaired parametric
Student’s t test using the GraphPad Prism 5 software (Graphpad Software
Inc, CA, USA), and a value of P<0.05 was considered as statistically

significant.

3 Results

3.1 M. agalactiae genes required for systemic spreading and
colonization

The study was carried out in two parts, of which the first one was an initial
screening experiment while the aim of the second one was to confirm the
initial data. A total of 45 mutants were tested in the initial screening by
intramammary infection of lactating ewes. Before using the mutants in the in
vivo infection study, in vitro growth curve analysis was performed. The results
showed no defect in growth except a pdhB mutant that was growing one log
slower in logarithmic phase of growth (Hegde et al., unpublished). The slowly
growing pdhB mutant was included in the study to assess its replication and
survival inside the host. Earlier such studies have also included mutants that
were growing more slowly in vitro to assess their in vivo fithess (24, 25).
Additionally, transposon stability analysis of mutants revealed that all the
insertions were stable even after 30 in vitro passages in non-selective medium
(Fig. S1). Two weeks p.i., the tissue samples collected at necropsy were

transferred into Aluotto medium, and DNA was extracted from the cultures
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before checking by M. agalactiae-specific PCR (22). Of the tissue samples,
the left lung, liver and spleen were negative in all nine sheep (Table 1).
Additionally, these negative samples did not show any amplification in SSM
PCR (Fig. S2). Hence, it was considered that these mutants were attenuated,
at least they were unable to colonize these three inner organs. The uterus and
the synovial fluid from the left knee were positive for M. agalactiae in four and
7 sheep, respectively (Table 1). The SSM PCR results revealed mutants with
disrupted rnhll, ptsL, fusA, araD, IpIA or other genes that were detected in the
uterus and synovial knee fluid demonstrating that these gene defects did not
affect their ability to colonize these organ-specific sites. Other organs such as
the left and the right kidney, the right lung, the joint of the right knee were

colonized in one to three sheep.

SSM PCR was performed with all M. agalactiae-positive and a few negative
samples to identify the attenuated mutants. A mutant that was absent in 295%
of tissue samples from each group was considered as attenuated. After
analyzing the complete set of tissue samples from all 9 sheep, 21 mutants
were identified that were absent at a frequency of 295% in the distant sites
(Table 2). When comparing the SSM PCR results, there were 14 mutants
absent altogether. Genes such as lip, MAG6200, MAG0110, MAG1790,
MAGO0390, MAG0250 and atpA were absent only in systemic locations (Table
2). Thus, 14 mutants that were not present at a percentage of 295% in the
udder, LNs and systemic sites were considered as attenuated in this initial
screening experiment and therefore used in an additional screening

experiment to confirm these data (Table 2). The total number of attenuated
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mutants identified by initial screening corresponds to about 31%, and this is
higher than previously reported (26, 27). Earlier studies have analysed
attenuated bacterial mutants individually in in vivo competition experiments
with the wild type strain to determine the competitive index (Cl) (27). In this
study using the sheep infection model it was difficult to analyse such a high
number of individual mutants through in vivo challenge or competitive
experiments due to the unavailability of a larger number of animals and the
required resources. Instead, we decided to test these mutants by pooling
them and using them again for infection of sheep in a confirmatory screening
experiment. After two week of infection, tissue samples from heart, brain,
carpal joint (left and right) in addition to lung (left and right), kidney (left and
right), spleen, liver, synovial fluid of the knee (left and right), and uterus were
taken and incubated in Aluotto medium. As no growth was detected after
enrichment in Aluotto medium and direct plating on Aluotto agar plates, all
mutants re-screened in the confirmatory screening experiment were defined
as attenuated with respect to the different host sites investigated. In an
independent study where spreading of the wild type PG2 strain into distant
body sites was assessed through intramammary inoculation, dissemination
into different body sites such as uterus, kidney, lung and popliteal LN was
confirmed by PCR and immunohistochemical analysis (15). Hence, the
present results indicate that transposon insertions into specific genes are
responsible for the inability of these mutants to spread systemically and

colonize distant body sites.
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In order to estimate the reproducibility of results obtained with common
‘watermark’ mutants between different groups in the initial screening, the
Mann-Whitney test (Mann & Whitney, 1947) was applied. The results indicate
no significant difference in average percentage of absence (P>0.05) of

attenuated mutants that are common between the groups.

3.2 Phenotypic analysis of attenuated mutants

The results obtained from the in vivo screening studies showed attenuation of
M. agalactiae in different body sites, and this refers to about 31% of the
mutants included in this investigation. Our anticipation was to identify a single
locus involved in M. agalactiae pathogenesis, however, the results indicate
that more than one genetic locus seems to play a pathogenetic role, although
it is difficult to predict the function of these genes in virulence without studying
their role as individual genes. Whereas it is difficult to study a single mutant in
a challenge study along with the wild type PG2 strain, all these attenuated
mutants can be instead used in in vitro assays to assess their interaction with
host cells in cell culture. The ability of these mutants to grow in the presence
of HelLa cells and their involvement in killing of murine macrophages was
assessed as described above in the Materials and Methods section. The
results showed that mutant pdhB, oppC and MAG4460 were growing more
slowly in the presence of HelLa cells as compared to the PG2 strain. Growth of
mutant pdhB was significantly (P<0.05) less than of other mutants, and this
corresponds to an about two-fold higher growth index compared to the wild
type strain (Fig. 1). Similarly, mutants oppC (P<0.005) and MAG4460

(P<0.05) were growing considerably slower compared to the wild type (Fig.1),
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even though their multiplication was normal in axenic medium (data not
shown). In contrast, mutants MAG1890 and MAG2540, which were showing in
an independent study reduced growth in the presence of bovine cell lines
(28), did not show any defect in growth (Fig.1).

The ability of the mutants and of the wild type strain to kill murine
macrophages was assessed using a non-radioactive based assay. None of
the mutants showed significantly altered killing compared to the wild type
PG2. However, the mutant MAG5520 was nearly two-fold deficient (P>0.05) in
killing (Fig. 2). This mutant showed only 13% of macrophage killing at 24 h p.i.
whereas the wild type exhibited a cytotoxicity rate of about 27%. All other
attenuated mutants showed a similar killing rate of macrophages as the wild
type (Fig. 2). Hence, these results suggest that transposon insertions into

specific genes did not alter the killing ability of these mutants.

4 Discussion

Bacteria belonging to the genus Mycoplasma are capable of causing chronic
and persistent infections in variety of hosts. As a pathogen of small ruminants,
M. agalactiae is capable of subverting the host immune response through its
sophisticated Vpma antigenic variation system (12). Besides this, the factors
involved in the pathogenesis of M. agalactiae are largely unknown. The aim of
the study presented here was to identify in the sheep intramammary infection
model genetic factors of M. agalactiae that play a role in colonization of
systemic sites in the natural host. Successive screening of mutants enabled

the identification of 14 defective genes in total that are obviously required for
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systemic spreading and colonizing of different inner organs (Fig. 3). In
particular, whereas disruption of 7 genes resulted in attenuation only with
respect to systemic spreading and colonization, other attenuated mutants did
not colonize the udder and local lymph nodes (Fig. 3). These results therefore
suggest a different role of genes in causing local and systemic infection.
Among the 7 attenuated mutants unable to cause systemic infection and to
colonize inner organs, genes such as oppB, oppC and gtsB are acquired from
the mycoides cluster through horizontal gene transfer (9). Genetic factors
identified in M. agalactiae as being relevant for pathogenicity could therefore
also be important in understanding the infection biology of other mycoplasma
species belonging to the mycoides cluster.

Metabolic proteins and transporters are known to play a crucial role in
mycoplasma pathogenesis (29-32). This study identified two genes coding for
the permease component of an oligopeptide transporter, namely oppB and
oppC, and it is the first time that these genes are being implicated to play a
role in mycoplasma pathogenesis. The oppA gene, coding for an ATP binding
domain of an oligopeptide transporter in M. hominis, was shown to be
important for the interaction with host cells and was associated with apoptotic
cell death (33). The involvement of permease components in virulence has
been so far reported only for pathogenic bacteria other than mycoplasmas
(34-37). In addition, the mutant oppC is also growth-deficient in the presence
of HelLa cells indicating that the transport of peptides is important for both in
vitro and in vivo survival of M. agalactiae. Based on these in vitro and in vivo
data nutrient acquisition such as the uptake of small peptides seems to play

an important role in survival of M. agalactiae in the host. Likewise, glycerol
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plays a crucial role in mycoplasma pathogenesis as a substrate for toxic
metabolic products like H2O, (32, 38).. In this study, a mutant defective in the
permease component of a glycerol ABC transporter (gfsB) is unable to survive
in systemic sites. The genes involved in transport and metabolism of glycerol
are considered as virulence factors (29-31, 38). The glycerol transport locus is
well-characterised in mycoplasmas of the mycoides group (39) and has been
shown to play a role in virulence (32). As M. agalactiae acquired its gtsABC
from the mycoides cluster through horizontal gene transfer (4), it is likely that
this locus also plays a role in its pathogenesis. Production of H,O, has been
reported in M. agalactiae (40), but there is no study showing its link to glycerol
transport and metabolism. Taking into account that gisB mutant was found to
be attenuated in this study; further analyses could prove the role of the
glycerol uptake system and the catabolism of glycerol in pathogenesis of M.
agalactiae. At least it is clear from these findings that transport of metabolic
substrates is important for the survival of M. agalactiae within its natural host.

Apart from oligopeptide transporter genes, disruption of genes coding for the
beta subunit of the pyruvate dehydrogenase complex was also found to result
in attenuation. This gene is responsible for the metabolism of pyruvate, which
is the major energy yielding process in M. agalactiae (41). The pdhB mutant
was showing reduced growth in axenic medium during logarithmic phase, but
was recovered in vivo from the udder and lymph nodes of infected animals in
the confirmatory screening experiment (Hegde et al., unpublished data)
indicating its survival in local sites of infection. But the attenuation of this
mutant with respect to systemic sites shows its inability to disseminate

throughout the body to cause systemic infection. As systemic spreading and
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cell invasion are related (15, 42), it is possible that the mutant’s inability to
cross the epithelial barrier may be responsible for its deficient spreading
capacity. Additionally, the pdhB mutant also showed a growth defect in the
presence of HelLa cells in vitro and this may be due to its inability to interact
with host cell proteins. Earlier studies with M. pneumoniae have shown that
PdhB is binding to extracellular matrix (ECM) proteins such as fibronectin,
plasminogen (43, 44). Thus, like many other mycoplasmas (45, 46), M.
agalactiae might also be utilising a single gene product to carry out multiple
functions.

Aminopeptidases play important roles in pathogenesis of bacteria by providing
a source of amino acids from exogenous proteins by destroying host
immunological effector peptides. An M. agalactiae mutant with disruption of
the gene coding for glutamyl aminopeptidase (MAG5520) was unable to
survive inside the infected sheep. This mutant also showed reduced killing of
murine macrophages as measured in the cytotoxic assay. A similar protein in
M. hyopneumoniae was able to bind and cleave plasminogen (46) and,
importantly, it exhibits more than 50% identity to the M. agalactiae
aminopeptidase. Hence, it is possible that disruption of this gene results in
the inability or reduced the ability of the organism to generate amino acids for
its survival inside the host. As shown for M. hyopneumoniae, the
aminopeptidase is surface-located (46) so that a transposon insertion as in
the M. agalactiae mutant may affect the ability to induce macrophage cell
death.

In addition to mutants of annotated genes, this study was able to identify loci

coding for hypothetical or conserved hypothetical proteins. Mutants with
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disrupted genes MAG1890 and MAG3650 both coding for proteins of
unknown functions are attenuated only in systemic sites but they were
recovered from the udder and LNs. An independent study has shown that
transposon insertion in MAG1890 resulted in reduced interaction with HelLa
(13) and TIGMEC or TIGEF cells (28). However, our studies with HelLa cells
did not show significant difference in growth (P>0.05). This may be due to the
difference in the cell lines used. Mutation of MAG3650, which codes for a
hypothetical protein, resulted in attenuation only in terms of systemic
dissemination and colonization. Sequence analysis showed 86% identity to a
putative membrane protein of M. bovis (MBOVPG45 _0454). Since both of
these ruminant mycoplasmas cause similar infections in their respective
hosts, they also might share their protein functions. Thus, deciphering the role
of unknown protein in one species might be applied for the other one. These
results indicate that apart from known lipoproteins, transporters and metabolic
proteins acting as virulence factors, hypothetical proteins seem to play a
crucial role in M. agalactiae pathogenesis.

Altogether, the study presented here has shown the possible role of several
genomic loci involved in spreading of M. agalactiae during experimental
infection of lactating ewes. The results provide a better understanding how M.
agalactiae utilizes its genomic machinery to establish systemic infection in its
natural host. To our knowledge, this is the first report describing the potential
role of a set of different genetic factors involved in local and systemic M.
agalactiae infection of small ruminants. Further studies of these factors in
individual infection experiments could pave the way to identify a suitable

mutant that can be developed further as good vaccine candidate.
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Tables and Figures

Table 1. Detection of M. agalactiae in tissue samples 2 weeks p.i. by M.

agalactiae-specific PCR. NA- Not applicable

Positive samples/total number of samples

examined
Organ/Site Expt. | Expt. Il
Liver 0/9 0/13
Spleen 0/9 0/13
Kidney L 1/9 0/13
Kidney R 2/9 0/13
Lung L 0/9 0/13
Lung R 1/9 0/13
Uterus 4/9 0/13
Knee Fluid L-Synovial Fluid 3/9 0/13
Knee Fluid L-Synivial Fluid 7/9 0/13
Heart NA 0/13
Brain NA 0/13
Carpal joint fluid L NA 0/13

Carpal joint fluid R NA 0/13
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Table 2. Absence of mutants in systemic sites (inner organs), LNs and udder,
systemic sites LNs and udder combined based on SSM PCR primary

screening results

Percentage absence

Mutant Gene SySt:iTei: LNj da(;(: s?t);sst,em:

and udder
Apo7 MAG1890 100 100 100
6-9-2 MAGO0360_oppC 100 95 97
6-15 lip 96 92 94
6-14 MAG4970 uhpT 96 97 96
6-29 MAG0940_pdhB 96 100 98
6-32 MAG1390_eutD 96 100 98
ST w e o
9-40 MAG2320_gtsB 100 95 97
Apo2-12 MAG1050 100 100 100
15-2 MAG6200 96 87 91
170 MAGO0110 92 92 92
3-29 MAG2540 100 100 100
3-4-0 MAG3390 100 100 100
9-28 MAGO0390 96 87 91
81-1 MAG0370_oppB 100 98 99
14 MAG1790 96 69 82
137 MAG4460 100 100 100
96-2 MAG2930_atpA 96 87 91
5-1 MAG0250 96 79 87
7+1-3 MAG3650 100 100 100

23 MAG5520_aminopeptidase 96 100 98
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Table 3. Categorization of disrupted genes in mutants confirmed to be attenuated

in systemic sites by confirmatory screening experiments

Mutants Gene ORF identity
Apo7 MAG1890 Hypothetical protein

Pyruvate dehydrogenase beta
6-29 MAG0940_ pdhB

subunit

Oligopeptide ABC transporter
6-9-2 MAGO0360_oppC

permease proteins
7+1-3 MAG3650 Hypothetical protein

Glycerol ABC transporter
9-40 MAG2320_gtsB

permease
23 MAG5520_aminopep Aminopeptidase

Oligopeptide ABC transporter
81-1 MAGO0370_oppB

permease component
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Figure 1. Doubling time of the wild type strain PG2 and mutants in the
presence of HelLa cells 48 h p.i. Each bar represents the average doubling
time + standard deviation of three independent experiments done in

duplicates. *P<0.05; ** is P<0.005

Doubling timein h
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Figure 2. Percentage of cytotoxicity of the wild type strain PG2 and mutants in
murine macrophages J744.A1 at 48 h p.i. Each bar represents the average
cytotoxicity + standard deviation of three independent experiments done in

triplicates.
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Figure 3. Colored circles depict disrupted genes of attenuated mutants in
systemic sites (red) and in the udder and lymph nodes (blue). The total
attenuated mutants are represented in the green circle combining systemic

sites, lymph nodes and udder.
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Supplementary Tables

Table S1. Gene-specific primer sequences used in SSM PCR

Mutant Primer designation Gene Primer sequence
Apo7 MAG1890 R MAG_1890 CTAATG TTG GAG CAC TAG TGT G
Apo 6 sgae F MAG_6330 GCGACACTTAAG CCT GAAG
26 oppF F MAG_0340 CCTAGACATTGT CTATGG CTC
3-1 PtsL ptsL R MAG_6300 CAG ATAACA CAG CTG CTG CAG
3-15 fusA FusAF MAG_5920 GCAATC AGG TGG TAAAGG TC
6-9-2 oppC F MAG_0360 GTAGCAACG TTT GGG ATAG
6-14 uhpT F MAG_4970 TAG GTG GTAAGG GTG TTG TG
6-15 LipR MAG_0040 GTGTCCTGTTTTAGG CATTC
6-21 MrzAR MAG_3740 AAC TCG TCC TCACTATAAG
6-29 pdhBfpN MAG_0940 ACTTGC CCATGG AATAATTGTTCC C
6-32 Pta R MAG_1390 ACATCG TCAGTTAAG CTT CC
7+1-8 ZincR MAG_4010 CTT CTT TAT TTC ATC ACT AGG
8+1-5 Rnh R MAG_6730 TAATCT GTG TTC AGG AGA GG
9-31 AdhT_Nox R &hﬁ;‘%—zfg t?O CAA TAA CAG CTC TTC CTAAG (primer for MAG_2630)
9-40 gtsBfpN MAG_2320 ACT TAT CCATGG CAAGCATTGAAG TTG
Apo2-12 MAG1050 F MAG_1050 ATG TTATCAATG CCG GTAGC
1-3-0 MAG2810 R MAG_2810 GTAATT TAG CTG CAATGC CCG
15-2 MAG6200 R MAG_6200 GGC ATATGA GGC AAT TGAAG
170 MAGO0110 F MAG_0110 GCTTCTGTTGGTTGG TTC TC
3-29 MAG2540 F MAG_2540 TAACCC TGG TGACACAAC TG
4-1-0 GTPR MAG_3820 GTG GCAAATATC TCCATCTTGC
8+1-4 ABC ATP F MAG_5960 GCC AAG ACC ATAATG CTT ATG
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Table S1 contd. Gene-specific primer sequences used in SSM PCR

Mutant Primer designation Gene Primer sequence
8+1-8 SGAT R MAG_6380 AGC TGT GCG CCT AAT GACAC
3-4-0 TonB R MAG_3390 AGC CTATGT AAT CCG GAT G
9-28 MAGO0390 F MAG_0390 GTGCTC TTACAC CAAACT CAAC
62 LplAF MAG_0070 CAG CACAACTTG GAAGTTGTTC
212 T3RMR MAG_1530 CAT GAC CAGTTGTTC CTGAACC
9-8 pdhD F MAG_0960 CAT TGC CTG CAT CAATGG TC
9-16 MAG1450 F MAG_1450 ATT GTT GCT TTC ATACCG CC
81-1 oppB F MAG_0370 CTC GTC AAT TCC ATC ACT AG
3-20 Nox F MAG_4340 GAATTT AGT CAACCAGATGGT C
13 VpmaX F MAG_7070 TAC TTG GATCGG TTGCTTC
14 Meth F MAG_1790 ATG ATAAGA GTTATT TCAGGC
137 Acidph F MAG_4460 AGC TGC TACATG TCAAGATCC
8-1 Dgk R MAG_0180 GCG GAATGATAAGTAGTG G
1-2-0 PenAF MAG_6360 CTG GAATGG GAACCAGCATG
96-2 AtpA_2930 R MAG_2930 TCT CCT AAT TTAAGT GCAAC
5-1 Indi F MAG_0250 GTAAGG AAG TTGAAAGCG C
6-13 MAG1570 R MAG_1570 TCCACG TCT GTAATTTCACC
7+1-3 MAG3650 F MAG_3650 GGC TTG GAATGATTGATG G
23 Amino pep R MAG_5520 AGT AGG AAC ACC ACC AATACC
6-12 Transreg F MAG_6310 GCC AAT TCATCAGAAGCAGC
San5 MAG3120 R MAG_3120 GAT GTACCATTT GAG CCT G
VpmaY 6-15 VpmaY F MAG_7080 ATC AGT TGC TTC AAT GGC CTC
3-23 MAG6410 lipo F MAG_6410 ATGACT TTG GCAAGG TTC AGG
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Figure. S1. Transposon stability analysis (A) Comparison of cfu/ml of each
mutant passaged 30 times in non-selective medium and plated separately on
SP4 agar plates with (+) or without (-) gentamicin. This procedure was
repeated with all the mutants used in the sheep infection. (B) SSM PCR
performed with genomic DNA isolated from mutants 8-1 and 13 before (PO)
the first passage and after the 30™ passage (P30). All other passaged mutant
used in the sheep infection experiments were similarly analyzed by PCR.

M, 1 kb marker; C, PCR control
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% M C PO P30 PO P30
5.0%1010<
0.0
‘;'\Q

<

B + gentamicin mmmm - gentamicin

154



Figure S2. M. agalactiae-specific 16S rDNA PCR of samples from infected
sheep after necropsy.

M, 1Kb ladder; 1, uterus; 2, synovial fluid, knee right; 3, suprammammary LN
right; 4, LN mesenterialis; 5, LN mediastinalis; 6, udder left; 7, ung left; 8,

spleen; 9-, iver; 10, M. agalactiae type strain PG2.

M1 2 3 4567 8910
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5 Summary

Mycoplasma agalactiae is the main causative agent of the Contagious
Agalactia (CA) syndrome in sheep and goats, which is mainly characterized
by mastitis, conjunctivitis and arthritis. Despite causing significant economic
losses, the pathogenic mechanisms and attributes of this important pathogen
are still largely unknown, a fact that can be mostly attributed to its long
resistance to genetic manipulation. However, our mycoplasma research
laboratory reported the first successful genetic manipulation of M. agalactiae
using Tn4007mod, and this paved the way for a better understanding of its
pathogenesis. This dissertation project exploited the use of a heterogenous
pool of Tn mutants that were simultaneously screened in a sheep
intramammary infection model. Screening of 45 different mutants through two
successive cycles using a negative selection method identified 14 disrupted
genes that are likely to play an important role in M. agalactae pathogenesis.
The results demonstrated attenuation of mutants harboring insertions in
different functional genes, some of which have also been previously
implicated in the pathogenesis of other bacteria, thus underlining their
potential similar role in M. agalactiae infections. Furthermore, many
attenuated mutants were identified to carry insertions in hypothetical genes,
thus assigning an important function to these genes in M. agalactiae host
colonization. Some of the mutants are attenuated only in the udder and
lymph nodes indicating the importance of the corresponding mutated genes in
local infection and lymphogenic spreading. In vitro studies with attenuated

mutants revealed that some of them are significantly deficient in their ability to
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grow with Hela cells during co-cultivation assays, and also in killing murine
macrophages, when compared with the wild type PG2 strain. Results of in
vitro analysis of a pdhB mutant revealed its growth deficit in axenic medium
during log phase. Additionally, this mutant also exhibited smaller colony size
and was deficient in invading Hela cells. Genetic and functional
complementation was achieved by cloning the full-length pdhB gene in a
newly developed expression vector that was transformed into the mutant. As
expected the complemented clones regained their normal in vitro growth
profile, colony size and HelLa cell invasion capacity that were comparable to
the wild type strain. Hence, results from in vitro and in vivo studies with
transposon mutants identified new genetic factors involved in M. agalactiae

infection.

This project also investigated whether M. agalactiae has the capability to
enter, survive and exit the eukaryotic host cells in a viable state, as this could
explain the chronic, persistent and difficult-to-eradicate nature of its infections
in spite of long antibiotic therapies. The data obtained provide evidence for
the first time that M. agalactiae is able to invade eukaryotic host cells whereby
quantitative data are supported by the corresponding results of the qualitative
double immunofluorescence assay. Intracellular mycoplasmas were detected
not only after in vitro infection but also in vivo in various tissue samples from
experimentally infected sheep using immunohistochemistry. Also, by the
isolation of mycoplasmas from various inner organs of sheep experimentally
infected via the intramammary route we have formally demonstrated that M.

agalactiae has the capability to cross local epithelial barriers and to
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disseminate to distant body sites. Overall, the findings of these in vitro and in
vivo studies indicate that M. agalactiae is capable of entering host cells. This
might be the strategy that M. agalactiae employs at the population level to
evade the host immune response and antibiotic action, and to disseminate to
new and safer niches where it again may proliferate upon the return of

favorable conditions, with the outcome of a persistent chronic infection.

Altogether, the results presented in this dissertation show different facets of
M. agalactiae pathogenesis. Each of the identified attenuated mutants has the
potential to be developed into a good candidate vaccine after thorough further
analysis. Demonstrating the ability of M. agalactiae to invade host cells for the
first time is also an important step in understanding the persistent and chronic
nature of M. agalactiae infections and diseases. The results are anticipated to
advance our understanding of the complex mechanisms involved in the

overall success of this small ruminant mycoplasma species as a pathogen.
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6 Appendix

6.1 Solutions and Media

6.1.1 Media, media additives and antibiotics

SP4 Broth 0.35% mycoplasma broth base (Oxoid)

1% tryptone (Oxoid)

0.53% peptone (Merck)

pH 7.8 with NaOH (Sigma)

autoclaved at 120°C for 20 min

17 ml/100 ml heat inactivated fetal calf
serum (Gibco)

5 ml/100 ml CMRL (Invitrogen)

5 ml/100 ml 4% aqueous yeastolate
solution (Difco)

2.5 ml/100 ml 15% filter sterile yeast
extract solution (Glbco)

1 ml/100 ml 50% filter sterile glucose
solution (Roth)

1 ml/100 ml 0.5% filter sterile phenol
red solution (ICN Biomedicals)

2 ml/100 ml 25% filter sterile sodium

pyruvate (Sigma) solution
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SP4 agar plates

Aluotto Broth

Aluotto agar plates

LB Broth

LB agar plates

SP4 broth with 1% noble agar (Difco)
before autoclaving add ddH20 instead
of phenol red and sodium pyruvate

solutions

2.1% Heart infusion Broth (Difco) pH 7.8
with NaOH and autoclaved

10 ml/100 ml heat inactivated horse
serum (Gibco)

3.7 ml/100 ml 15% yeast extract
solution

1 ml/100 ml 0.5% phenol red solution

2 ml/100 ml 25% sodium pyruvate

solution

Aluotto broth with
1% noble agar (Difco) before autoclaving
ddH20 instead of phenol red and

sodium pyruvate solutions

5% yeast extract (Merck)
10% NaCl (Roth)

10% tryptone (Oxoid)

LB broth with 1.5% agar (Oxoid)
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Ampicillin Stock (Roth)

Tetracycline Stock (Sigma)

Gentamicin Stock (Sigma)

Thallium acetate stock (Roth)

6.1.2 Southern Blot analysis

Depurination Solution

Denaturation Solution

Neutralization Solution

20 x Sodium Chloride

Sodium Citrate Buffer (SSC)

Maleic Acid Buffer

100 mg/ml in ddH20

10 mg/ml in ddH20

10 mg/ml in ddH20

10 mg/ml in ddH20

250 mM NaCl (Roth)

500 mM NaOH (Roth)

1.5 M NaCl (Roth)

500 mM Tris (Roth)

3 M NaCl (Roth)

pH 7.5 adjusted with HCI (Roth)

3 M NaCl (Roth)

300 mM sodium citrate (Roth)

100 mM maleic acid (Roth)

150 mM NaCl (Roth)
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Washing Solution

Blocking Solution

Detection Buffer

6.1.3 Agarose gel electrophoresis

6 x DNA Loading Buffer

50 x TAE

Agarose gel

pH 7.5 adjusted with NaOH (Roth)

maleic acid buffer with 0.3% Tween 20

maleic acid buffer 1% blocking

reagent (Roche)

100 mM Tris (Roth)
100 mM NaCl (Roth)

pH 9.5 adjusted with NaOH (Roth)

40% glycerol (Roth)

0.1% bromophenol blue (Sigma)

2 M Tris (Roth)

1 M acetic acid (Roth)

500 mM EDTA (Merck)

0.8 - 1% agarose (Roth) boiled in 1X

TAE
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6.1.4 Cell culture

Minimum Essential Medium

Trypsin-EDTA

6.1.5 DNA isolation

Washing Solution

Suspension Solution

Phenol / Chloroform /

Isoamyl Alcohol Solution (25:24:1)

TE Buffer

RNase Stock (Roth)

Proteinase K Stock (Roth)

500 ml MEM (Gibco)

10 ml/100 ml heat inactivated fetal
calf serum

3 ml/ 100 ml Non-Essential Amino
acid (NEA) (PAA laboratories)

1X trypsin-EDTA (PAA laboratories)

250 mM NaCl (Roth)

100 mM EDTA (Merck)

50 mM Tris pH 8.0 (Roth)

10 mM EDTA (Merck)

(Sigma)

10 mM Tris pH 8.0 (Roth)

1 mM EDTA (Merck)

10 mg/ml in ddH,0

10 mg/ml in 10 mM Tris pH 8.0 (Roth)
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Potassium Acetate

Sodium Acetate

5 M potassium acetate (Roth) in ddH20

3 M sodium acetate (Roth)

pH 5.2 adjusted with HCI (Roth)

6.1.6 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE)

APS Solution

40% Acrylamide Solution

Urea Stock

SDS Stock

TEMED Solution

Resolving Gel Buffer

Stacking Gel Buffer

10% ammonium peroxide sulfate

(Roth) in ddH20

(Roth)

30% urea (Roth) in ddH20

10% SDS (Roth) in ddH20

(Roth)

1.5 M Tris (Roth)

pH 8.8 adjusted with HCI (Roth)

250 mM Tris-HCI pH 6.8 (Roth)

50% glycerol (Roth)
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10% SDS (Roth) 7.5% DTT (Roth)

0.1% bromophenol blue (Sigma)

10 x Laemmli Electrode Buffer 250 mM Tris (Roth)

(LEB) 1.9 M glycine (Roth)

6.1.6 Western blot and colony blot analysis

10 x Tris Buffered Saline (TBS) 1.5 M NaCl (Roth)

100 mM Tris (Roth)

pH 7.4 adjusted with HCI (Roth)

TBS Tween 1 x TBS 0.05% Tween 20 (Roth)

Ponceau Stain 0.25% Ponceau S (Roth)

5% acetic acid (Roth)

Blocking Solution 3% milk powder (Bio-Rad) in 1x TBS

CN Stock 0.3% 1-chloro-4-naphthol (Bio-Rad) in

100% methanol (Roth)

CN Working Solution 2 ml CN stock
10 ml 10 x TBS

10 pl H202
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Blotting Buffer

6.1.7 Double Immunofluorescence

PBS+ 2% BSA

Mowiol Solution |

Mowiol Solution I

Mounting Medium

1 x LEB 20% methanol (Roth)

1x PBS (Gibco) + 2% BSA (Roth)

20 g MOWIOL 4-88 (Hoechst)

80 ml PBS pH 7.3 stir over night

40 ml Glycerin (Merck) stir over night
Centrifuge 15,000 RPM for 1 hr
remove supernatant, add 0.1% NaN3

Store at 4 °C

2.5 g n-propyl-Gallat (Sigma) in 50 ml
PBS pH 7.0
50 ml Glycerin (Merck) stir over night

Store at 4 °C in dark

Mix 3 vol. of sol. | and 1 vol. of sol. Il

before use
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