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ABSTRACT 

 

 Although it is regarded as self-evident that parasites interact with their hosts, 

with the primary aim of enhancing their own survival and transmission, the extent to 

which unicellular parasites communicate with each has been severely underestimated.  

Recent publications show that information is commonly exchanged between parasites 

of the same species and that this can govern their decisions to divide, to differentiate or 

to migrate as a group. Communication can take the form of soluble secreted factors, 

extracellular vesicles or contact between cells. Extracellular parasites can do this 

directly, while intracellular parasites use the infected host cell - or components derived 

from it - as an intermediary.  By emitting signals that can be dispersed within the host, 

parasites can also have long-distance effects on the course of an infection and its 

pathology. This article presents an overview of recent developments in this field and 

draws attention to some older work that merits re-examination. 
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 Most readers of this article will not need to be told that diseases such as sleeping 

sickness, malaria, Leishmaniasis, Trichomoniasis and Chagas Disease are caused by 

unicellular parasites. This knowledge might come with the tacit assumption that single-

celled organisms are completely self-sufficient and have no need to interact, much less 

cooperate, with members of their own species. In recent years, however, it has become 

apparent that a number of decisions are group decisions that rely on parasites 

communicating with each other.  Just as animals can exchange information in different 

ways, be it vocally, visually, chemically or by body language, parasites have also 

developed a range of mechanisms for communicating with each other. This sometimes 

occurs directly, from parasite to parasite, or by using the infected host cell - or 

components derived from it - as an intermediary.  By emitting signals that can be 

dispersed within the host, parasites can also have wide-ranging effects on the course of 

an infection and its pathology. This article presents an overview of recent developments 

in this field and draws attention to some older work that merits re-examination. Owing 

to space constraints, it will not cover molecules used by intracellular parasites to 

reprogram the cells that they infect.  

 

Quorum sensing and differentiation 

 Different subspecies of Trypanosoma brucei, the pathogens responsible for 

human sleeping sickness and Nagana in domestic animals, are extracellular throughout 

their life cycle. In the mammalian host the parasites use a quorum sensing mechanism 

to maintain a balance between slender bloodstream forms, which are capable of 

dividing every 6-8 hours, and stumpy bloodstream forms, which cannot divide and have 

a lifespan of a few days. When trypanosomes ingested by a tsetse fly, the slender form 

is killed while the stumpy form survives and differentiates to the next life stage, the 

procyclic form, in the insect midgut [1, 2]. If slender forms were to proliferate 

unchecked, this would result in rapid death of the mammalian host. If all were to 
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differentiate to stumpy forms, however, there would only be a short window when 

transmission to the fly could take place. It is thus in the parasite's interest to promote a 

chronic infection in which both life-cycle stages occur, and this is best achieved through 

population-wide communication. Slender forms release one or more molecules <500 Da 

collectively known as stumpy induction factor (SIF) [3]. When the titre of these cells is 

high, the concentration of SIF exceeds a critical threshold, triggering differentiation of 

slender to stumpy forms. Once cells become stumpy, they no longer produce SIF and its 

concentration wanes. These cycles of SIF production and cell differentiation, 

superimposed on the phenomenon of antigenic variation, result in the characteristic 

waves of parasitaemia in an infected host.  In cultures treated with SIF, the number of 

cells expressing stumpy markers can approach one hundred per cent [3], but this does 

not happen in vivo otherwise the infection would extinguish itself.  It could be that a 

sub-population of slender forms (termed slender retainers by Mony and Matthews [4]) 

is refractory to SIF, or that local concentrations of SIF differ. Several regulators of SIF 

have been identified: the kinases MAPK5, ZFK and TOR4 [5-7] all make trypanosomes 

less receptive to the factor, while the RNA-binding protein RBP7, a MAP kinase kinase 

and several other proteins participate in stumpy formation and the progression to 

procyclic forms [4, 8]. Thus, subtle differences in the balance between the pathways 

promoting maintenance as slender forms and progression to stumpy forms might 

determine the fate of a cell. SIF can be mimicked by cell-permeable analogues of cAMP 

that are subsequently hydrolysed to AMP [9]. However, despite being functionally 

characterised close to two decades ago, the identity of SIF is still not known nor has the 

receptor been identified.  

 In contrast to T. brucei, the replication of Plasmodium falciparum is intracellular. 

Sporozoites introduced with the saliva of an infected mosquito invade hepatocytes and 

undergo a first round of differentiation and replication, giving rise to tens of thousands 

of merozoites per infected cell. When released into the bloodstream, these can undergo 

multiple cycles of invasion and replication in red blood cells and cause the characteristic 

symptoms of malaria. In some red blood cells, however, there is a switch from 
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merozoite production to gametocytogenesis. As a result, male and female gametocytes 

are released into the circulation, from where they can be taken up by mosquitoes during 

a blood meal. Once again, there needs to be a balance between virulent replicative 

forms and transmissible forms, and once again there seems to be a quorum sensing 

mechanism that can tip the equilibrium towards gametocyte production.  In this case, 

however, the messengers are membrane-bound vesicles that are released by infected 

red blood cells; these are termed red blood cell microvesicles [10] or exosome-like 

vesicles [11] by the two groups that discovered them. Although both groups report the 

same effect on gametocyte production, the vesicles they characterised differed in size. It 

is not known whether this is due to differences in experimental protocols for cell culture 

or in the protocols for their isolation. Release of these vesicles peaks in late schizogony 

[10, 11] and is independent of parasite egress [10]. Both host and parasite proteins are 

present in the vesicles and their composition, together with the requirement for the 

parasite protein PfPTP2, is consistent with them being derived from Maurer's clefts and 

specific sub-domains of the red blood cell membrane [10, 11]. Once released, the 

vesicles can bind to both infected and uninfected erythrocytes, but internalisation 

appears to be specific to infected cells [10]. Again, it seems that not all cells are equally 

receptive, since fewer than half the infected cells take up microvesicles, even when they 

are present at very high concentrations [10]. As is the case with SIF, the active 

components of the vesicles have yet to be identified. It is conceivable that several 

components act in concert and these might be proteins, RNA and/or metabolites.  It is 

also possible that additional signals contribute to commitment to gametocytogenesis. 

 In connection with the phenomenon of vesicle transfer, Regev-Rudzki et al. 

reported that vesicles could transmit DNA between infected erythrocytes and confer 

drug resistance to other parasites [11].  In some instances the transferred DNA was 

episomal, but in one case it was integrated into the parasite genome and was presumed 

to have looped out. One way for gene transfer to occur would be if the contents of the 

nucleus were sampled during vesicle formation and delivered to the parasite nucleus in 

the recipient cell. To date, however, there have been no reports that the vesicles 
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contain nucleoproteins [10, 12]. Alternatively, DNA would have to leave the nucleus and 

traffic to the Maurer's clefts in order to be incorporated into vesicles. It is still an open 

question if gene transfer of this type occurs in nature and to what effect.  

 

Coordinated group movement - the phenomenon of social motility 

 When stumpy forms of T. b. brucei are taken up by the tsetse fly, they 

differentiate into procyclic forms in the endoperitrophic space [13].  Early procyclic 

forms can be recognised by their expression of a GPI-anchored protein, GPEET procyclin, 

which is expressed exclusively by this stage of the life cycle [14, 15]. Within a week of 

ingestion, the parasites differentiate to late procyclic forms that are GPEET-negative [14, 

15].  In addition to this surface marker, a number of other proteins are differentially 

expressed between the two forms [16]. The differentiation from early to late procyclic 

forms coincides with the movement of the parasites to the ectoperitrophic space, but it 

is not known whether the parasites first migrate, then differentiate, or vice versa. Early 

procyclic forms show a striking change in behaviour, known as social motility (SoMo) 

when they are transferred from liquid culture onto plates containing agarose [17]. When 

a small volume of a culture is spotted onto a plate, the cells initially remain in a confined 

region at the inoculation site.  As well as dividing, which they do approximately once a 

day [16], they form communities that can move across the surface and recruit other 

individuals [17].  When the population rises above 1.5 million cells, the communities 

start to form radial projections that elongate at a rate of 10 mm a day (equivalent to 500 

body lengths) [16, 17].  Individual cells within the projections are not constrained, but 

appear to move freely in all directions [17]. As long as they do not encounter a barrier, 

the projections continue to extend and gradually spiral clockwise [17]. The directionality 

of group movement is most likely due to the structure of the parasite's flagellum, which 

possesses an inherent chirality [18].  For wild-type communities, the radial projections 

are usually symmetrically distributed around the periphery of the central colony [16]. 

This indicates that early procyclic forms produce and respond to a migration factor, 

which may also determine the spacing between projections. The fact that the cells need 
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to reach a certain number before migration starts is again indicative of quorum sensing 

and a response mechanism that requires a threshold concentration.  

 Two proteins are required for the production or activity of the migration factor. 

These are phosphodiesterase B1 (PDEB1), which is localised along the length of the 

flagellum [19] and Rft1, an endoplasmic reticulum protein that plays a role in N-linked 

glycosylation [20]. Chemical inhibition of phosphodiesterases or depletion of PDEB1 by 

RNAi completely abolishes SoMo [19].  Knocking out Rft1 causes a less severe defect - 

the cells need to reach a higher threshold number before they start migrating and they 

produce fewer projections [20].  Mixing PDEB1 knockdown mutants with wild-type cells 

overcomes the defect, indicating that the downstream signalling cascade is still intact 

[19].  Negative regulators of SoMo have also been identified: knocking down the 

procyclic form-specific adenylate cyclases ACP1/2 and ACP6 result in a hypersocial 

phenotype, with the production of more radial projections than in communities 

expressing wild-type levels [21].  Interestingly, ACP1 and ACP6 both localise to the 

flagellar tip [22]. Taken together with the phenotype of the PDEB1 knockdown, these 

data indicate that increases in local concentrations of cAMP inhibit SoMo. Other 

adenylate cyclases are differentially regulated between early and late procyclic forms, 

but it is not known if they play a role in SoMo [16].  All trypanosomal adenylate cyclases 

have a large extracellular domain, a single trans-membrane domain and an intracellular 

catalytic domain [23].  No ligands that regulate their activities have been identified. 

Might the extracellular domains provide a means by which trypanosomes interact 

directly with each other and, by causing changes in adenylate cyclase activity, transmit 

signals between cells? This could potentially allow them to coordinate their movements. 

 Late procyclic forms do not exhibit social motility [16]. Moreover, when a culture 

consists of a mixture of early and late procyclic forms, the late forms accumulate at the 

inoculation site [16]. This indicates that they do not react to migration factors; it is not 

known whether or not they still produce them. In addition to the factors that coordinate 

migration and group movement, both early and late procyclic forms release repellents 

[19].  These are active over considerable distances (equivalent to hundreds of body 
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lengths) and they cause the leading edges of radial projections to reorient and avoid the 

source. However, two migrating streams can move in parallel lines that are very close to 

each other [19, 24].  This indicates that the sides and the tip of the projections differ in 

their perception of signals.  One way of visualising this is to think of each projection (as 

well as the flagellum of every trypanosome that contributes to it) as a form of elephant's 

trunk; in this case it is obvious that the tip that has a very different structure and 

function to the sides.  At present, there are no known mutants with altered production 

or perception of the repellents, and we know little about these factors except that they 

can be transferred between plates and are non-volatile (S. Imhof, S. Millius and IR, 

unpublished). Given the distances that they cover, one possibility is that they are very 

small molecules that can diffuse rapidly through the agarose matrix.  Another possibility 

is that they might be released in vesicles that move over the surface. Such vesicles might 

interact with recipient cells or they might break down after some time and release their 

contents. In this way they would not repel the population that produced them. 

 As intriguing as it is, how pertinent is SoMo to trypanosome biology? If it reflects 

part of the life cycle in the fly, one would predict that mutants defective in migration on 

plates would also show a defect in establishing infections. This is the case for the Rft1 

knockout, which is the only mutant to have been tested in vivo so far [20].  While one 

mutant may not be sufficient confirm a hypothesis beyond all doubt, it has certainly 

made us think differently. We are all inclined to view transmission as an interaction 

between the trypanosome and its host; it is now time to consider whether 

communication between parasites is also part of the equation. 

 

Can communication between parasites drive cell division? 

 As we have seen above, when SIF reaches a critical threshold, bloodstream forms 

differentiate and undergo cell-cycle arrest. But can cells also signal to each other to 

divide? Procyclic forms of Trypanosoma brucei are the life-cycle stages that develop and 

proliferate in the tsetse midgut. These are normally grown in liquid culture and can 

reach densities exceeding 107 per ml [25]. While it might not seem obvious that 
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trypanosomes within a culture are communicating with each other, there are several 

indications that they do so. First of all, some strains of trypanosomes are sensitive to 

culture density. Procyclic forms of T. b. brucei AnTat 1.1, for example, exhibit a lag in 

growth if they are diluted below 106 cells ml-1 [25]. Second, when procyclic forms are 

cloned they require conditioned medium from a logarithmically growing culture. This 

suffices for some strains, but other strains also requires companion cells that gradually 

die out as the transformed cells grow up during selection [25]. What is being provided 

by conditioned medium and companion cells? The glib explanation, that they provide 

"growth factors", needs some critical appraisal.  What are the cells releasing and 

transmitting to each other? From the way in which conditioned medium is prepared 

vesicles/exosomes could be present, as well as freely soluble components. It is also 

conceivable that trypanosomes are communicating by direct cell-cell contact and that 

this contributes to the decision to divide or not.   

 Another example of cell-cell interactions stimulating replication is provided by 

Theileria parva, the parasites causing East Coast fever in cattle [26].  Like Plasmodium, T. 

parva is an apicomplexan parasite that replicates intracellularly. When a sporozoite 

invades a lymphocyte it develops into a multinucleated schizont in the host cytoplasm. 

In culture, T. parva-infected (Tpi) cells can proliferate indefinitely as long as the parasite 

is present. Treatment with the theilericidal drug BW720C causes the lymphocytes to 

revert to a quiescent phenotype [27]. Tpi cells require at least two signals for optimal 

growth.  These are provided by conditioned medium and by surface components on 

other cells [28]. Interleukin 2 is one of the growth-stimulating components in 

conditioned medium, but there may be others, including microvesicles or exosomes. 

Fixed cells or membrane preparations can substitute for living cells, indicating that the 

signals they provide are not simply due to secretion of cytokines [28]. While the 

stimulatory lymphocytes do not need to be infected with Theileria, and could thus be 

bystander cells in the host, the ability to respond by proliferation requires the presence 

of the parasite [28]. In cattle, Tpi cells form microfoci in both lymphoid and non-

lymphoid tissues; in this way they could mutually deliver and receive stimuli. Why 
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should parasites want company in order to replicate? One explanation might be that cell 

division is costly, and the presence of other parasites indicates that the environment is 

worth this investment. 

 

Parasite-derived vesicles for long-range communication with the host 

 It has been known for decades that parasites interact with their hosts and 

modulate the immune response.  This was thought to be due to direct interactions 

between cell surfaces or to the production of secreted/excreted molecules that could 

reach host cells and alter their function. The definition of excreted molecules was rather 

vague, essentially encompassing all molecules that did not appear to follow classical 

secretion pathways. In the past few years, however, several parasites have been shown 

to produce membrane-bound vesicles that increase their chances of survival and 

transmission [10-12, 29-34]. In theory, there are many ways in which the contents of 

these vesicles can be delivered to cells within the host. They can fuse with host cell 

membranes, be taken up by endocytosis or they can act like controlled-delivery capsules 

that discharge their contents at different times and in different locations that might be 

far away from the parasite itself. The packaging of contents in vesicles may prevent their 

recognition and neutralisation by the host's immune system. Alternatively, when 

parasite proteins are delivered to uninfected cells they might stimulate an immune 

response; depending on the context, this might be beneficial or detrimental to the host.   

 Trichomonas vaginalis is a sexually transmitted parasite that grows within the 

human urogenital tract. The parasite is extracellular and colonisation entails attachment 

to epithelial cells. In addition to these direct interactions between the parasite and the 

host, T. vaginalis sheds exosomes ranging in size from 50 - 150 nm [29]. These contain 

many orthologues of proteins in mammalian exosomes, as well as parasite-specific 

proteins and small RNAs. T. vaginalis exosomes can fuse with host epithelial cells and 

release their cargo.  This alters the production of two pro-inflammatory cytokines, with 

an increase in interleukin 6 and a decrease in interleukin 8. It is possible that this 

constellation enables the parasite to maintain a chronic infection. Three parasite surface 
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molecules have been implicated in attachment: a lipoglycan that binds to galectins on 

the host cell surface [35] and two membrane proteins (TVAG_244130 and 

TVAG_166850) that are abundant in highly adherent strains [36].  Ectopic expression of 

either protein in a less adherent strain results in a two-fold increase in attachment to 

ectocervical epithelial cells.  Intriguingly, exosomes derived from a highly adherent 

strain enhance attachment of a poorly adherent strain.  Neither TVAG_244130 nor 

TVAG_166850 were identified in the exosome proteome [29], indicating that other 

molecules must effect the increase.  Why should an efficiently adhering parasite support 

the attachment of a less efficient strain? Is it altruism on the part of the former, 

opportunism on the part of the latter, or mutual aid? A clue may come from the gender-

specific differences observed by Twu and coworkers, with some strains enhancing 

attachment to vaginal epithelial cells and others to prostate epithelial cells [29]. Given 

that transmission of T. vaginalis is frequently heterosexual, this strategy might enable 

the parasite to optimise colonisation in both male and female hosts.  

 Another example of parasite-secreted vesicles increasing adhesion and infection 

is provided by Trypanosoma cruzi, the agent of Chagas' disease [37]. This parasite 

releases membrane-bound vesicles by at least two different mechanisms [38]. Larger 

vesicles (ectosomes) bud from the plasma membrane, while smaller vesicles (exosomes) 

are found in the flagellar pocket.  Vesicles purified from epimastigotes, the proliferative 

forms in the insect vector, and metacyclics, which are the infective forms for mammals, 

showed differences in both their protein and small RNA contents, suggesting that they 

have specialised functions [38, 39]. Pretreatment of mice with parasite-derived vesicles 

can alter the outcome of infection, resulting in an increased amastigote burden and an 

intensified inflammatory response in the heart (the latter being manifested by increased 

levels of IL4 and IL10 mRNA and infiltration by macrophages and CD4+ lymphocytes). 

[40].  Since the vesicles were administered intraperitoneally in these experiments, this 

suggests that they were either capable of homing in to the correct tissue or that they 

elicited a cascade of events that increased the susceptibility of heart cells to infection. 

Exposure to extracellular vesicles can modulate the transcriptome of mammalian cells 
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[41]. As gauged by microarray analysis, incubation of HeLa cells with extracellular 

vesicles altered the expression levels of several hundred mRNAs. This was most 

apparent 6-24 hours post exposure, with most transcripts returning to basal levels after 

72 h [41]. The RNA contents of the extracellular vesicles shed by T. cruzi are mainly 

derived from rRNAs and a restricted subset of tRNA fragments (tsRNAs) [42]. 

Furthermore, parasites transfected with Cy3-labelled tsRNAs are able to transfer these 

to other parasites and to mammalian cells [42]. Reprogramming of host cell expression 

cannot be attributed to these alone, however; transfection of HeLa cells with individual 

tsRNAs resulted in many fewer changes in transcript levels and, for the most part, these 

were not concordant with the results obtained with vesicles [41].  

 As mentioned above, extracellular vesicles from Plasmodium-infected red blood 

cells can stimulate gametocyte formation. In addition, they can modulate the innate 

immune response. Vesicles from erythrocytes infected with P. falciparum or P. berghei 

have been shown to stimulate the production of IL6 and TNF by peripheral blood 

monocytes and macrophages, respectively [10, 30]. Some parameters were tested in 

only one of the two systems and it is not yet clear if they will hold for other species of 

Plasmodium. For example, vesicles from infections with P. falciparum also stimulated 

ILβ, IL12 and the anti-inflammatory cytokine IL10. That the cytokine response required 

uptake of vesicles was demonstrated for P. falciparum, but for no other species to date. 

Conversely, the requirement for TLR4 and MyD88 was established only for P. berghei 

[30]. 

 If extracellular vesicles are transferred to an uninfected host, can they alter the 

course of a subsequent infection? An attenuated strain of P. yoelii preferentially infects 

reticulocytes, whereas a virulent strain infects mature red blood cells. Experiments with 

exosomes derived from the attenuated strain indicate that they can have a protective 

effect against the virulent strain [12].  This was most marked when an adjuvant, CpG 

oligodeoxynucleotide, was administered in conjunction with the exosomes, protecting 

most mice against lethal challenge. The effect was not simply one of preventing 

infection, but changed the target host cell from red blood cells to reticulocytes. Most 
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mice were able to clear this infection, however, and subsequently remained free of 

parasites. 

 Parasites of the genus Leishmania, which cause a wide spectrum of diseases, 

replicate extracellularly in their sandfly hosts, and intracellularly in their mammalian 

hosts. Infection of mammals is initiated by metacyclic promastigotes, which are 

regurgitated in a plug of promastigote secretory gel (PSG) when the sand fly takes a 

blood meal [43, 44]. The parasites first pass through neutrophils [45] before infecting 

macrophages and differentiating to amastigotes. Replication occurs within a 

parasitopherous vacuole and culminates in the release of amastigotes that can also 

invade macrophages and undergo further cycles of replication. Both insect- and 

parasite-derived components enhance the replication of transmitted parasites [34, 46-

48].  Two biological activities have been attributed to filamentous 

proteophosphoglycan, a major component of PSG.  One is the ability to recruit 

macrophages to the inoculation site; the other is to stimulate the conversion of arginine 

to polyamines, which are required for growth of Leishmania, rather than nitric oxide, 

which activates macrophages and promotes parasite killing [49]. Leishmania 

promastigotes were among the first examples of parasites that were shown to extrude 

exosomes in culture [31-33].  In common with extracellular vesicles from Trichomonas 

and T. cruzi, these are enriched for specific fragments of tRNAs and rRNAs [33]. With 

one exception, similar cargoes were identified in exosomes from L. donovani and L. 

brasiliensis; the latter is competent for RNA interference and also packages small 

interfering RNAs [33]. Very recently, it was demonstrated that exosomes with the same 

composition as culture-derived exosomes are produced by parasites in the sand fly and 

that these enhance the parasite load when co-injected with parasites [34]. In common 

with the other organisms described above, exosomes from Leishmania manipulate 

cytokine secretion, in this case enhancing the production of pro-inflammatory cytokines 

IL8 and IL17a, while inhibiting the production of TNFα, IL10 and IL12p70 [31, 32].   It has 

also been reported that infection with L. donovani lowers the expression of a microRNA, 

miR-122, in the liver, resulting in lowered serum cholesterol [50]. The reduction in 
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steady-state miR-122 was attributed to the delivery of the surface protease gp63 to liver 

cells by exosomes, resulting in the cleavage of Dicer1 [50]. No other microRNAs were 

analysed, so is not known if this is a specific or a general phenomenon. 

 Extracellular vesicles have also been implicated in the pathology of African 

trypanosomes. The possible release of microvesicles via the flagellar pocket of T. brucei 

was first reported by Geiger and coworkers during their characterisation of the parasite 

secretome [51].  Very recently, it was shown that bloodstream forms of T. brucei 

extrude nanotubes from the flagellar pocket and that these convert to extracellular 

vesicles that have the capacity to fuse with both parasite and erythrocyte membranes 

[52]. The vesicles are enriched for flagellar proteins, but also contain proteins derived 

from other cell compartments. Extracellular vesicles derived from parasites that are 

resistant to human serum (through expression of SRA) increased the survival of serum-

sensitive parasites in vitro, consistent with delivery of functional SRA to the endosomal 

compartment of the recipient. While this is an elegant proof of protein transfer between 

parasites, it is an open question whether sufficient SRA would be transferred during a 

natural infection where trypanosomes are present at much lower titres and the 

concentrations of lytic factors are higher than are seen in a laboratory setting.  Severe 

anaemia is a feature of bovine trypanosomiasis [53, 54].  It is most obvious in infections 

caused by T. congolense, but is also observed when T. brucei reaches high titres.  More 

than a quarter of a century ago it was observed that anaemia in the early phase of 

infection could be reversed by treatment with trypanocidal drugs, indicating that it 

relied on the continuous presence of parasites or parasite-derived factors [53].  

Szempruch and coworkers demonstrated that extracellular vesicles altered the 

membrane properties of erythrocytes and, when injected into mice, resulted in a 20% 

decrease in erythrocytes within an hour [52]. No further decrease was detected at 24 

hours, however, which might mean that the lytic effect of purified vesicles was local 

and/or transient. Another explanation might be that not all red blood cells in the 

circulation are equally vulnerable.  In cattle, the genetic makeup of the host certainly 
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plays a role as well, since trypanotolerant animals control anaemia better than 

susceptible breeds [54, 55]. 

 In summary, the production of membrane-bound vesicles, which may have 

different sub-cellular origins, is a common feature of unicellular parasites. These are 

frequently, although not invariably, used to reprogram the host's innate immune system 

to the parasite's own benefit. Their cargoes can consist of hundreds of protein and RNA 

species and, for the most part, it is not known which components are responsible for 

their manifold effects. 

 

Direct communication between parasites 

All of the phenomena described so far entail the release of components into the wider 

milieu, without any certainty that they will reach their intended targets.  To date, there 

are only two examples of structures that make direct contacts between parasites. 

Following activation of Plasmodium gametocytes, the parasites form closed, nanotube-

like filaments that attach to the surface of other cells [56]. These filaments, which are 

derived from the plasma membrane, contain actin and are covered with gamete-specific 

proteins. Filament formation was observed in the mosquito midgut as well as in culture, 

indicating that it is a natural process, most probably to facilitate contact between 

gametes and subsequent fertilisation [56].  An unusual form of direct communication 

has recently been described for procyclic form trypanosomes [57]. This involves flagellar 

membrane fusion and the rapid exchange of proteins between connected cells, without 

any transfer of DNA [57].  The one prerequisite for exchange is that the proteins gain 

access to the flagellum.  To date, the actual fusion event has only been observed in 

culture, but there is circumstantial evidence that it might also occur in the tsetse 

salivary glands. When flies were co-infected with trypanosomes expressing cytoplasmic 

red fluorescent protein or a tagged form of the meiotic marker HOP1, double-positive 

parasites were observed, compatible with protein exchange occurring before the 

formation and fusion of gametes [58].  Might this form of cell-cell communication occur 

in other flagellated parasites? Co-infection of sandflies with two tagged forms of 
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Leishmania can give rise to double-positive parasites [59, 60].  It is not always possible 

to isolate genetic hybrids, however [59], and one possibility is that some of them are 

products of protein exchange rather than mating. It is also worth noting that the 

Leishmania amastigote - so named because this life-cycle stage was supposed to lack a 

flagellum - has a flagellar pocket and a very short flagellum with a 9+0 axoneme 

structure that is more reminiscent of the sensory cilium of higher eukaryotes [61]. The 

amastigote resides within a parasitophorous vacuole in the host macrophage. It is 

intriguing that the tip of its flagellum can be in close contact with the vacuolar 

membrane [61] and one can speculate that if this provides a means of exporting 

proteins to the host cell.  

Multilingual parasites? 

As described above, parasites can communicate via small molecules, secreted proteins 

and proteoglycans, membrane-bound vesicles and cell-cell contact (Figure 1). Some 

parasites are already known to employ more than one language, and it is only a matter 

of time before more parasites are shown to do so.  In addition, many protocols that are 

employed empirically to optimise growth, such as the use of conditioned medium or 

provision of companion cells, may simply be a way of allowing parasites to sense if 

relatives are in their vicinity and to react accordingly. Taking a lesson from bacteria, 

which are also proficient linguists [62], it would not be surprising if parasites employ 

many other means of communication that still await discovery. Intercellular bridges for 

the transfer of proteins and nutrients [63, 64], or ion channels that propagate waves of 

electrical signalling between cells [65] are just two possibilities. And given the 

propensity of parasites to diverge from the mainstream, it would not be surprising if 

they have developed entirely novel means of encrypting and exchanging information.  
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FIGURE LEGEND  

Different types of signals produced by parasites and their effects.  (1) Trypanosoma 

brucei; (2) Trichomonas vaginalis; (3) Plasmodium species;  (4) Leishmania species; (5) 

Trypanosoma cruzi; (6) Theileria parva.  The nature of the migration and repellents 

causing social motility of T. brucei  are not known.  
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