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Abstract

Compared with other bacterial pathogens, the molecular mechanisms of mycoplasma 

pathogenicity are largely unknown. Several studies in the past have shown that pathogenic 

mycoplasmas are equipped with sophisticated genetic systems that allow them to undergo high-

frequency surface antigenic variations. Although never clearly proven, these variable mycoplasma 

surface components are often implicated in host immune evasion and adaptation. Vpma surface 

lipoproteins of the ruminant pathogen Mycoplasma agalactiae are encoded on a genomic 
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pathogenicity island–like locus and are considered as one of the well-characterized model systems 

of mycoplasma surface antigenic variation. The present study assesses the role of these phase-

variable Vpmas in the molecular pathogenesis of M. agalactiae by testing the wild-type strain PG2 

in comparison with the xer1-disrupted Vpma ‘phase-locked’ mutants in sheep infection models. 

The data clearly illustrate that although Xer1 recombinase is not a virulence factor of M. 

agalactiae and Vpma phase variation is not necessary for establishing an infection, it might 

critically influence the survival and persistence of the pathogen under natural field conditions, 

mainly due to a better capacity for dissemination and evoking systemic responses. This is the first 

study where mycoplasma ‘phase-locked’ mutants are tested in vivo to elucidate the role of phase 

variation during infection.
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Introduction

The wall-less mycoplasmas are the smallest self-replicating prokaryotes that belong to the 

bacterial class Mollicutes (mollis, soft; cutis, skin) (Razin et al., 1998; Razin & Hayflick, 

2010) and have evolved extremely complex and unique capabilities to establish themselves 

as successful emerging and re-emerging pathogens of humans and animals (Rottem & 

Barile, 1993; Baseman & Tully, 1997; Rosengarten et al., 2000, 2001).

Mycoplasma agalactiae causes the contagious agalactia (CA) syndrome in sheep and goats 

associated with significant economic losses worldwide. The disease is characterized mainly 

by mastitis affecting milk yield and quality and often accompanied by conjunctivitis, 

septicaemia, arthritis and sporadic genital infections (DaMassa et al., 1992; Bergonier & 

Poumarat, 1996; Bergonier et al., 1997; Corrales et al., 2007). Annual losses in excess of US

$ 30 million have been estimated to be caused in European countries around the 

Mediterranean, primarily due to losses in milk production (Nicholas, 2002).

CA 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/old-classification-of-diseases-notifiable-to-the-oie-list-b/). The disease 

is predominant in the Mediterranean region (Corrales et al., 2007) but is also widespread in 

other countries of the Balkan Peninsula, Western and Central Asia, and Northern, Central 

and Eastern Africa, South America and Australia (Bergonier et al., 1997; Madanat et al., 

2001; Azevedo et al., 2006; Al-Momani et al., 2008; McAuliffe et al., 2011).

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 

(Bergonier et al., 1997; Corrales et al., 2007). Antibiotic therapy tends to reduce clinical 

signs but promotes the carrier state (Nicholas, 2002). Attempts to minimize the clinical 

expression of CA by antibiotic therapy, culling and/or vaccination are not always successful 
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and, in fact, no single vaccine against CA has been universally adopted (http://

www.oie.int/doc/ged/D6448.PDF).

Despite its agronomical significance, M. agalactiae’s mechanisms of infection and 

persistence are completely unknown. However, like many successful pathogens, M. 

agalactiae shows surface antigenic diversity via high-frequency switching of 

immunodominant surface lipoproteins called Vpmas (Variable proteins of M. agalactiae). A 

family of six related but distinct Vpma proteins was identified in a clonal variant 55-5 of the 

M. agalactiae type strain PG2 (Glew et al., 2002). Xer1 recombinase encoded in the vpma 

pathogenicity island–like locus causes site-specific vpma gene inversions that place a 

previously silent gene in front of the single vpma promoter and thus cause Vpma switching 

(Glew et al., 2002; Chopra-Dewasthaly et al., 2008). Site-specific cleavage and strand 

exchange occur within a minimal region of 21 bp located within the 5′ untranslated region of 

all six vpma genes (Czurda et al., 2010). Interestingly, this region is also highly conserved in 

the vsp lipoprotein genes that form a similar site-specific phase-variable system in 

Mycoplasma bovis, a very close phylogenetic relative of M. agalactiae (Askaa & Erno, 

1976; Pettersson et al., 1996) that causes even more serious economic losses to the cattle 

and dairy industry (Nicholas & Ayling, 2003; Fox et al., 2005) owing to mastitis and calf 

pneumonia. An estimated loss of US$ 450 is incurred in lost milk value alone per case of 

clinical mycoplasma mastitis (Kauf et al., 2007). This phylogenetic proximity, and the fact 

that M. bovis also induces very similar clinical signs in cattle, led to the speculation that the 

Vpma and Vsp systems might play a similar role in disease progression (Glew et al., 2000).

Like the other phase-variable lipoproteins from several different Mycoplasma species, the in 

vivo significance of Vpma oscillations is not well understood. It is believed, but never 

proven, that Vpma antigenic variation plays a very important role in M. agalactiae’s 

pathogenicity, possibly via immunomodulation and nonimmune interactions with the host 

(Glew et al., 2000, 2002; Flitman-Tene et al., 2003; Nouvel et al., 2009). Previously, we 

accomplished the targeted disruption of xer1 recombinase gene via homologous 

recombination resulting in Vpma phase-locked mutants (PLMs) that could no longer switch 

to alternate Vpma phenotypes and exhibited stable expression of single Vpma products for 

several in vitro generations (Chopra-Dewasthaly et al., 2008). This was an important 

breakthrough setting up the basis for assessing the role of phase-variable mycoplasma 

lipoproteins, more specifically of Vpmas, in molecular pathogenesis. In the present study, 

we have used an equimolar mixture of phase-invariable mutants PLMY and PLMU, 

expressing single stable antigens VpmaY and VpmaU, respectively (Chopra-Dewasthaly et 

al., 2008), together with the wild-type PG2 strain capable of Vpma phase variation, and 

compared their infection traits in intramammary and conjunctival experimental sheep 

infections to investigate the role of Vpma antigenic switching in M. agalactiae 

pathogenicity.

Materials and methods

Animals

Fifteen lambs aged 4–5 months and weighing between 24 and 29 kg were used for the 

conjunctival route infection, whereas the intramammary infection study group comprised 15 
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adult lactating ewes weighing around 50–70 kg (Table 1). Although the physical age of the 

lactating ewes varied between 2 and 4 years, they constituted a homogeneous group in terms 

of their lactating status as they had the same lambing time. For both conjunctival and 

intramammary infections, 15 clinically healthy lambs/sheep of the local mountain breed, 

negative for major sheep pathogens (attested by routine bacteriological and PCR 

diagnostics) and also confirmed to be seronegative for M. agalactiae by a commercial EIA 

kit (Cypress Diagnostics, Langdorp, Belgium), were identified and randomly assigned to 

one of the three groups of five animals each (Table 1). In addition, prior to the 

intramammary route infection, the possibility of an existing subclinical mastitis was 

excluded in the lactating ewes by checking their milk via general bacteriological 

examination and for somatic cell counts (Foss Electric, Hillerôd, Denmark), which is 

reported to be a good indicator for the existence of subclinical mastitis of dairy sheep 

(González-Rodríguez et al., 1995). Absence of M. agalactiae was further confirmed in the 

lactating ewes prior to intramammary infection by testing their milk samples in a specific 

PCR (Chavez Gonzalez et al., 1995).

Each group was housed in a separate experimental stable 1 week before inoculation. Regular 

clinical and serological examinations were made during the course of the experiment. 

Excretion of bacteria in milk (in lactating ewes) was checked by quantitative bacteriological 

examination, and colonization of the eye, nose and genital mucosa (in conjunctivally 

infected lambs) was checked qualitatively from the respective swabs. All infected animals 

were killed and necropsied at Day 20 pi (conjunctival route infection) or Day 28 pi 

(intramammary inoculation) to quantify M. agalactiae in various lymph nodes (LN), organs 

and bronchoalveolar lavage fluids (BALF). All procedures related to the animal experiments 

were performed with the approval of the Austrian Federal Ministry for Education, Science 

and Culture (BMBWK-68.205/0145-BrGT/2006) and Austrian Federal Ministry for Science 

and Research (GZ/BMWF-68.205/0092-C/GT/2007), respectively.

Inocula

The details of the M. agalactiae inocula for the two experimental infections are provided in 

Table 1. For the preparation of inocula, M. agalactiae was cultured at 37 °C in standard 

Aluotto medium (Aluotto et al., 1970) containing Penicillin G, sodium pyruvate and phenol 

red as described previously (Chopra-Dewasthaly et al., 2005). At the time of inocula 

preparation, M. agalactiae type strain PG2 had undergone about seven in vitro passages in 

Aluotto media, whereas the PLMs derived from the parent PG2 strain had undergone 

additional nine passages during the process of mutant construction and isolation. For 

growing PLMU and PLMY inocula, tetracycline was added to the Aluotto broth at a 

concentration of 2 μg mL−1. The cultures were centrifuged at 4 °C for 45 min at 10900 g. 

and the supernatant was thoroughly decanted. The cell pellets were resuspended in pyrogen-

free saline (PFS) procured from Mayrhofer Pharmazeutika, Austria, in a volume of 1/200 of 

the original cultures. The cell suspensions were aliquoted into sterile tubes and stored at −80 

°C. Prior to inoculation, one aliquot of each culture (PG2, PLMY and PLMU) was thawed 

and plated as 10-fold serial dilutions on Aluotto medium containing 1% Difco™ Agar Noble 

to determine the titre of viable mycoplasma cells. Accordingly, fresh aliquots of the cultures 

were thawed on the inoculation day and diluted in PFS to obtain the desired concentrations. 
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For both PLMs and PG2, inocula were prepared for five sheep as one common pool. The 

remaining sample material that was not inoculated was used for serial 10-fold dilutions and 

plated on Aluotto plates to reconfirm the actual number of viable mycoplasmas inoculated 

per sheep.

The possibility of any bacterial contamination was refuted in both PG2 and PLM inocula by 

thorough bacteriological quality control, including Gram staining of mycoplasma pellets. 

Also, because any contamination of the PLM inoculum with the parental strain PG2 would 

have important consequences, we negated the possibility of such contamination by several 

prior analyses, including PCR, Southern blot and immunoblotting.

Clinical examination

Clinical examination was performed once a day for all sheep as described previously 

(Baumgartner, 2002) starting from Day −5 until the end with three additional time points for 

Day 0 (inoculation), that is, 2 h, 4 h, and 8 h pi. During examination, general condition and 

appetite, rectal temperatures, ruminal activity and results of auscultation of heart and lungs 

were recorded. Rate of respiration and femoral arterial pulse was monitored for rhythm, rate 

and quality. Sheep were also examined for the presence of any ocular or nasal discharge, and 

the conjunctiva was additionally inspected for vascularization.

For the intramammary route infection, the appearance of milk and clinical status of the 

udders were evaluated daily by palpation of the mammary glands and supramammary LN 

and by inspection from the rear and side ends to notice any differences in the size, skin 

colour and asymmetry in the two udder halves. A clinical index and udder score was 

calculated every day for each animal to quantify the clinical signs and to estimate the time 

course of clinical development and severity of mastitis. The udder scores were based on 

several clinical factors, including appearance of mammary glands, California Mastitis Test 

(CMT) and quality and quantity of milk secretions.

Sample collection and analyses

A strict hygiene protocol was used for collecting the samples, always starting first with the 

negative control animal group, followed by the PLM group and the PG2-positive control 

group at the end. Disposable sterile overalls, gloves, head caps and masks were used 

throughout the routine sample collections.

Swabs—Ocular and nasal swabs were collected once a week for bacteriological 

examination of lambs.

Blood—Blood samples for haematology (blood status and differential blood count) and 

serology were collected from the vena jugularis on Day −5, Day 0 (2, 4 and 8 h), Day 1, 

Day 2, Day 5, Day 8, Day 12, Day 15, Day 19, Day 22 and Day 26 pi. For haematological 

studies, blood was collected in vacutainer tubes with ethylene diamine tetra-acetic acid and 

transported to the central laboratory of Veterinary Medicine University of Vienna for 

analysis. Sera were obtained by centrifugation at 1070 g for 10 min and stored at −80 °C 

until further testing.
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Milk—Sheep were milked by hand-stripping twice a day using fresh sterile gloves for each 

animal and always starting first with the left uninoculated udder before moving to the right 

inoculated udder half. Milk yield was quantitated twice a day for all animals. Somatic cell 

counts were determined twice a week for milk samples from both the right and the left udder 

halves of all sheep using a Fossomatic method (Foss Electric) within 24 h of collection by 

the previously described method (Gonzalo et al., 1993). Examination of milk samples for 

the presence of mycoplasmas was made twice a week as described ahead. For this, milk 

samples were collected in sterile vials on Day − 5, Day 0 (2, 4 and 8 h), Day 1, Day 2, Day 

5, Day 8, Day 12, Day 15, Day 19, Day 22 and Day 26 pi. The first streams of milk were 

used for the CMT, which was performed once every day.

Lymph nodes, organs and BALF—At necropsy, various organ samples (spleen, lungs, 

kidneys and udders) and LN (mandibular, parotideal, medial and lateral retropharyngeal, 

superficial cervical, mediastinal, jejunal, mesenterial, medial iliac, supramammary/scrotal) 

were taken from the respective animals (as mentioned in Supporting information, Table S1 

and Table S3) and stored at −80 °C in individual sterile vials for bacteriological examination 

and in 10% neutral buffered formalin for pathological examination.

Additionally, lungs were also examined by testing BALF for the presence of mycoplasmas. 

For this, prior to removing tissue probes, a bronchoalveolar lavage was performed by 

inoculating 25 mL of sterile PBS into the right and the left bronchus and BALF was 

recovered by aspiration. A 2-mL aliquot was removed for bacteriological analysis, and the 

rest was frozen at −80 °C. A 2-mL fresh sample of the BALF was diluted 10-fold by adding 

to 18 mL of Aluotto broth and incubated at 37 °C for 7 days or until metabolic colour 

change. Samples showing signs of growth were plated as 10-fold serial dilutions on Aluotto 

agar to analyse any growing mycoplasma colonies.

Reisolation of M. agalactiae from samples by cultivation

All examinations were made in Aluotto broth containing sodium pyruvate and phenol red as 

colour indicator for growth and supplemented with thallium acetate and Penicillin G to 

prevent bacterial and fungal contaminations (Aluotto et al., 1970; Chopra-Dewasthaly et al., 

2005).

Swabs—Swabs were incubated in 3–4 mL of Aluotto broth for 3 h at room temperature 

and then vortexed before removing the swab. From this, 1-mL aliquots were frozen as 

original specimens at −80 °C for quantitative analyses, whereas the remaining sample was 

incubated at 37 °C as undiluted (1 mL), as well as 1: 10 diluted culture for a maximum of 7 

days. The samples showing a positive colour change were plated on Aluotto agar plates, and 

individual colonies with different morphologies were randomly picked and analysed further 

by physiological/serological/genetic methods to confirm species identity (Chavez Gonzalez 

et al., 1995; Poveda, 1998; Poveda & Nicholas, 1998). The specimen was considered 

negative if no colour change was observed within 7 days of incubation of the diluted and 

direct cultures. Frozen samples corresponding to the specimens found positive for M. 

agalactiae were grown and tested further for quantitative mycoplasma loads.
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Milk samples—Milk samples from right and left udder halves, MR and ML, respectively, 

were plated the same day for each animal for qualitative and quantitative mycoplasma 

estimation. An aliquot of each sample was plated directly (0.02–0.1 mL) and also as 100-μL 

aliquots of 10-fold serial dilutions ranging from 10−1 to 10−9. Remaining 10-fold diluted 

samples were stored at −80 °C as reserve stocks for any future analysis. The plates were 

incubated at 37 °C for a maximum of 7 days before examining them for colony-forming 

units (cfu) counts under a Nikon SMZ-U stereomicroscope. The titres were expressed as 

viable mycoplasmas per mL of milk sample. Further confirmation and identification of M. 

agalactiae was made by PCR (Chavez Gonzalez et al., 1995) or by the indirect epi-

immunofluorescence test using M. agalactiae-specific hyperimmune serum (Bradbury, 

1998).

Organs and LN samples—Organs and LN samples were processed further on the day of 

necropsy to test for the presence or absence of mycoplasmas. A small part of each sample 

was removed and finely chopped into small pieces with a sterile blade, added to 3–5 mL of 

Aluotto broth and vortexed thoroughly. The remaining specimens were packed in aluminium 

sheets for snap-freezing in liquid nitrogen and then stored at −80 °C. The vortexed 

suspension was diluted 1: 10 in 3 mL Aluotto and incubated at 37 °C along with the 

undiluted sample and further processed the same way as described for the swabs. Specimens 

found positive were further re-examined for quantitative mycoplasma loads by excising an 

estimated small part (about 1 cm3) from the frozen −80 °C sample, weighing it and then 

finely chopping before incubation in Aluotto broth for 15–30 min at room temperature and 

then plating serial 10-fold dilutions to count viable mycoplasma cells as cfu per gram of 

organ or LN.

Routine confirmation of M. agalactiae was made by standard biochemical, serological and 

PCR methods as described earlier (Chavez Gonzalez et al., 1995; Bradbury, 1998; Poveda, 

1998; Poveda & Nicholas, 1998).

Somatic cell counts

After bacteriological plating, somatic cell counts were determined for each milk sample 

using a Fossomatic method (Foss Electric) within 24 h postcollection by the previously 

described method (Gonzalo et al., 1993).

Statistics

Data were analysed using analysis of variance (ANOVA) for repeated measurements. 

Differences between groups at specific time points were analysed using least significant 

difference (LSD) procedure for multiple comparisons. P-values < 0.05 were considered 

significant.

Results and discussion

Growth and Vpma profiles of M. agalactiae strains used for experimental infection

Mycoplasma agalactiae type strain PG2 was originally isolated from an infected sheep in 

Spain (Edward & Freundt, 1973) and shows high-frequency phase variation in Vpma surface 
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lipoproteins because of the Xer1 recombinase-mediated vpma gene inversions (Glew et al., 

2002). Unlike PG2, the xer1-disrupted PLMs do not show Vpma phase variation and 

continue to express single stable Vpma phenotypes, which are VpmaU for PLMU and 

VpmaY for PLMY, for several in vitro passages (Chopra-Dewasthaly et al., 2008). Because 

Glew et al. (2002) had divided the 6 vpma genes into two homology groups based on their 

N-terminal sequences and other shared sequences, we used one Vpma representative of each 

of these two groups for our infection trials with PLMs, namely VpmaY and VpmaU. Both 

PG2 and the Vpma PLMs, PLMU and PLMY, have been previously described (Solsona et 

al., 1996; Chopra-Dewasthaly et al., 2008). However, the two inocula comprising PG2 as 

positive control and the PLMs (equimolar mixture of PLMU and PLMY) were thoroughly 

characterized as a population in terms of their Vpma profiles and growth rates before 

injecting them into the sheep. Colony immunoblot and Western blot analysis using the six 

Vpma-monospecific hyperimmune antisera (Chopra-Dewasthaly et al., 2008) confirmed the 

expression of all six Vpma proteins in the PG2 inoculum, whereas the PLM inoculum was 

positive only for VpmaU and VpmaY expression in equal ratios.

The growth profiles of PG2 and PLMs were confirmed to be similar. Also, the latter 

inoculum continued to show equimolar ratios of VpmaY and VpmaU expressors at different 

stages of growth curve carried out for 70 h and analysed via colony immunoblotting using 

the VpmaY- and VpmaU-specific hyperimmune antisera (data not shown). This clearly 

demonstrated that PLMU and PLMY did not show any relative growth deficits during 

growth as mixed culture in vitro. The net growth rate in vivo is reported to be an important 

factor in the virulence of bacterial pathogens (Smith, 1998), and although the in vitro growth 

rates were comparable for PG2 and PLMs, as well for PLMU and PLMY, differences within 

the animals, especially in niches with limitations of specific nutrients, is a possibility (Ikeda 

et al., 2001) and could be an important factor contributing to their pathogenicity.

Challenge of sheep with M. agalactiae wild-type strain PG2 and Vpma phase-invariable 
PLMs

The sheep were challenged via the conjunctival and the intramammary route in two different 

sets of experimental infections (as shown in Table 1). 109 cfu of PLMs/PG2, suspended in 

120 μL (conjunctival route) or 5 mL (intramammary route) of PFS, were inoculated in each 

of the five sheep via the right eye or right teat canal, respectively. The negative control 

group of five sheep each received sterile PFS.

The conjunctival route of infection involves the local immune system, which enables the 

study of the first steps of infection occurring at the mucosal level (Sanchis et al., 1998). As 

this infection was reported to lead to systemic spread and has also been suggested as a 

simple reproducible model for comparing the pathogenicity of different M. agalactiae 

strains, this infection route was selected to test any differences in the lymphogenic and 

systemic spread of PLMs as compared to the wild-type PG2 strain. The conjunctival route of 

infection did not lead to any major clinical signs except for follicular conjunctivitis that was 

milder in the PG2 group, and also, all the tested organs such as kidneys, spleen and lungs 

were negative for the isolation of M. agalactiae in both PLM and PG2 groups when 
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necropsied at Day 20 pi. BALF was also negative for M. agalactiae for all animals but a 

single sheep (No.12) belonging to the PG2 group was found positive for M. ovipneumoniae.

Although mycoplasmas were not isolated from any of the tested organs during the 

conjunctival route of infection, limited lymphogenic spread of M. agalactiae to some body 

sites was noticed (Table S1). But this did not show any reproducible or noticeable trends for 

significant differences between the PLM and PG2 groups, except for the right mandibular 

LN, which was positive for four of five sheep of the PLM group but negative for all five 

PG2-infected animals. Lymphogenic spread to the left side was evident in only one sheep 

(No. 9) belonging to the PLM group, and it showed positive isolation of M. agalactiae from 

the left scrotal, superficial cervical and medial retropharyngeal LNs. In fact, this was the 

only animal that was positive for the reisolation of M. agalactiae from superficial cervical 

(left and right) and scrotal (left) LNs. Except for a few references (Hasso et al., 1993; Gil et 

al., 2003; Fe et al., 2009), M. agalactiae reisolation and association with male genital 

lesions is not very common. This has been recently confirmed by Amores et al. (2011) who 

indicated the presence of M. agalactiae and other CA agents in asymptomatic animals, 

mostly as auricular carriers. One sheep of the PG2 group (No. 15) also showed a single 

positive reisolation of M. agalactiae from the left side, namely from the medial 

retropharyngeal (left) LN. Jejunal and mediastinal LNs were negative for M. agalactiae 

isolation in animals of both groups. The only LN that was positive for all 10 animals was the 

right parotideal LN that drains the inoculation site (Freeman & Trout, 1985), and highest 

mycoplasma counts (average = 2.2 ± 1.4 E + 5 cfu g−1) were observed here (Table S1) in 

accordance with earlier published results (Sanchis et al., 1998). Throughout the infection, M. 

agalactiae was frequently isolated from the eye and nasal swabs corresponding to the right 

side, although in few cases the infection could spread to the left nasal side, as noticed mostly 

on Day 1 and Day 2 pi (Table S2) in four of five animals of the PLM group only and never 

for any PG2-infected animals. All eye swabs from the left side were negative for all animals 

on all days. One animal (No. 15) was especially interesting as it never showed any M. 

agalactiae isolation from the eyes but only from nasal swabs on four different days (Table 

S2). Preputial swabs were negative for all lambs on all days except for a single sporadic 

isolation from a single animal (No. 8) from the PLM group (data not shown). The PLM 

group of animals showed a total of 63 positive reisolations from the nasal and eye swab 

samples as compared to the 30 positive cases of the PG2-infected group. Although a 

common inoculum pool was prepared for the five sheep of one group such that each sheep 

receives about 109 cfu, upon replating the residual inoculum it was observed that the PLM 

sheep received almost double inoculum compared to the PG2 group. Whether this difference 

actually played any role in the higher persistence of PLMs over PG2 at the inoculation site 

and its direct vicinity (conjunctiva, nose and mandibular LN) is difficult to conclude 

considering the varied multiple factors involved in infection kinetics, including the local and 

innate immune response.

Under the given scenario, the more frequent reisolation of PLMs limited to the inoculation 

site and its direct vicinity cannot be safely attributed to the differential multiplicity, spread 

or persistence of PLMs over PG2 and needs additional studies. This is especially because 

apart from a general lack of reproducible trends for significant differences between the PLM 
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and PG2 groups, the conjunctival infection failed in eliciting its expected goal of systemic 

spread to various organs and pronounced dissemination to extended LNs as observed by 

Sanchis et al. (1998). This could be due to strain differences and/or due to the delayed 

necropsy at Day 20 pi rather than Day 7 or 14 pi as performed by Sanchis et al. (1998) who 

noticed a gradual decrease in the frequency and levels of infection with prolonged necropsy 

times while using the same inoculum size of 109 cfu. On the other hand, the intramammary 

inoculation of M. agalactiae did not only cause the expected clinical signs but also led to a 

better lymphogenic spread and more consistent M. agalactiae reisolations. This report will 

therefore mainly concentrate on the details of the intramammary route infection.

Differences in clinical manifestation during infection by M. agalactiae wild-type strain PG2 
and Vpma PLMs

Both infected groups, namely the PG2- and PLM-infected sheep, showed normal animal 

behaviour throughout the study without any signs of pulmonary distress or arthritis. 

Appetite, respiration and pulse rates were within the normal range, and heart and lung 

auscultation revealed no abnormalities.

Although follicular conjunctivitis was the only clinical manifestation observed during the M. 

agalactiae conjunctival route of infection, it is worth mentioning here that PG2-infected 

lambs showed a milder follicular conjunctivitis as compared to those infected with PLMs 

(data not shown).

With regard to the intramammary infection, in general M. agalactiae failed to elicit a 

sustained febrile response as also reported for other pathogenic bacteria causing chronic 

mastitis, including M. bovis (Riollet et al., 2000; Kauf et al., 2007). However, Kizil & 

Ozdemir (2006) have reported a statistically significant increase in body temperature of M. 

agalactiae-infected goats compared to the uninfected control group. Except for the two 

peaks at 4 h and Day 2 pi, observed on the temperature chart of PG2-infected sheep (Fig. 

S1), the rectal temperatures of all sheep fluctuated within the normal physiological 

temperature range at all tested time points. Hence, the PG2-infected sheep exhibited fever at 

two different time points, and especially at 4 h pi, there was a significant difference between 

the body temperature of the PG2 group compared to the PLM and the control group sheep 

(P < 0.05). Onset of a transient febrile response has been earlier associated with 

mycoplasmaemia preceding the colonization of the mucosal surfaces (Bar-Mosche et al., 

1984; Kwantes & Harby, 1995; Kizil & Ozdemir, 2006) and can vary with the heterogeneity 

of the immune status of animals, which cannot be completely ruled in this study as well.

All sheep infected with PG2 or PLMs via the intramammary route developed severe clinical 

mastitis. This was also in accordance with the very high somatic cell counts of their milk 

secretions (González-Rodríguez et al., 1995). There was a remarkable and imminent 

reduction in the quality and yield of milk from the infected udder halves. The latter was so 

prominent that between Day 5–Day 8 pi, somatic cell counts could not be evaluated at all, 

either because of the complete absence or because of the poor quality of milk secretions, and 

on none of the following days, the situation was such that all five sheep of the two infected 

groups could be checked for somatic cell counts in milk. Daily examination of the udders by 

palpation gave inconsistent results in both infected groups. They were slightly painful to 
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touch but were neither hot nor reddened. The degree of mastitis is reflected in the daily 

clinical udder score, which was recorded for each sheep based on its udder consistency, 

pain, CMT result, lymph node enlargement and milk quality and quantity. Although based 

on statistical analysis (ANOVA), the differences in the average clinical udder indices of the PLM 

and the PG2 groups were adjudged to be insignificant, while considering a P value of < 0.05 

as significant, some very important differences were observed between the two groups. A 

high-grade enlargement of supramammary LNs was observed in all five sheep infected with 

PG2, whereas this was seen only in one sheep from the PLM group and the others just 

showed a middle-grade to low-grade enlargement. Inspection of the udders from the rear end 

revealed a typical asymmetry caused by atrophy or swelling of the infected udder halves. 

Atrophy of the udder (Fig. 1) was more conspicuous in the PG2 group compared to the PLM 

group, firstly, because all animals of the PG2 group showed right udder atrophy, whereas 

this was evident only in three animals of the PLM group; the other two animals showed a 

slight swelling of the infected udder. Secondly, for the PG2 group, this atrophy set in 

relatively early during infection (Day 4 pi) compared to the PLM group where it had set in at 

Day 9 pi. Besides, one sheep of the PG2 group also exhibited left udder atrophy at Day 10 

pi.

Wild-type strain PG2 shows a stronger M. agalactiae-specific antibody response

All the lambs inoculated via the conjunctival route failed to show any M. agalactiae-specific 

antibody response until the end of the experiment on Day 19 pi. In case of the 

intramammary infection, the highest antibody titres were observed for most of the ewes 

about 2 weeks pi, and all animals were seronegative till Day 5 pi. Considering the 

instructions of the commercial M. agalactiae EIA Kit (Cypress Diagnostics, Langdorp, 

Belgium), the PG2-infected sheep were the only ones that mounted a clear M. agalactiae-

specific antibody response (Rz values above 1.5) about 2 weeks pi. This was in significant 

contrast to both the PLM and the negative control group, which did not show titres that 

could qualify for a valid positive response (Fig. 2). The titres were positive and fairly 

constant for the PG2-infected sheep except for a slight decrease towards the end of the 

study. This is in accordance with other studies where a persistent humoral immune response 

has been reported for mycoplasma infections of ruminants (Bergonier et al., 1997; Byrne et 

al., 2005). However, this was in contrast to the PLM-infected sheep that remained 

seronegative almost throughout the study with a slight rise in titres visible at Day 26 pi 

although still much lower than in the PG2-infected sheep (Fig. 2). Whether this difference is 

attributable to the inability of PLMs to switch Vpma phenotypes or simply because of the 

reduced immunogenicity of VpmaU and VpmaY lipoproteins (expressed in PLMs) as 

compared to the additional Vpmas (VpmaZ, VpmaV, VpmaW and VpmaX) present in the 

PG2 population needs to be examined, especially because mycoplasma lipoproteins have 

been earlier shown to be potent immunogens and preferential targets of the humoral immune 

response in many different studies (Jan et al., 1995; Chambaud et al., 1999; Neyrolles et al., 

1999). The M. agalactiae serological response of ewes infected with PLM and PG2 strains 

was further confirmed by rechecking the sera using another commercial kit based on the 

single p48 membrane lipoprotein (IDEXX M. agalactiae Ab test kit). The results obtained 

with this kit again proved that the PG2-infected animals mounted the highest M. agalactiae-
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specific response, whereas the PLM-infected animals showed titres that were mostly near 

the borderline of a valid positive response as per the manufacturer’s instructions (Fig. S2).

Coincidental with the higher antibody titres of the PG2-infected sheep, the average 

mycoplasma load in milk of these sheep was observed to be significantly lower as compared 

to that of the PLM-infected sheep at Day 12 pi (Fig. S3) and thereafter remained always low 

compared to PLM sheep at all the tested time points till the end of the study. A specific 

immune response against M. agalactiae has been previously correlated with decreased 

mycoplasma loads and vice versa in M. agalactiae-infected goat milk (Castro-Alonso et al., 

2009, 2010). Increased levels of specific antibodies were reported to be concurrent with the 

main lymphoplasmocytic inflammatory reaction, suggesting an interaction between the 

humoral and cellular immune response against M. agalactiae that leads to lower levels of 

viable mycoplasmas in milk (Castro-Alonso et al., 2009). At the subacute stage (Day 15 pi) 

of a recent infection study with goats, all cell subsets of specific immune response, including 

IgG+ and IgA+ cells, and specific serum antibody levels were enhanced simultaneous to the 

increase in numbers of macrophages that were immunohistochemically positive for the M. 

agalactiae antigen, thereby suggesting an interaction between the host’s humoral and 

cellular immune responses leading to a drop in the intramammary mycoplasma load at this 

time point (Castro-Alonso et al., 2010). In compliance, the PG2 group not only showed 

higher M. agalactiae-specific antibody titres but also showed earlier and/or stronger 

neutropenia and lymphopenia (as discussed in the section ahead) when compared to the 

PLM group. However, this immune response was incapable of fully eliminating the 

pathogen during this acute phase of infection. Castro-Alonso et al. (2009) reported that 

neutrophils and macrophages fail to show frequent positive intracytoplasmic immune 

reaction with the specific antibody. Compromised phagocytic activity during mycoplasma 

infections has also been correlated with the induction of downregulating cytokines (Castro-

Alonso et al., 2010). A very recent study reports the activation of M. agalactiae-specific 

IFN-γ positive lymphocytes in infected sheep at Day 15 pi by CD4+ T cells concomitant 

with the appearance of specific IgG, followed by CD8+ T cells that disappear at Day 60 pi, 

supporting the hypothesis that the anti-M. agalactiae immune response is mainly sustained 

by immunoglobulin secretion (La Manna et al., 2011). In some other studies, high levels of 

mycoplasma antibodies have been associated with the induction of clinical symptoms and/or 

high levels of infection (Sanchis et al., 1998, 2000). However, we failed to see such a 

correlation when comparing these parameters for the two infected groups or for individual 

sheep in these groups, and most importantly, the conjunctival route of infection totally failed 

to yield any M. agalactiae-specific antibody response throughout the study.

Inflammatory response and pathological features following intramammary M. agalactiae 
infection

Mycoplasma lipoproteins are potent immunomodulins that induce pro-inflammatory 

cytokines with pathological consequences (Chambaud et al., 1999). Potentially important 

differences in the kinetics and levels of cytokine production were noticed in the milk 

samples obtained from the two infected groups. The inoculated right udder halves of all 10 

infected animals reflected a typical pathomorphological picture of mycoplasma mastitis 

unlike the left udder halves, which lacked any signs of infection (Fig. 3). The right udder 
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halves of all PG2-infected animals showed vacuolar degeneration and proliferation of the 

epithelium that was absent in all but one animal of the PLM group. In a similar experimental 

goat infection study, M. agalactiae-specific antigen was detected on the membrane and in 

the cytoplasma of degenerated epithelial cells, implying that this pathogen might be capable 

of invading these cells to protect itself from the host’s immune defence (Castro-Alonso et 

al., 2009, 2010). Moderate to severe multifocal lymphoplasmocytic infiltrates that partially 

also contained histiocytes were seen in almost all animals as a clear evidence of massive 

interstitial mastitis. Figure 3 depicts unilateral mastitis in the right udder half of a 

representative sheep which also shows acute purulent to apostematous mastitis lesions. 

Multifocal accumulations of numerous polymorphonuclear neutrophils were observed at 

many places in the milk ducts and dilated alveoli of the right udder in three of five animals 

infected with PLMs. A varying degree of interstitial fibrosis was a common observation for 

all infected animals with many showing atrophy of the udder tissue, which in case of some 

PLM-infected animals was also marked by abscesses demarcated by histiocytes and 

connective tissue. Aggregation of inflammatory cells into well-organized lymphoid follicles 

is a characteristic feature of mycoplasma lesions linked to the persistence of mycoplasmas at 

the mucosal surfaces (Rodríguez et al., 2000; Castro-Alonso et al., 2009). Additionally, two 

PLM-infected animals also showed blocked accumulation of mammary secretions with 

yellow flocks. Whether the histopathological differences between the PLM and the wild-

type PG2 strain truly reflect their differential pathological manifestations due to differences 

in Vpma phase variation, as also observed for the V-1 surface antigen of M. pulmonis 

(Chambaud et al., 1999), or are merely due to the different immune status of the animals, 

needs further confirmations. Castro-Alonso et al. (2009) found two different patterns in 

necropsied goats experimentally infected with the same strain of M. agalactiae, one with 

intense inflammatory signs and the other with markedly reduced inflammation and extreme 

atrophy. The control animals in our study did not show any noticeable signs of infection in 

the udders.

Effect of Vpma ‘phase-locking’ on the quality and quantity of milk production during M. 
agalactiae infection

All infected sheep belonging to both the PG2 and the PLM group developed a severe 

mastitis affecting milk yield and quality from the infected right udder halves beginning Day 

1 pi. In accordance with earlier studies of mycoplasma mastitis (Hasso et al., 1994; Gil et 

al., 1999; Sanchis et al., 2000), there was a significant decrease in milk production ranging 

between 2 and 60 mL day−1 besides cases of transient agalactia with complete absence of 

any milk secretions on some days of infection for some animals. A very severe transient 

agalactia where the infected udders were absolutely dry and failed to yield even a single 

drop of any secretion for mycoplasma analysis was observed for 5/45 tested time points for 

three of five sheep infected with PLMs, starting at Day 2 pi. In comparison, just one sheep 

of the PG2 group showed such severe agalactia for only one of the 45 tested time points, and 

that too almost towards the end of the experimental infection, that is, on Day 26 pi (Table 2). 

However, the rapid and total spread of infection from one udder half to the other, which is a 

typical characteristic of mycoplasma mastitis (Sanchis et al., 2000), was not so evident in 

this experimental trial except in a single sheep (No.11) of the PG2 group that showed typical 

signs of continuous bilateral mastitis and continuous shedding of the pathogen in significant 
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amounts throughout the study (Table 2). This difference could be attributed to the 

differential virulence of field strains compared to the PG2 type strain or to the strict hygiene 

measures employed for milking during this experimental trial, whereby sterile gloves were 

used for milking by hand, and the order was always from the uninfected udder half to the 

infected one. Corrales et al. (2007) have reported that such a bilateral spread of infection in 

the field is many times caused by suboptimal milking and hygiene measures.

When present, the milk secretions from the right udder halves were often abnormal and 

discoloured, varying between a watery grey or yellow discharge to a colos-trum-like 

consistency with clots and flakes. Some sheep also showed a red discharge because of the 

presence of red blood cells. Interestingly, one of the PG2-infected sheep (No.11) also 

showed abnormally altered milk secretions from the left udder starting at Day 12 pi. These 

alterations correlated very well with the results of the CMT, which demonstrated significant 

high-grade gel and clot formation in milk obtained from the right udder halves of all infected 

sheep, and also for one sheep for the milk obtained from the left udder half. Mycoplasma 

infections are often characterized by recruitment of polymorphonuclear leucocytes, followed 

by the infiltration of macrophages and lymphocytes, and the extent of this recruitment seems 

to directly correlate with the severity of disease (Chambaud et al., 1999). Consistent with 

this, the somatic cell counts in milk from infected sheep showed a significant increase within 

4 h pi (7.026 × 106 ± 510 × 103 in the PLM group and 7.046 × 106 ± 338 × 103 in the PG2 

group) compared to the negative control group and remained significantly increased 

throughout the study. On an average, the somatic cell counts of milk samples from infected 

udder halves were significantly high and ranged above 6 million mL−1 in the first week and 

above 3 million mL−1 in the third week of infection, and at no point of the study, they were 

below 2 million mL−1. However, because of the transient agalactia or poor quality of milk 

secretions, sometimes milk from none of the sheep (Day 5–Day 8 pi) or just one to four 

sheep per group (Day 8 pi onwards) could be tested for evaluating somatic cell counts. For 

this reason, a sufficient number of time points to analyse for any statistically significant 

difference between the PLM and the PG2 group for somatic cell counts were not available. 

Because mycoplasma lipoproteins are known to be potent immunomodulins capable of 

inducing cytokine synthesis with pathological consequences (Chambaud et al., 1999), 

differences in the Vpma profiles of the PG2 and PLM group are likely to cause differences 

in cytokine production at the local infection site, which in turn could influence the milk 

quality and the immune and pathological status of the infected udders. Hence, there is 

interest in examining the cytokine responses as important differences between the two 

groups have been potentially detected in the milk samples.

Comparison of mycoplasma loads in PG2- and PLM-infected animals

Milk—Right from Day 1 pi, M. agalactiae was recovered in significant amounts from the 

infected right udder halves of all ewes, ranging between 2.9 × 105 and 3.5 × 1010 cfu mL−1 

for the PLM-infected animals and between 2.1 × 104 and 5.2 × 1010 cfu mL−1 for the PG2-

infected group. This recovery was much earlier as compared to similar M. agalactiae and M. 

bovis intramammary infections, where comparable recovery from all inoculated udder 

halves was evident only after Day 3 to Day 4 pi (Sanchis et al., 2000; Kauf et al., 2007; 

Castro-Alonso et al., 2009). However, apart from strain and species variability, this might be 
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a direct consequence of the size of inoculum that varied in these studies between 3 × 104 and 

1010 cfu (Sanchis et al., 2000; Kauf et al., 2007; Castro-Alonso et al., 2009). The average 

mycoplasma load for each of the two groups on the tested days is depicted in Fig. S3. In 

contrast, milk from the left udder halves was not always positive for all sheep on all days 

tested (Table 3). Except for one sheep (No.11) belonging to the PG2 group, which showed 

consistent positive reisolations from the milk of the left udder half throughout the infection, 

all other sheep showed sporadic reisolations varying between Day 1 to Day 26 pi (Table 2). 

Importantly, the frequency of M. agalactiae reisolations from left udder halves was more 

than five-fold higher in PG2-infected sheep as compared to those infected with PLMs (Table 

3). The excretion was always significantly less in the milk samples collected from these 

uninoculated left udder halves (0.5 × 102–1.5 × 104 cfu mL−1) except for sheep No.11, for 

which the counts were comparable to the milk from the inoculated right udder halves, with 

the highest load of 1.1 × 1010 cfu mL−1 on Day 15 pi.

The excretion in milk did not show a progressive decline with time as noticed by Sanchis et 

al. (2000) during similar intramammary infections using a comparable inoculum size of 108 

viable bacteria per ewe. In our study, we observed alternate high and low phases of 

mycoplasma recovery, which was much more pronounced for PG2 (Fig. S3) that showed 

maximal numbers of M. agalactiae counts (2.16 ± 0.87 × 1010 cfu mL−1) on Day 2 pi that 

reduced to a significant low of 0.05 ± 0.02 × 1010 cfu mL−1 as compared to PLMs (0.67 ± 

0.58 × 1010 cfu mL−1) on Day 12 pi, and thereafter never showed an increase over PLM 

recovery (Fig. S3) until the end of study.

Swabs—Mycoplasma analysis of nasal, ocular and preputial swabs obtained during 

conjunctival route infection is described in Challenge of sheep with M. agalactiae wild-type 

strain PG2 and Vpma phase-invariable PLMs and illustrated in Table S2. Recovery of M. 

agalactiae from the ears, as observed during a recent experimental goat M. agalactiae 

infection (Fe et al., 2010), was not tested during our conjunctival and intramammary 

infection studies.

Lymph nodes and organs

Qualitative and quantitative mycoplasma analyses of LNs and organs are provided in Table 

S1 and Table S3. During intramammary infection, although enlargement of the right 

supramammary LN was seen for all 10 infected animals at necropsy, only four of them 

showed positive reisolation of M. agalactiae from this LN ranging between 102 and 104 cfu 

g−1 (Table S3). Of these four, three belonged to the PG2 group and only one was from the 

PLM group. Interestingly, the latter PLM-infected sheep (No. 7) was the only one that was 

positive for mycoplasma reisolations from the left supramammary, left superficial cervical 

and both left and right parotideal LNs. Medial Iliac (left and right) and mesenterial were 

other commonly infected LNs with mycoplasma loads varying between 10 and 105 cfu g−1. 

Noticeably, eight of ten medial iliac LNs were positive in the PG2 group compared to the 

five of ten reisolations in the PLM group. This was similar to the less frequent positive 

reisolations in the PLM group (1/5) as compared to the PG2 group (3/5) for the right 

supramammary LNs, which were another common site of infection. As expected, samples 

from the right udder halves showed the highest mycoplasma load, as high as 108 cfu g−1, 
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whereas the level of infection of the left udder halves was lower (102–105 cfu g−1). 

However, there was no significant difference in the mean cfu counts of the two infected 

groups. Results pertaining to the conjunctival route of infection are discussed under 

Challenge of sheep with M. agalactiae wild-type strain PG2 and Vpma phase-invariable 

PLMs.

Neutropenia following intramammary M. agalactiae infection

Important differences were observed between the PLM- and the PG2-infected animals with 

respect to the differential white blood cell counts. Circulating neutrophil granulocytes 

reached a nadir of about 1000 cells μL−1 earlier in the PG2 group, namely within 8 h of 

intramammary inoculation of M. agalactiae, as compared to the lowest neutrophil counts of 

the PLM group observed only at Day 1 pi (Fig. S4a). Also, the PG2 group showed a stronger 

lymphopenia as compared to the PLM group at Day 2 pi (Fig. S4b). Relative to control (time 

0) lymphocyte counts, the counts remained significantly low for the PG2 group until the end 

of the study, whereas for the PLM group, the lymphocyte counts returned to almost normal 

levels by Day 5 pi. Neutropenia, although observed earlier in the PG2 group, sustained 

throughout the study in both infected groups. This can be correlated with the high somatic 

cell counts of milk throughout the study starting from 4 h pi. Extrapolating the results of an 

earlier study where more than 90% of milk somatic cells during acute mastitis were shown 

to be neutrophils (Saad & Ostensson, 1990), it can be safely concluded that neutrophil 

migration from the blood to the infected udders is a host endeavour to control the pathogen 

at the local infection site. Interestingly, in addition to neutropenia and lymphopenia, Kauf et 

al. (2007) have also reported a persistent state of thrombocytopenia during experimental M. 

bovis intramammary infections in cows. All these point towards an incessant ‘tug of war’ 

between the host and the pathogen, where the latter seems to be fully equipped to neutralize 

all immune effector cells and thus persists in the infected udders and milk throughout the 

study, as also seen during natural infections where M. agalactiae is shed in milk and body 

secretions for as long as 4 years after initial infection (Bergonier et al., 1997).

Wild-type strain PG2 is more invasive and better disseminating to the uninoculated udder 
halves

All five sheep infected with the PG2 strain showed bilateral transfer of M. agalactiae, 

whereas only three of five sheep of the PLM group showed positive isolations from milk 

samples of the uninoculated left udder (Table 2). Moreover, for the latter group, isolations 

were obtained only once per sheep throughout the experimental infection. In case of the 

PG2-infected sheep, however, there was an average of 3.4 isolations per sheep (Tables 2 and 

3), with sheep No. 11 showing the highest frequency of isolation of M. agalactiae for 8 of 

the 9 days tested, with mycoplasma loads highly comparable to those in the inoculated right 

udder halves of other sheep (as discussed above). Interestingly, this sheep also showed signs 

of mild conjunctivitis and positive isolation of mycoplasma from the eye swabs, indicating a 

systemic spread of infection. Because the frequency of isolation of M. agalactiae from milk 

samples from the left udder halves of ewes infected with PG2 is significantly higher than in 

ewes infected with PLMs (Table 3), Vpma phase variation might be playing an important 

role in the dissemination, colonization and persistence of the infection in the uninoculated 

left udders. This could be an indirect consequence of better immune evasion by virtue of 
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Vpma phase variation, as Denison et al. (2005) have also previously reported that 

lipoprotein phase variation in M. pulmonis helps the pathogen to avoid the host immune 

response. As shown in other studies, surface antigenic variation is not always involved in all 

stages of infection but becomes important for certain stages, mostly towards the later phases 

of infection, for better persistence, spread and transmission (Cotter & Miller, 1994; Ikeda et 

al., 2001). The PLM-infected animals in this study (Effect of Vpma ‘phase-locking’ on the 

quality and quantity of milk production during M. agalactiae infection) showed earlier 

and/or higher peak levels of the measured cytokines in milk, which in turn leads to greater 

influx of leucocytes and macrophages (Chambaud et al., 1999) that are capable of fighting 

the pathogens to prevent their further spread. Alternatively, it is also possible that Vpmas 

other than VpmaY and VpmaU, namely VpmaW, VpmaX, VpmaZ and VpmaV present in 

the PG2 population but absent in the PLMs, are more suited and provide a selective 

advantage in disseminating and invading the uninoculated udder halves and other body sites. 

It has been earlier seen in M. hominis that antigenic variation does not seem to be a response 

to the immune response but more a tool for adaptation (Jensen et al., 1998). This is in line 

with the widely accepted view that surface antigenic variation is a general mechanism that 

allows microorganisms to explore and cope with fluctuating environments and help them 

spread to new niches, both outside and within their natural hosts (van der Woude, 2006; 

Bayliss, 2009).

Summary

Although a number of pathogenic mycoplasmas are known to exhibit surface lipoprotein 

antigen variations, their biological significance is yet to be understood. This is the first 

attempt where the in vivo significance of such mycoplasma lipoprotein antigenic variation 

systems is tested based on the sheep and goat pathogen M. agalactiae as model organism by 

constructing ‘phase-locked’ mutants (PLMs) and using them in experimental sheep infection 

in comparison with the wild-type phase-variable type strain (PG2). The data clearly illustrate 

that although the Xer1 recombinase, per se, is not a virulence factor of M. agalactiae and 

Vpma phase variation is not necessary for establishing infection, subtle important 

differences were observed between the PLM and the PG2 animal groups during the short 

duration of the study. There are certain limitations of the study, including the heterogeneity 

in the immune status of animals and the lack of statistically significant differences because 

of small sample size. Yet the results tend to indicate that PG2 strain is more effective in 

evoking systemic responses and is more invasive and better disseminated to the 

uninoculated udder halves compared to the phase-invariable PLMs. Taken together, these 

differences indicate a better survival and persistence of the pathogen in its natural ‘wild-

type’ form under field conditions, thereby leading to chronicity and better dissemination.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Marked atrophy of the inoculated right udder half (b) as observed at Day 4 pi onwards in all 

sheep infected intramammarily with Mycoplasma agalactiae PG2 type strain. Shown in 

comparison is a healthy PFS-inoculated control udder (a).
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Fig. 2. 
Time course of Mycoplasma agalactiae-specific serological antibody response (arithmetical 

mean ± standard error of the mean represented by error bars) in sheep infected with PG2 

(▲), PLMs (□) and PFS (●) via the intramammary route. Rz values (mean OD450 value of 

sample divided by twice the mean of two repetitions of negative control provided in the 

commercial EIA kit, Cypress Diagnostics, Langdorp, Belgium) > 1.5 are considered 

positive.
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Fig. 3. 
A representative pathological picture depicting unilateral mastitis as seen in all except one 

infected animal. The right udder half (marked by a black arrow) shows several purulent 

mastitic lesions compared to the unaffected left udder half with normal tissue and milk 

texture.
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Table 1

Set-up of the experimental Mycoplasma agalactiae conjunctival and intramammary route infection

Groups Positive control Negative control Phase-locked mutants

Antigen M. agalactiae PG2 Pyrogen-free saline M. agalactiae Vpma phase-locked 
mutants: PLMU & PLMY

Inoculum 109 – 5 × 108 each mutant (total 109)

Volume of Inoculum 120 μL – conjunctival or 5 mL 
– intramammary

120 μL – conjunctival or 5 mL 
– intramammary

120 μL – conjunctival or 5 mL – 
intramammary

Animals 5 lambs – conjunctival or 5 
lactating ewes – 
intramammary

5 lambs – conjunctival or 5 
lactating ewes – intramammary

5 lambs – conjunctival or 5 lactating ewes 
– intramammary

Necropsy Day 20 
(conjunctival) and Day 28 
(intramammary) 
postinoculation
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Table 2

Qualitative bacteriological examination and frequency of ‘severe agalactia’ in lactating ewes inoculated 

intramammarily with 109 viable cfu of Mycoplasma agalactiae

Inoculum/Sheep No. Day 1 Day 2 Day 5 Day 8 Day 12 Day 15 Day 19 Day 22 Day 26

PLM

 6 + SA + + + + + + +

 7 + + + + + + + + +

 8 + SA + + + ++ + + +

 9 + + + + ++ + + + +

 10 + SA/+* + + − 
† + + SA SA

PG2

 11 ++ + ++ ++ ++ ++ ++ ++ ++

 12 + + + + ++ ++ + + SA/+*

 13 + + + +
‡ + + ++ + +

 14 + ++ + + ++ + ++ + +

 15 + ++ + + + + + + ++

+, positive for right udder; ++, positive for right and left udder; SA, severe agalactia referring to the complete loss of any secretion from right 
udder.

*
Positive for left udder.

†
The presence of M. agalactiae could not be assessed because of bacterial contamination in the right and udder milk samples of these two ewes, 

respectively.

‡
The presence of M. agalactiae could not be assessed because of bacterial contamination in the left and udder milk samples of these two ewes, 

respectively
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Table 3

Frequency of isolation of Mycoplasma agalactiae from milk samples obtained from the uninoculated left 

udder halves

Day p.i. 1 2 5 8 12 15 19 22 26 Total isolations

PLM 0/5* 1/5 0/5 0/5 1/5 1/5 0/5 0/5 0/5 3/45

PG2 1/5 2/5 1/5 1/4
† 3/5 2/5 3/5 1/5 3/5 17/45

‡

*
Number of ewes from which M. agalactiae was isolated from left udder/total number of sheep in the group.

†
From four animals, as the fifth sample got contaminated.

‡
The frequency of isolation of M. agalactiae from milk samples from left udder halves of ewes infected with PG2 is significantly higher than in 

ewes infected with PLMs.
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