Role of vertical transmission of Toxoplasma gondii in prevalence of infection
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Abstract

The parasite, Toxoplasma gondii, is a highly successful pathogen that infects around 30% of the global human population. Additionally, it is able to infect all warm blooded animals with high prevalence. This is surprising as it is a parasite of the cat and can only complete its full sexual cycle in that host. This review examines the importance key routes of transmission: infective oocysts from the cat, ingestion of raw infected tissue and vertical transmission. The latter route of transmission has traditionally been thought to be rare. In this review, this assumption is examined and discussed in the light of the current literature. The available evidence points to the possibility that vertical transmission occurs frequently in natural populations of mice however the evidence in sheep is currently ambivalent and controversial. In humans, the situation appears as though vertical transmission may be rare although there is still much that is unexplained. 
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Of all parasites, Toxoplasma gondii is probably the one that most closely conforms to the definition of a perfect parasite.  It is very widely distributed globally, infects all warm blooded animals and occurs with high prevalence in the majority of species investigated [1,2,3].  Furthermore, although it can cause significant disease in humans and animals, in the vast proportion of cases the parasite appears to cause very little harm to the host and is therefore asymptomatic.  For example approximately 30 per cent of the human population globally are infected with Toxoplasma. However, this varies with countries like the US, China and the UK having lower prevalence levels of 10-20% while continental European, South American and other countries can have prevalence levels that are much higher than the global average [1,2,3,4]. The majority of infected individuals, if immunocompetent, are unlikely ever to realise that they have the infection. However, toxoplasmosis can be a significant cause of disease in immunocompromised individuals such as HIV sufferers or during transplant therapy. When the parasite does cause disease, the effects can cause major health problems in humans and can result in significant economic outcomes in domestic livestock [3].
The most serious disease outcome is abortion or miscarriage which is particularly significant for humans and domestic livestock.  Congenital transmission, which is generally believed to occur by transplacental transmission when a mother becomes infected during pregnancy, is often associated with severe disease of the developing foetus, neonate or the cause of miscarriage.  These symptoms can be wide ranging but include of neurological effects such as hydrocephalus, retinochoroiditis and intracranial calcification [5,6].  Furthermore the parasite can cause respiratory disease including pneumonia like symptoms in both neonates and adults [7].  The effects of this parasite are particularly concerning because it is extremely successful due to the broad host range, high prevalence and widespread distribution in humans and animals.
A very puzzling aspect of the biology of T. gondii is that despite this wide global presence, the parasite is specifically a parasite of the cat [8,9,10].  Felids are the only animals through which the parasite can complete its full sexual life cycle.  It would, therefore, be expected that the distribution of the parasite should mirror that of feline populations.  However as will be seen later this is not always the case.
The lifecycle of T. gondii [Figure 1] is well understood and three main routes of transmission are recognised [11].  However, while the stages of the life cycle are clear, the relative importance of the different routes of transmission, in natural populations of hosts, is not clear [12]. The first stage in the life cycle occurs in the cat which sheds many millions of infective oocysts per day during defecation [1,3].  This route of transmission ensures that the oocysts are distributed in the environment [watercourses, soil, animal feeds, crops for human consumption etc.] and are picked up by secondary hosts, usually by ingestion. In the case of humans, this can occur also by ingestion following, gardening, handling cat litter and eating unwashed vegetables [13]. The second key route of transmission is the consumption of undercooked infected meat.  Secondary hosts become infected with the parasite by ingestion of oocysts.  These oocysts develop into rapidly dividing tachyzoites which disseminate through the animal or human body [11].  At this stage the tachyzoites evade the immune system by becoming intracellular and they have the capability to invade any nucleated cell types.  Many types of circulating cells, such as macrophages, are involved in the translocation of the parasite throughout the animal or human body.  Eventually, the host immune system is able to lock down the parasite and the tachyzoites transform into the slow dividing bradyzoite stage [11].  At this point, the bradyzoites develop into a tissue cyst which can persist for the lifetime of the host.  These cysts typically develop within brain tissue, muscle tissue, lung tissue but can infect a wide variety of other tissue types.  It is consumption of infected, uncooked, meat from secondary hosts containing these tissue oocysts that form the second route of transmission. In natural transmission cycles, small rodents are thought to be a key reservoir for reinfection of cats [14,15,16]. The final route of transmission is congenital transmission.  During pregnancy the parasite crosses the placenta and infects the foetus [11] presumably occurring whilst the host immune system is modified to prevent rejection of the foetus. It is possible that this may provide an opportunity for the parasite to exploit this and to cross the placenta.  In the human population, a significant at risk group is pregnant mothers. In general, the prevalence of infection in this group mirrors that of the wider population in each country [4,17]. Congenital transmission is generally believed to occur when the mother becomes infected during pregnancy [18] and this is detected by seroconversion during pregnancy.  An alternative possibility, is that this immune system modification enables chronically infected hosts to undergo parasite reactivation followed by transplacental transmission [19].  This possibility will be discussed later.  Overall, this diversity of routes of transmission provides some clues as to how the parasite has become so widely distributed and prevalent.  While, it is clear that cats are central to transmission, asexually derived parasite transmission cycles do contribute to parasite distribution which bypasses the felid hosts. There are some examples of hosts where the parasite is prevalent and yet the link to cat distribution is by no means obvious. 
T. gondii  has been reported in a very wide range of species including animals that do not come into contact with cats.  For example studies have reported Toxoplasma infection in marine otters [20], dolphins [21], seals and other unusual marine species.  Furthermore, the parasite is found in areas uninhabited by cats.  For example in the Svalbard region of Northern Norway, the parasite is highly prevalent in arctic foxes despite the absence of cats on these islands [22].  Further studies on these arctic fox populations suggests that there is frequent infection and a high degree of clonality of Toxoplasma strains in infected animals [23].  
There has been a wide range of studies of T. gondii strains globally from many laboratories. Initially, these revealed a restricted range of clonal genotypes [24]. The predominant strains found to be infecting humans and animals fall into three categories, type I, II and III. However, more detailed analyses using a standardised multilocus approach shows this to be rather oversimplified and a much wider range of genotypes are now recognised and being discovered [25].  
Studies based on feeding infected meat to experimental animals, demonstrates that carnivory [consumption of undercooked meat] very effectively initiates infection in the recipient animals [26, 27].  This method of infection is so effective that it is a commonly used bioassay technique for T. gondii infection [3].  There are a wide range of studies that suggest that eating undercooked meat is a risk factor for infection in humans – especially in pregnant women [13, 28].  However a recent detailed survey of human meat sources in the USA showed that there was a relatively low risk of infection from raw meat in humans.  Only Seven pieces of infected meat were detected from 6282 assorted meat samples collected from supermarkets across the USA [29].  Furthermore an older study demonstrated little difference in the prevalence of Toxoplasma in a population of strict vegetarians compared to that in a population of non-vegetarians. [30]. While carnivory could contribute to the transmission of Toxoplasma in the absence of cats, it is unclear the extent of this role in natural transmission cycles.
The third route of transmission, congenital transmission, is well established.  It was first reported to occur in a human child as long ago as 1939 [31]. In seminal early studies in mice [32] and sheep [33], the occurrence of congenital transmission was reported to occur over repeated generations (vertical transmission).  Other examples have been reported in other species [34] and congenital transmission is now well established in humans [5].  However what is unclear in these host-parasite interactions is the quantitative importance of congenital transmission in natural populations.  In humans it is an extremely important route of transmission from the perspective of causing disease as severe symptoms are often associated with this mode of transmission to the foetus [6].  However, many studies show that the frequency at which this happens is very low. For example studies have demonstrated that congenital transmission occurs at between 1-2 cases per 1000 live births in humans [2, 35] and 1- 2% in sheep [36]. The key questions in humans are whether congenital transmission occurs in a serial manner and therefore contributes to infection in future generations. Secondly, if this is the case, how frequently does it occur?
Thus, while the lifecycle of T. gondii is well established from a descriptive point of view, what is unclear is the relative importance of each route of transmission. It is very clear that transmission cycles which bypass the cat are significant in several animal species and probably also humans. Furthermore, questions surround the role of vertical (or serial congenital) transmission. This is an area or research that has generated some controversial and opposing views. The first aim of this review is to discuss our recent studies on the contribution of vertical transmission to the spread of T. gondii within natural populations of animal hosts (including humans). Secondly, to contextualise these studies in the light of the, somewhat divided, literature to identify the requirements for gaining a greater understanding of T. gondii transmission cycles and control. 

Vertical transmission in mice

Vertical transmission in mice has been known for a long time.  Some of the very first studies that investigated the transmission of Toxoplasma established that the parasite could be vertically (serially congenitally) transmitted through laboratory mice [32].  For example, Beverley demonstrated that infected mice produce congenital infected offspring for at least ten generations despite recording very high mortality in the progeny. Furthermore, cysts were observed in the infected mice suggesting that serial congenital transmission may have occurred by reactivation of these cysts. Interestingly, after conducting these experiments for up to ten generations, he found that the progeny were seronegative despite being infected [11,32].  These experiments were repeated subsequently by Jacobs [37] and it was again found that although the congenitally infected progeny contained parasites they were seronegative.  Additionally, Dubey and colleagues also demonstrated that viable T. gondii could be isolated from seronegative naturally infected mice [15] and rats [16]. These observations of Beverley, Jacobs and Dubey could suggest that there is a difference between vertical transmission in experimental systems compared to that occurring in naturally infected populations. These multiple transgenerational infections probably more closely mimic natural infections than infections introduced in the laboratory. These observations are potentially interesting since many studies on the vertical transmission of Toxoplasma, in a wide range of hosts, make use of serological techniques [2, 36]. If frequent vertical transmission was a feature in natural populations of mice, and this generated congenitally infected seronegative mice, could it be that serological studies are significantly underestimating levels of vertical transmission?  
In general, serological studies on the prevalence of Toxoplasma in natural populations of mice suggests that the prevalence is relatively low [15, 38, 39, 40] while PCR based studies generally show higher prevalence levels [41, 42, 43]. The importance of vertical transmission in rodents was demonstrated by Owen and Trees [34] who showed high frequencies of vertical transmission in captive bred house mice (Mus musculus) and woodmice (Apodemus sylvaticus).  Using both PCR and serological tests, they showed that vertical transmission was occurring in 85% of the house mice litters and a 100% of the woodmice litters.  Interestingly, they also showed that serological tests were less efficient at detecting vertical transmission than the PCR. 
Since the early studies on rodents by Beverley, Jacobs and Dubey there have been numerous laboratory studies that have demonstrated that vertical transmission occurs. These include studies on the South American rodent, Calomys callosus, which has been used as a model system. In this species, congenital infection has been found to be predominantly associated with infection during pregnancy rather than reactivation of chronic infection [44] when infected with clonal isolates. However, when animals were chronically infected, challenge with atypical Brazilian strains of parasite, vertical transmission was induced but not only of the new strain but also by reactivation of the chronically infected strain [45]. The deer mouse, Peromyscus maniculatus, has also been used as a model system. Congenital infection has been demonstrated in this species [46, 47]. In this species, it has been shown that vertical transmission occurs frequently following ingestion of oocysts but, interestingly, in the congenitally infected offspring the serological response waned with time [48]. A recent study using inbred lines of rats suggested that host genetics also determines both susceptibility to parasite infection and also the degree to which vertical transmission occurs [49]. Despite extensive laboratory studies, there have been few studies aimed at trying to understand the frequency of vertical transmission in natural populations of rodents.
To investigate the role of vertical transmission in natural populations of rodents, we undertook a study to directly measure vertical transmission during pregnancy.  A population of 200 mice was collected as part of a pest control study in Manchester in the UK [50]. When tested using a Toxoplasma specific, SAG1-PCR, 59% of these mice were found to be infected.  Sixteen of the female mice were found to be pregnant and of those 12 were infected.  A total of 78 foetuses were dissected from the 16 animals, the brains were then aseptically dissected from within these foetuses and tested using a Toxoplasma specific SAG1-PCR.  Table 1 summarises these results.  All of the foetuses from the negative mothers were, as might be expected, all uninfected.  In the case of the 12 infected mothers, 47 out of 63 foetuses were found to be PCR positive.  These infected foetuses were derived from all of the 12 mothers thereby representing 100% congenital transmission in infected animals. This study provided the first evidence that congenital transmission is occurring very efficiently in natural populations of mice. 
To study this phenomenon further, a closed colony of mice, originally derived from a wild collection, was tested for Toxoplasma infection using the SAG1-PCR technique [51].  This colony of mice had been kept isolated for over 10 years and had not been exposed to cats.  Using microsatellite markers, these mice were found to be highly inbred as would be expected and it was found that 77% were infected with Toxoplasma as determined by PCR.  This provides further supporting evidence that vertical transmission of Toxoplasma may be efficient in a natural, albeit closed, population of mice. 
One of the implications of efficient vertical transmission is that the parasite is able to exist in animal populations in the absence of cats.  To test this hypothesis, a wild population of woodmice was collected from an area relatively free of cats [52].  Surveys conducted in this area, demonstrated that the density of cats was low (<2.5 cats/km2).  Two hundred and six woodmice were tested using the Toxoplasma specific SAG1-PCR and a prevalence of 40.78 per cent infection was measured.  This high prevalence was not greatly less than the prevalence of 59% detectives in a previous study [50] where the cat density was significantly higher (>500 cats/km2).  This indicated that efficient transmission was occurring in the woodmouse population despite the relative lack of cats.  In this study, two of the Apodemus dams were found to be pregnant.  Of these, one was PCR positive for T. gondii DNA and of the six foetuses within this pregnant dam, the brain tissue of two of these foetuses also contained T. gondii DNA.  Although the sample sizes were small, this also directly demonstrated that vertical transmission was occurring in this population.
If vertical transmission is important in natural populations, it would be predicted that the parasite would be differentially distributed amongst different families of animals.  If, on the other hand, the predominant route of infection was from oocysts within the environment or from scavenging infected animal tissue then parasite infection should be randomly distributed with respect to animal families.  To test this hypothesis, a new collection of woodmice was obtained [53, 54] from the same location where low cat density was reported [55]. One hundred and twenty six mice were tested with four Toxoplasma specific PCR markers [SAG1, SAG2, SAG3 and GRA6] and were also genotyped using Apodemus  specific microsatellite markers [56].  In this study, the woodmice, from this location were found to belong to four different genetic families which were distributed in different parts of the study zone.  The prevalence of infection was found to be significantly different in each of the families and was linked to host genotype rather than location of capture.  This suggested that parasite infection was indeed associated with families and non-randomly distributed throughout the families [56].
Taken together, these data suggest that vertical transmission may be occurring very efficiently in mice and this raises the question as to whether this phenomenon is more generally applicable. Population studies on vertical transmission in rodents are rare and more research is needed in this area.

Vertical transmission in sheep

Despite the early studies by Hartley and colleagues [33], the generally accepted view of parasite transmission in sheep is that it occurs by ingestion of oocysts from the environment [57]. Several studies [36, 57, 58, 59, 60,61] suggest that vertical transmission occurs only rarely and that infection is generally by oral ingestion of oocysts. The possibility of ingestion of oocysts via water courses is thought to be significant [62]. However, studies conducted in our laboratory, using PCR, suggested that vertical transmission might be more important in sheep than previously thought [63].
To gain a better understanding of the importance of vertical transmission routes in sheep, we conducted a series of detailed studies.  As the carnivory route of transmission is probably negligible in sheep, transmission and measurements should be simpler to interpret.  It would only be necessary to consider two of three transmission routes (infected oocysts from the cat and congenital transmission).
Transmission of Toxoplasma to sheep is generally thought to be attributed to the ingestion of oocysts from past year feed hay or water which has been contaminated by cats.  However, direct measurement of this mechanism of transmission is extremely difficult to contemplate.  In contrast therefore, we chose to investigate the alternative hypothesis by directly measuring congenital transmission.  In order to develop a non-destructive PCR detection system for Toxoplasma in sheep, we investigated the use of umbilical cord samples as a source of tissue for testing newborn lambs.  Initial studies were aimed at confirming that umbilical cord tissue did indeed represent the infection status of lambs.  Using SAG1 Toxoplasma specific PCR testing, we measured the infection status of umbilical cord tissue and corresponding brain tissue from naturally aborted lambs.  Very good agreement was obtained and demonstrated that umbilical cord tissue was a good indicator of infection status of the lambs [63, 64, 65].  Lamb tissue (umbilical cord) tissue was collected from a total of 392 pregnancies and corresponding internal and tissues were collected from naturally aborting lambs.  Congenital transmission was demonstrated to be occurring in 69% of pregnancies with a higher level (91%) in successful pregnancies (those in which at least one lamb was aborted) [63, 64].  These results are summarised in Table 2.These data support previous observations that Toxoplasma is associated with abortion. Interestingly though, in 65% of successful pregnancies the parasite was also found to be transmitted.  This implies that apparently healthy lambs could be infected and therefore could contribute to the infection of future generations by vertical transmission.
If vertical transmission was indeed important, it would be predicted that infection rates could vary between different sheep families that were exposed to the same food/water sources.  On the other hand if transmission was caused by contamination or feed or water, infection should be randomly distributed throughout different families on a single farm (i.e. exposed to the same environmental influences).  To test this hypothesis, congenital transmission and abortion frequencies were measured on a single farm [66].  Records we used to construct pedigrees of different sheep families from members of a Charolais flock over the period 1992 – 2003 and to determine the frequencies of abortion in each family.  During the period 2000-2003, umbilical cord samples were collected from members of these families and tested for Toxoplasma infectivity using the Toxoplasma specific SAG1-PCR. The results are presented in Table 3. Considerable variation was observed in the frequency of abortion in different families across the single farm.  For example some families experienced abortion frequency is as high as 48% while other families, of comparable sizes, experienced no abortion at all over the 11 year period.  These results were highly significantly different from expectations generated from the hypothesis that predicted a random abortion distribution (P<0.01).  Furthermore when Toxoplasma infection was considered, again a highly uneven distribution was observed.  For example some families were showing 100% of lambs infected while other families of a comparative size showed no infection.  This was highly significantly different from the even distribution expected from random exposure to Toxoplasma oocysts.  There was also a highly significant correlation (R= 0.89, n=27, P<0.01) between frequency of Toxoplasma infection and frequency of abortion in families.  These data show that Toxoplasma infection and abortion are not randomly distributed across families and support the hypothesis that acquired infection is occurring vertically rather than by exposure to oocysts on pastures, in feed or water [66].
If vertical transmission of Toxoplasma is occurring with high frequencies and is responsible for generating high frequency aborting families, this raises questions about how we should be breeding within our sheep flocks.  For example, breeding from families which have existing high levels of infection would simply propagate those infections and consequent abortions.  Additionally it also raises questions about the concept of lifelong immunity which is generally associated with the infection by Toxoplasma.  If Toxoplasma is associated with lifelong immunity then it would suggest that a good strategy would be to breed from ewes that have previously aborted due to Toxoplasma.  These two situations are clearly at odds with each other. A better strategy, if vertical transmission is important, would be to breed from families with low Toxoplasma frequency.
To investigate this dilemma, the pedigrees of sheep families were examined to determine the frequency of infection and abortion in sequential lambings from the same ewe [67]. Using the collection of ewe data previously described [66], 29 ewes were found to have given birth to sequential lambs during the period of testing. Infected lambs were born in 31% of these sequential pregnancies of which 67% resulted in abortion (i.e. 21% overall in sequential pregnancies). These results show that prior infection and abortion does not provide protection for subsequent Toxoplasma pregnancies. The risk of the next lamb being infected following the birth of an infected lamb was 69% and the probability of abortion of a subsequent lamb was 55% [67]. These high risks suggest that it may be an unwise strategy to breed from infected ewes belonging to these high aborting families.
To date, the significance of vertical transmission in sheep is not universally accepted. There is a considerable body of evidence that does not support our conclusions [36, 57, 58, 59, 60, 68]. These differences of opinion could be based on the use of different approaches and techniques but further studies would need to be conducted to establish this. The implications of this research are extremely important for sheep husbandry and health and it is essential to conduct further research to reconcile these opposing views.

Vertical Transmission in Other Animals

There are very few other animal species where detailed studies have been carried out on natural populations. A long term study has been conducted on toxoplasmosis in sea otters in California. This is an interesting study as there is clearly no direct link between the ecology of these otters and terrestrial felids. An initial survey of southern sea otters (Enhydra lutris nereis) off the Californian coast showed the seroprevalence in this species of otters to be 42% for live otters and 62% for dead ones - very high considering the lack of an obvious link with cats [20]. Subsequent analyses have suggested that freshwater runoff and a complex ecology through invertebrate hosts, on which otters may feed, may have led to these levels of infection [69, 70, 71, 72, 73]. However, congenital transmission has also been shown to be occurring [69, 74]. It is possible that this latter mechanism could contribute to maintenance of infection in this species. 
There are numerous individual reports of vertical transmission occurring in specific species. For example, recent studies have demonstrated vertical transmission in wild boar [75], sea lions [76] and Australian marsupials [77]. However, in these cases little is known of the extent or nature of the importance of vertical transmission.

Vertical Transmission in humans

It has been known for a long time that congenital transmission occurs in humans and when it occurs it can confer a high frequency of serious disease consequences. The majority of studies suggest that congenital transmission occurs at low frequency [2, 35] with rates of 1 in 1,000 to 1 in 10,000 live births reported. It is not within the scope of this review to discuss the extensive literature in this area. However, little is known about serial congenital transmission (vertical transmission) – that is, sequential transmission from generation to generation. Such studies are extremely difficult to conduct in humans due to long generation times, ethical issues and lack of robust methodologies for diagnosis of transgenerational infection.
The key issue in establishing whether vertical transmission is important in humans is that there are high prevalences of infection and yet an apparently low congenital infection rate. This suggests that either vertical transmission is not important or that we haven’t currently got robust enough methodologies for detection of this mode of transmission. Global data suggests prevalences of above 60% in some parts of the world [4] and that prevalence in pregnant women may reflect levels reported in those national statistics [4, 17]. Thus, it would seem that, in principle, a high proportion of mothers have the potential to pass the parasite to their offspring.  One possibility is that congenital infection only occurs when mothers seroconvert (i.e. become infected during pregnancy). This is indeed supported by many studies including a detailed analysis of the Austrian Toxoplasmosis Register, 1992 – 2008 [78]. However, mothers that are already seropositive with a chronic infection will not be detected as seroconverting by routine tests and will not be detected as infected unless a problem occurs with the developing foetus or neonate.
Our findings in sheep that there was a high frequency of positive lambs born which were apparently healthy [63, 64] and there appeared to be transmission through sheep families with asymptomatic consequences [66, 67]. This raises some questions as to whether this could occur in humans. To investigate this possibility we used PCR testing of umbilical cord tissue, obtained at birth, to measure the infection rate in human babies. Studies in sheep showed that there was a reliable correlation between SAG1-PCR positive cord tissue and SAG1 positivity in internal organs [64]. In a study conducted in Libya [51], it was shown that 27 PCR positive samples were obtained from 276 pregnancies suggesting congenital transmission rates of 9.93%. Five of the pregnancies were unsuccessful and resulted in miscarriages but none were associated with Toxoplasma. Thus there is some evidence that the Toxoplasma positive babies are carrying Toxoplasma DNA despite being apparently healthy. More research is needed to investigate the longer term consequences of these data.
If vertical transmission is occurring in a “silent” manner, as could be suggested by these data, then this raises questions as to the reasons why it has not been picked up before in the many serological studies demonstrating low T, gondii congenital transmission rates?  One possibility is that the serological detection methods are not a sufficiently reliable approach. The early studies on serial congenital transmission in mice [32] showed that after several generations the congenitally infected offspring were demonstrably infected but were seronegative. Perhaps serial congenital transmission results in a long term situation where a seronegative infection is tolerated – this would, of course, lead to an underestimation of congenital transmission if serology was the only test. More research is needed to examine this question. Additionally, if vertical transmission was as frequent as suggested in our study, it suggests that a possible mechanism of transmission could be reactivation of a chronic infection (reactivation of cysts). At present there is little evidence to suggest that this happens with high frequency however there are some indications that it does occur. Although only based on individual case studies, there have been serval reports of possible reactivation from immunocompetent mothers and subsequent congenital transmission [79, 80, 81]. Interestingly, recent studies have suggested that reactivation may be associated with modulation of T-cell immunity during pregnancy [82, 83]. Further research is required to investigate these important questions.

Conclusions

It is clear that the cat is an important source of infection due to the shedding of infective oocysts. However, it is also clear that other routes of transmission must play an important role. In this review, the role of vertical transmission in the dissemination of Toxoplasma has been discussed. The results of several studies conducted by our laboratory suggest that vertical transmission may be more important than previously thought and the aim of this review was to put these studies into context. It seems clear that vertical transmission may be a significant route of transmission in mice and, possibly, rodents in general. In sheep, the situation is much less clear and there is evidence both for and against the importance of vertical transmission. The balance of the literature is currently more against than for. However, there are some important issues raised, especially about the breeding management of sheep, which may have significant implications if vertical transmission is occurring at high frequency. In humans, the balance of data currently suggests that vertical transmission is rare. However, there is still much that is unexplained about the importance of routes of transmission of Toxoplasma to humans. We may not currently have the tools or methodologies to fully investigate vertical transmission in Toxoplasma. Furthermore, if our beliefs and understanding of the spread of Toxoplasma is based around the concepts of transmission being associated with ingestion of oocysts and infected tissue, we may not be asking the right questions nor developing the right methodologies to investigate vertical transmission. This mode of transmission in Toxoplasma may be deserving of more consideration and certainly requires more future research to address outstanding questions.

Expert commentary
There is a key need to understand the routes of transmission of Toxoplasma to its various hosts. The problem is complex and much research has already been carried out. The exhaustive contributions of scientists working on the vertical transmission of Toxoplasma in sheep should not be underestimated and yet there is still clear disagreement. There is a need for a robust understanding of which diagnostic methodologies are most useful for detecting congenital infection. There are surprising observations in serially congenital transmission in mice, that parasite detection by serology wanes despite the detectable presence of parasites. If vertical transmission is common in mice, which some evidence clearly suggests, then perhaps seronegativity is a feature of naturally infected animals. This might have implications for differences in transmission in natural populations compared to experimentally infected animals. Thus diagnostics need to be investigated for natural populations of animals as well as those that have been experimentally infected. In the case of research in humans and sheep, little is known about the immune status of congenitally infected neonates if vertical transmission is occurring in these species. Such research is important for gaining future perspectives in this area.
Five year view
To understand transmission of any infectious agent, markers are required to track the spread of the pathogen. Much research is currently on going in developing genetic markers and identifying their geographical distributions.  We currently have a good and improving overview of the nature of Toxoplasma strains globally with strains that are associated with Europe and North America and different atypical strains rapidly being discovered in South America. However, we have little information on how strains are being spread from animal to animal or human to human within localised ecosystems. From the perspective of vertical transmission, there is a need to consider the spread of the parasite within families in natural populations. This could be done in species such as mice where large sample sizes can be collected, where generation times are short and where the use of host genotyping and parasite genotyping could be used to track the distribution of parasites through families. These types of studies are required and could, perhaps, be developed as a model system for use in larger mammals and possibly humans.
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Figure Legends


Figure 1 Lifecycle of T. gondii. [Adapted from 12]. Three routes of transmission are recognised: ingestion of infective oocysts produced by the cat, consumption of undercooked/raw infected meat (carnivory) and congenital transmission.


Figure 2 
Example pedigree showing a high frequency of abortion.  
Symbols are as follows:        female;        Aborted female;               
          male;        Aborted male;         Sex not recorded


Figure 3	
Example pedigree showing a low frequency of abortion.  
See Figure 2 legend for key to symbols.



