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Abstract 

Reliable diagnostic tools are needed to choose the appropriate treatment and proper control measures for animal 
trypanosomoses, some of which are pathogenic. Trypanosoma cruzi, for example, is responsible for Chagas disease 
in Latin America. Similarly, pathogenic animal trypanosomoses of African origin (ATAO), including a variety of Trypa-
nosoma species and subspecies, are currently found in Africa, Latin America and Asia. ATAO limit global livestock 
productivity and impact food security and the welfare of domestic animals. This review focusses on implementing 
previously reviewed diagnostic methods, in a complex epizootiological scenario, by critically assessing diagnostic 
results at the individual or herd level. In most cases, a single diagnostic method applied at a given time does not 
unequivocally identify the various parasitological and disease statuses of a host. These include “non-infected”, “asymp-
tomatic carrier”, “sick infected”, “cured/not cured” and/or “multi-infected”. The diversity of hosts affected by these animal 
trypanosomoses and their vectors (or other routes of transmission) is such that integrative, diachronic approaches are 
needed that combine: (i) parasite detection, (ii) DNA, RNA or antigen detection and (iii) antibody detection, along with 
epizootiological information. The specificity of antibody detection tests is restricted to the genus or subgenus due to 
cross-reactivity with other Trypanosoma spp. and Trypanosomatidae, but sensitivity is high. The DNA-based methods 
implemented over the last three decades have yielded higher specificity and sensitivity for active infection detec-
tion in hosts and vectors. However, no single diagnostic method can detect all active infections and/or trypanosome 
species or subspecies. The proposed integrative approach will improve the prevention, surveillance and monitoring 
of animal trypanosomoses with the available diagnostic tools. However, further developments are required to address 
specific gaps in diagnostic methods and the sustainable control or elimination of these diseases.

Keywords: Integrative trypanosomosis diagnosis, Pan-trypanosome ELISA, POCD, PSR, Trypanosomosis, 
Trypanosome
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Background
The Trypanosoma spp. and trypanosomoses included in 
this review are mostly related to salivarian trypanosomes, 
including: (i) the complex of Trypanosoma congolense, T. 

brucei brucei, T. vivax and T. simiae, which cause the dis-
ease widely known as nagana (i.e. animal African trypa-
nosomosis [AAT]); (ii) Trypanosoma brucei gambiense 
and T. b. rhodesiense, which cause the disease widely 
known as sleeping sickness (i.e. human African trypano-
somiasis [HAT]); (iii) Trypanosoma evansi, which causes 
surra; and (iv) Trypanosoma equiperdum, which causes 
dourine. However, it also includes a stercorarian trypano-
some: (v) T Progressive Control Pathway (PCP) cruzi, the 
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aetiological agent of Chagas disease (also referred to as 
American trypanosomosis).

Trypanosomoses are a serious animal health concern, 
causing significant disease in livestock and domestic ani-
mals in Africa, Asia and the Americas. In addition, the 
international trading of live animals makes them a per-
manent threat to Europe and Australia [1, 2]. Therefore, 
a reliable and comprehensive diagnosis is the basis for 
epidemiological investigations, individual diagnosis, pre-
vention, treatment, monitoring, surveillance, control and 
international trading.

Our previous review focussed on the intrinsic charac-
teristics, advantages and drawbacks of the methodologies 
available for animal trypanosomosis diagnosis, irrespec-
tive of the users’ needs [3]. In the present review, we 
focus on the proper use of currently available tools, based 
on the information they provide, to gain the maximum 
benefit in the various epidemiological circumstances in 
which they are required. When presenting their limita-
tions, we also touch on further possible developments.

First of all, we need to define the terms used, as words 
with double meanings are a source of confusion and mis-
understanding. In mammals (or other animals, such as 
birds), the term “trypanosomosis” (plural “trypanosomo-
ses”), derived from the name of the causative agent “tryp-
anosom-”, and the suffix “-osis” (plural “-oses”)”, meaning 
“disease(s)”, has more than one meaning, covering a large 
panel of parasitological, clinical and epidemiological 
situations. Two situations can be considered: (i) “trypa-
nosome infection”, which refers to a past or ongoing 
infection due to one or more causative agents belonging 
to the genus Trypanosoma; and (ii) “trypanosome-asso-
ciated sickness” (infection + disease), whereby an animal 
is actively infected by one or more trypanosome(s), and 
has clinical signs. Current diagnostic tools are unable to 
distinguish between these two situations. For example, 
in a highly enzootic area, and in the absence of a general 
control project, the systematic treatment of all “animals 
carrying anti-trypanosome antibodies” (up to 80% of 
the animals in some areas) would be a waste of money. 
Moreover, it may select chemo-resistant strains [4]. A 
cost-effective treatment-decision test would instead 
require identifying only “sick animals” [5]. When parasite 
elimination is the objective, as in the case of the advanced 
stages of a Progressive Control Pathway (PCP)[6], active 
infection by itself is the rationale for treatment. In addi-
tion, non-pathogenic trypanosomes such as the ubiqui-
tous Trypanosoma theileri must be identified.

Therefore, in this review we will first define individual 
host status with the available diagnostic tools, such as 
“non-infected”, “actively infected”, “infected and sick”, 
“asymptomatic carrier”, “species-specifically infected”, 
etc. Additionally, we will look at parasite detection in 

vectors. This review presents a broad and global perspec-
tive encompassing diagnostic tools, with short-, medium- 
or long-range objectives, in the framework of a variety 
of scenarios or situations: (i) enzootic areas, (ii) sporadic 
cases, (iii) countries or regions declared parasite free 
and (iv) potential zoonotic occurrences. In fine, realistic 
prospects and strategies for developing new tools will be 
discussed.

Individual status inferred from current diagnostic 
tools
There are critical periods in the course of an infection 
that are directly associated with the reliability of a diag-
nosis. For instance, at the onset of an infection, during 
the first 2–3  weeks after a Trypanosoma infection, any 
samples analysed by parasite or antibody detection meth-
ods may provide false-negative results. Likewise, parasite 
detection tests in asymptomatic carriers may not reveal 
the infection, while antibody detection tests would in this 
case be effective. Conversely, after curative treatment, it 
may not be possible to ascertain the presence or absence 
of infection due to the persistence of antibodies in the 
serum for months [7]. Serial samplings may address such 
situations.

One or more diagnostic tools need to be used during 
single or serial sampling to enable a conclusion to be 
drawn or inference made on a mammal’s status regard-
ing trypanosome infection, whether “non-infected” or 
“actively infected”, which can either be an “asymptomatic 
carrier” or a “sick carrier”. As was previously discussed 
[3], the test specificity can vary, the primers must be 
selected according to subgenus, species, type and sub-
species, and the test results will still remain inconclusive 
for single or mixed infection status. By using one or more 
diagnostic tools for serial examinations, it will be possible 
to differentiate current (parasite ± antibodies) from past 
infections (antibodies only). Possible outcomes of diag-
nostic tests regarding the infection and immune statuses 
are given in Fig. 1.

This figure represents test outcomes from infected 
animals (T. evansi in cattle, for example) receiving non-
curative and curative treatments. Based on the results 
gathered during experimental infections, we modelled 
the follow-up of an animal infected on day 0 (D0). In 
this model, the positive thresholds for the diagnostic 
techniques were set up as follows: Giemsa-stained thin 
blood smear (GSBS): 10,000 trypanosomes per mil-
lilitre (tryp/ml); haematocrit centrifugation technique 
(HCT): 100 tryp/ml; PCR-internal transcribed spacer 1 
(ITS1): 30 tryp/ml; satellite-DNA PCR: 3 tryp/mll, and 
enzyme-linked immunosorbent assay (ELISA) optical 
density (OD) = 0.2. A non-curative treatment was given 
on D35; this was followed by an “aparasitaemic” period, 



Page 3 of 22Desquesnes et al. Parasites & Vectors          (2022) 15:235  

but the OD in ELISAs remained high. A relapse of the 
infection was detected from D40 onwards by satellite-
DNA PCR, followed by PCR-ITS1 (D46), HCT (D48) 
and GSBS (D50). A curative treatment on D52 was fol-
lowed by an “aparasitaemic” period then a progressive 
decrease, based on OD, until it became negative from 
D82 onwards. A negative seroconversion 30  days after 
curative treatment is short; longer periods are generally 
observed in the field, particularly in older animals hav-
ing undergone multiple infections. The inconsistency in 
detection of early infections by the card agglutination 
test for trypanosomosis (CATT) can be attributed to the 
presence of immune complexes [8]. On the other hand, it 
turns negative before the ELISA due to the short half-life 
of immunoglobulin M (IgM).

Establishment of a “non‑infected” status
Due to fluctuating parasitaemia, it is not always possible 
to demonstrate the presence of trypanosomes in infected 
animals. Therefore, negative results from parasitological 
and/or molecular techniques are insufficient to establish 
a “non-infected” status. Repeated non-detection of anti-
bodies after 1 month (> estimated incubation period of 
2–3 weeks) is a stronger criterion.

Immunoglobulin G (IgG) produced against trypano-
somes can be detected in the serum from 2 to 3 weeks 
after infection. According to the recommendations of 
the World Organisation for Animal Health (WOAH, for-
merly known as OIE), this is especially true with ELISA 
plates coated with a complete native antigen, such as 
whole-cell lysate-soluble antigens (WCLSA) [9, 10]. 

IgG detection is thus a reliable method for establishing 
a “non-infected” status in most cases. However, nega-
tive parasitological, molecular and serological results are 
needed twice at a 1-month interval [10].

Nonetheless, a serological test may give a false-neg-
ative result in the case of Trypanozoon infections that 
display occasional extravascular foci, whereby the para-
site is not in contact with the immune system [11]. This 
was hypothesised in the T. evansi camel outbreak that 
occurred in France [1]. However, such a situation is 
probably rare and limited to T. evansi in camels. In most 
cases, accurate indications are obtained from an ELISA, 
as demonstrated in several validations among different 
host species. All of these studies agreed on the high sen-
sitivity and reliability of IgG detection by ELISA using 
WCLSA of trypanosomes [12–19].

In conclusion, with the exception of surra in camels, an 
unequivocal “non-infected” status can be established (in 
cattle, buffaloes, horses, sheep, goats, dogs, etc.) if nega-
tive results are obtained in a quarantine context, twice 
at a 1-month interval [9, 10], using: (i) HCT; (ii) one or 
more molecular detection tests (PCR) selecting the most 
suitable primers; and (iii) one or more WCLSA ELISA(s), 
selecting the most suitable species (ELISA T. vivax, T. 
congolense, T. brucei/T. evansi and/or T. cruzi in Latin 
America), according to the geographical area and the epi-
zootiological situation [3]. Furthermore, due to its cross-
reactivity with all pathogenic mammalian trypanosomes 
(T. brucei, T. equiperdum, T. vivax, T. congolense and T. 
cruzi), the T. evansi ELISA test would be an ideal candi-
date for such screening [17, 20–22].

Fig. 1 Parasitaemia in trypanosomes per millilitre (tryp/ml; blue curve) and optical density × 1000 in ELISA (orange curve), modelled in an animal 
infected by a trypanosome (Trypanosoma evansi in this case) on D0 (Day 0), receiving 1 non-curative treatment on D35, and one curative treatment 
on D52. See Abbreviation List for the full description of each abbreviation
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In animals for which no species-specific anti-IgG con-
jugate is commercially available, protein A-conjugate 
may be used. However, results using this conjugate have 
not been fully validated and standardised due to a lack of 
reference sera from non-infected and infected animals. 
Consequently, the status of such animals regarding trypa-
nosomosis cannot be certified.

Detection of an “active infection”
Microscopic examinations of GSBSs and buffy coat [23] 
are quick and cheap ways of detecting active infections. 
These methods remain the most usual choice in enzootic 
areas. However, they lack sensitivity and require a min-
imal level of equipment and skill, which are not always 
available in the field. Nevertheless, a positive result indi-
cates a parasitaemia > 50–100 tryp/ml, which reflects the 
immune system’s inability to control the infection and 
should lead to a treatment decision.

Other parasitological methods, such as the kit for 
in  vitro isolation (KIVI) [24] or the mouse inoculation 
technique (MIT) (although raising ethical issues), remain 
the most efficient techniques for parasite isolation [8]. 
They can be used to demonstrate the parasite’s presence, 
but also allow further characterisation and storage of 
field isolates. When applied to diagnosis, they are more 
sensitive than HCT and GSBS [25], but are relatively 
expensive and time-consuming. Still, they are helpful for 
trypanosome isolation during an outbreak in a previously 
non-endemic area [26] or for high-value animals (race-
horses, zoo animals, etc.). The added value of the MIT 
is clear for Trypanosoma species such as T. evansi and 
T. brucei that multiply readily in rodents, but for other 
Trypanosoma species, such as T. congolense and T. vivax, 
results are inconsistent and, in general, negative for T. 
equiperdum [27].

Molecular detection of trypanosomes through PCR 
was a real breakthrough in the development of trypano-
some diagnostic techniques in the 1990s [28–30]. PCR 
improved the sensitivity for detecting active infections 
and significantly improved specificity, at various taxo-
nomic levels. However, molecular methods have critical 
limitations: (i) they leave cases with low parasitaemia or 
non-circulating parasites undetected [31, 32]; (ii) they 
are limited to fully equipped laboratories with skilled 
technicians; (iii) positive results are conclusive of active 
infection (leaving aside the fact that DNA may still be 
detected 24–48 h after curative treatment [33]), but neg-
ative results are not; and (iv) there is a significant delay 
between the time of sampling in the laboratory and the 
delivery of results, so animals can be out of reach by the 
time the veterinarian, vet technician or owner receives 
the results. Loop-mediated isothermal amplification 
methods (LAMP) applied to parasite DNA can mitigate 

such drawbacks. Although they were claimed to be effi-
cient and applicable in the field [34–36], this has never 
really been the case. The new polymerase spiral reaction 
(PSR) method [37] may be suitable for field diagnosis in 
real time, but it still requires comprehensive field valida-
tion. Finally, the new and promising spliced-leader RNA 
(SL-RNA) detection method is applied to a short and 
conserved RNA sequence linked to the 5’ end of each 
trypanosome pre-messenger RNA (mRNA) [38]. Still, its 
implementation requires expensive equipment for quan-
titative PCR (qPCR) and skilled personnel [39].

Although antibody detection indicates contact between 
the host and parasites, it does not confirm active infec-
tion, especially as IgG persists several weeks after treat-
ment or self-cure (2–4  months). IgM is produced early 
and has a short half-life (1–3 months) [8, 40], and is asso-
ciated with recent infection or recent parasite circula-
tion. IgM detection has a good positive predictive value 
for detecting active infections, while IgG tests detect an 
“established infection”. However, IgM immune complexes 
are captured by phagocytic cells in the serum of actively 
infected animals and, consequently, IgM detection can 
give false-negative results [8]. Overall, implementing IgM 
and IgG detection in a herd showing signs of active infec-
tion (positive HCT or PCR) can help identify infected 
animals, but these methods not suited to detect active 
infection on their own.

In summary, at the individual level, an active infection 
can only be established with parasitological (HCT, GSBS, 
MIT, etc.) and/or molecular tools (PCR, LAMP,  PSR, 
RNA detection, etc.). However, once the infection is con-
firmed in one or more animals in a group, seropositivity 
may be considered sufficient by a primary care veterinar-
ian to decide on eliminating parasites, even in apparently 
healthy animals. Conversely, a “sickness treatment-deci-
sion strategy” requires evidence that clinical signs are 
linked to active infection (see following sections).

Sick or healthy status and treatment decisions
As discussed earlier [3], in enzootic areas (and in the 
absence of an elimination programme), before deciding 
on a treatment, a distinction should be made between 
the “infected and healthy animal” (asymptomatic carrier) 
and “infected and sick animal” statuses. A meta-analysis 
aggregation including averaging the results of 180 studies 
on cattle trypanosomosis in 19 enzootic African coun-
tries [41] showed a low prevalence of 15.1% (95% confi-
dence interval: 13.2–17.1). Nevertheless, on a smaller 
scale, in enzootic areas of Burkina Faso, Cameroon and 
Ghana, > 50–70% of the cattle are seropositive [42–44]. 
In such areas, a high percentage of cattle are asympto-
matic carriers. Therefore, unless there is an ongoing dis-
ease elimination programme, despite being seropositive, 
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these animals do not need treatment. A high seroposi-
tivity level makes it difficult (if different from tossing a 
coin) to draw a causal relationship between the pres-
ence of anti-trypanosome antibodies and sickness due 
to trypanosome(s), even in animals with clinical signs 
compatible with trypanosomosis and other diseases 
[45]. There are no markers of “trypanosome sickness”. 
Although a low haematocrit value can help, the sickness 
may be caused by other agents, such as ticks, Haemon-
chus spp., haemoparasites, etc. [46]. HCT is an excellent 
indicator because its low sensitivity indicates a medium 
to high parasitaemia, suggestive of “insufficient immune 
control”. Additionally, it may estimate anaemia (low 
packed-cell volume), which is undoubtedly sufficient rea-
son for trypanocidal treatment.

As microscopes and centrifuges are rarely available in 
the field, a rapid antigen detection test would help evi-
dence recent circulation of parasites, even with limited 
sensitivity. Like the T. evansi CATT, card agglutination 
tests for other Trypanosoma spp., based on IgM, would 
be of predictive value for trypanosome sickness and sup-
port treatment decisions.

Can species and/or subspecies‑specific diagnosis be 
established?
The ELISA offers a large panel of antigens with sensitivity 
close to or higher than 95% [15, 47, 48] and a high speci-
ficity in relation to other genera, such as Anaplasma, 
Babesia, etc. However, species specificity remains low 
and strong cross-reactions occur between the main ani-
mal trypanosomoses of African origin (ATAO): T. vivax, 
T. congolense, T. brucei brucei, T. evansi and T. equiper-
dum [17, 49]. These cross-reactions are due to common 
antigens shared by salivarian Trypanosoma, but even 
occur between taxonomically distant species such as T. 
evansi and T. cruzi [20], or Leishmania [20, 50, 51]. The 
species specificity of serological tools and therfore “sero-
positivity” is thus questionable. Fortunately, Megatrypa-
num such as T. theileri has been shown not to cross-react 
in an ELISA for trypanosomes [52, 53]. Consequently, 
ELISAs carried out with WCLSAs of salivarian trypano-
somes are specific to “pathogenic Trypanosoma spp.”, but 
fail to identify them at the species level.

For ATAO control, in most cases−and especially in 
tsetse-infested areas−a species-specific diagnosis may 
not be necessary because the control tools (e.g. fly traps 
and trypanocides) are mostly identical, regardless of 
the salivarian Trypanosoma species involved. However, 
knowledge of the infecting Trypanosoma spp. is useful 
for adjusting the dose and trypanocide to be used. For 
example: (i) if T. evansi is identified, melarsomine hydro-
chloride is preferable; (ii) in a nagana area, identifying the 
species would allow the dose of diminazene aceturate to 

be adapted to 7 mg/kg for a Trypanozoon infection versus 
3.5 mg/kg for an infection by T. vivax or T. congolense.

At the genus level, the co-infection status of an animal 
seropositive for Trypanosoma spp. or Leishmania spp. 
antibodies cannot be established using immunodiagnosis 
due to cross-reactions. In Latin America, cross-reactions 
should be suspected in studies involving Trypanosoma 
spp. (T. evansi, T. vivax, T. cruzi, T. equiperdum) and 
Leishmania spp. Similarly, caution is required with Leish-
mania and Trypanosoma serological studies in Asia and 
Africa. Indeed, in Latin America for example, T. vivax 
and T. evansi ELISAs may react or cross-react due to 
infection(s) by T. vivax, T. evansi and/or T. cruzi. This is 
especially so for horses and pigs when using a T. evansi 
ELISA [54, 55], but also for cattle [56] and buffaloes for 
both tests [57]. Additionally, Leishmania infections, 
which may be prevalent in reservoirs such as dogs, are 
sources of interference [58]. In such cases, the use of 
species-specific molecular tests and point-of-care diag-
nostics (POCD) such as recombinant polymerase ampli-
fication with lateral flow dipstick (RPA-LFD), recently 
developed in Mexico for T. cruzi, would be of great value 
[59]. Furthermore, the recent discovery of Trypanosoma 
caninum complicates the diagnosis of Trypanosomatidae 
infections in dogs [60, 61]. In the USA, where T. cruzi 
[62] and Leishmania [63] are prevalent in horses, inter-
ference in serological diagnosis should be suspected, and 
this situation may also occur in dogs [64].

In Africa, unlike the agents causing nagana, which are 
considered to be a unique complex entity (at least for 
their control), species-specific diagnosis may be needed 
when human pathogens are circulating in animals. It is 
essential to investigate animal reservoirs to control and 
eliminate human pathogens [65]. Molecular techniques 
are well suited for this purpose since they are sensitive 
and specific. However, PCR may fail to detect infection 
when primers target a single-copy gene or when using 
a sample with low parasitaemia. Nested-PCR or RNA 
detection methods can increase the sensitivity of these 
tests. Identifying T. b. gambiense and T. b. rhodesiense 
using subspecies-specific antigen detection would be 
another option. However, although precise tests may be 
developed, they would probably have low sensitivity (due 
to the inverse relationship between sensitivity and speci-
ficity), leading to uncertainty when diagnosing negative 
test results.

Effective and user-friendly tests able to distinguish 
between all parasites of the subgenus Trypanozoon at the 
species or subspecies level [66] either have not yet been 
developed or lack sensitivity. For example, tests to distin-
guish T. evansi (type A, type B, etc.) from T. equiperdum 
(type OVI, BoTat, etc.) are inconclusive because of poly-
phyly [66–69] or the low sensitivity of the method, which 
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uses single-gene DNA detection tests. In addition, varia-
tions in mitochondrial DNA (mtDNA) content (kineto-
plastic DNA composed of maxi- and minicircles) can be 
used to differentiate some Trypanozoon species [70, 71], 
but the fact that many T. evansi strains are deficient in 
kinetoplastic DNA (akinetoplastic) [72] limits the wide-
spread use of these tools. Whichever serological test is 
used (CATT for T. evansi or any of the Trypanozoon ELI-
SAs), in areas of mixed infections, when a positive result 
suggests a subgenus Trypanozoon infection, it should 
only be considered a “pathogenic trypanosome infec-
tion”. Trypanozoon identification at the subspecies level 
is possible with DNA-based methods, but at the expense 
of sensitivity. As an example, positive results are obtained 
with satellite DNA detection (TBR/NRP primers), which 
is highly sensitive for Trypanozoon parasites [28, 30] 
thanks to the 10,000–20,000 sequence repeats. How-
ever, specific primers targeting single genes like SRA (T. 
b. rhodesiense/T. b. brucei) or TGSGP (T. b. gambiense/T. 
b. brucei) [73, 74]) may be ineffective because of insuf-
ficient DNA in the sample. Therefore, when TBR prim-
ers provide positive results, the final result will remain 
inconclusive if single-gene PCRs are negative. PCR sensi-
tivity for diagnosis can thus be ranked as follows: satellite 
DNA > moderately repeated genes (e.g. ribosomal DNA, 
ITS1) > single-gene DNA.

When using PCR, a positive test is considered conclu-
sive and a negative one is not, so when the taxon Trypa-
nozoon is detected in a sample, even if one subtaxon is 
confirmed (e.g. T. evansi using Rode Trypanozoon anti-
gen-type [RoTat]1.2 primers), it will not be possible to 
detect another Trypanozoon (namely in this example T. 
equiperdum, T. b. brucei, T. b. rhodesiense or T. b. gam-
biense) also present in the sample. Thus, a reliable and 
specific species/subspecies diagnosis may never be estab-
lished in mixed enzootic hosts and areas.

In conclusion, we urgently need reliable species-spe-
cific methods to detect trypanosome infections because 
of: (i) cross-reactions in antibody detection methods; and 
(ii) the poor sensitivity of current highly specific DNA-
based methods. Even though the epizootiological con-
text would suggest the most probable conclusion (e.g. a 
trypanosome infection in a horse in the USA is likely to 
be caused by T. cruzi, while in Asia it would most prob-
ably be due to T. evansi), reasonable assumptions may be 
made only in enzootic areas. Even so, these conclusions 
cannot be drawn for travelling animals, which could have 
been exposed to “out of context” parasites. Let us give 
some rather extreme but also realistic examples. A dog 
or a racehorse from Africa, which has spent some days 
in Mexico and then has tested seropositive to an ELISA 
for T. brucei upon arrival in France should be consid-
ered as a potential carrier of one or more of the following 

pathogens: T. vivax, T. congolense, T. brucei spp., T. 
evansi, T. equiperdum (for the horse only), T. cruzi and 
Leishmania spp. [17, 20]. If the same animal has posi-
tive PCR results for Trypanozoon, this result confirms it 
as a carrier of T. brucei spp. and/or T. evansi and/or T. 
equiperdum. At the same time, it remains suspect for all 
the other taxa mentioned above due to the PCR’s limited 
sensitivity.

Although monospecific infections remain the most fre-
quent (thus explaining why we qualified our examples as 
“extreme”!), to be precise and exhaustive, we must keep 
in mind the possibility of combined infections. Thus, the 
only short conclusion on the lack of specificity and sensi-
tivity in trypanosome diagnosis is that once a pathogenic 
Trypanosoma (or Leishmania) infection is detected, it 
can hide co-infection(s) by any other pathogenic Trypa-
nosoma (or Leishmania). Such an animal is then a con-
firmed case of a Trypanosoma infection, in addition to a 
suspected case of other infection(s) by members of the 
Trypanosomatidae family.

Diagnosis of trypanosomes in insect vectors
Detecting trypanosomes in insect vectors is feasible for 
epidemiological studies and risk assessment, but the 
meanings and limits of any conclusion need to be further 
discussed.

Trypanosomes can be detected in the mouthparts, sali-
vary glands, midguts, rectum or crushed whole insects, 
with different significance in terms of development and 
transmission (mature or immature stage of the cyclical 
development).

The microscopic observation of trypanosomes in 
insects does not allow identification of the species since 
the morphology of insect stages of trypanosomes is not 
characteristic; therefore, pathogenic trypanosomes may 
be confused with non-pathogenic ones such as T. theileri 
(cyclically transmitted by tabanids), or with insect com-
mensals of the Trypanosomatidae family, such as Crith-
idia [75].

In mechanical vectors
Detecting trypanosomes in the mouthparts of a mechani-
cal vector suggests only a potential for transmission since 
they can only survive there briefly (30 min to 2 h) [76, 77]. 
Consequently, detecting trypanosomes in the mouth-
parts or the midgut of a mechanical vector indicates that 
the insect fed on an infected animal, but not that the par-
asite was transmissible to a host. Such information is not 
particularly relevant; it is easier and more informative to 
detect trypanosomes in the blood of individual livestock 
than in blood that is “randomly collected” by an insect. 
Detecting trypanosomes in haematophagous insects 
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acting as mechanical vectors is therefore of little practical 
value on livestock farms [75].

However, the situation is different in conservation 
areas. Since wild animals are difficult to trap or are sub-
ject to regulations forbidding their capture, the blood 
collected by haematophagous insects can be of great 
interest. Indeed, the detection of trypanosomes in 
mechanical vectors feeding on wild fauna will provide 
information on the presence and circulation of these par-
asites among wild animals and their potential role as res-
ervoirs. In such cases, identifying the insect’s blood meal 
could provide other complementary information using 
ELISA [78] or molecular methods, such as PCR amplifi-
cation of the cytochrome b mtDNA [79]. In addition, it 
is possible to obtain more information on the vertebrate 
host through molecular markers or using more recent 
multiplexed next-generation sequencing (NGS) methods, 
such as metabarcoding [80, 81]. The application of such 
methods would notably help to determine the potential 
circulation of the parasites between host species. How-
ever, detection of this kind is rarely implemented due to 
the low rate of fed insects entering insect traps. This rate 
could be increased through the use of ultraviolet (UV) 
light [82], although cost remains a limiting factor.

In cyclical vectors
The case of cyclical vectors of trypanosomes is quite dif-
ferent. When these insects (tsetse flies or triatomine 
bugs) are found to be “infected” by trypanosomes, the 
probability that they transmit the parasite is high because 
they remain permanently infective; their role in the dis-
ease epidemiology can thus be addressed and measured 
[83].

Parasitological methods were the primary tool in the 
past. They are based on the location of parasites in the 
vector (gut, salivary glands, proboscis, salivary secre-
tion, faeces) rather than on parasite morphology, which 
is inconsistent at the insect stages [84]. Molecular tech-
niques have since proved to be more reliable and valu-
able than parasitological methods for epidemiological 
studies [85], but contamination during insect dissec-
tion could affect detection. Molecular methods are also 
expensive, especially when considering the total num-
ber of PCR tests required per insect, as the number of 
insect organs is multiplied by the number of Trypano-
soma species investigated [85]: 3 × 3 = 9 for (gut + sali-
vary glands + proboscis) × (T. vivax + T. congolense + T. 
brucei), for example. One option is to dissect the insect 
and observe body parts through a microscope first, then 
proceed with PCR tests only for positive samples. Such 
methods were used to study T. cruzi circulation in Latin 
America in the framework of large-scale studies to iden-
tify biological, ecological and environmental variables 

associated with Chagas disease [86]. In Africa, they were 
used to identify pathogenic trypanosomes in tsetse flies 
[87].

Xenodiagnosis, previously used only for humans [88], 
is an exciting avenue to explore; it is a sensitive and spe-
cific tool to identify trypanosomes in animal and human 
hosts. Unfortunately, although used for Leishmania [89] 
and T. cruzi detection in Latin America [90], it has been 
limited to experimental infections for African trypano-
somes [91].

In conclusion, the benefit gained from trypanosome 
detection in a mechanical vector is limited to wild ani-
mals or the interface between livestock and wildlife. More 
general information can be obtained from tsetse flies and 
triatomine bugs. Better information should be obtained 
when combining molecular identification and blood meal 
analyses [83, 92]. However, the cost of such studies is 
high since they require insect capture, identification and 
dissection, (multi-organ) × (multi-species) PCR diagnosis 
and multi-host blood meal identification [93].

Diagnostic tools available and needed, in line 
with various epidemiological contexts
Diagnosis and treatment decisions for animal trypanoso-
moses are complicated by the fluctuating and frequently 
low parasitaemia in infected animals, as well as by the 
occasional absence of clinical signs. Moreover, numer-
ous cross-reactions amongst Trypanosoma and Leish-
mania are a source of confusion in serodiagnostic test 
results. The information required and the means to col-
lect it depend on the epidemiological situation, the scale 
of the study (population, individual), the objective of the 
test (treatment decision, infection status) and the avail-
ability of diagnostic methods (POCD or laboratory tests). 
An additional difficulty can appear in a “One Health” 
context: it may be necessary to treat animals infected by 
zoonotic trypanosomes, not because they are sick, but 
because they may be a threat to humans as a reservoir. 
This latter question is increasingly relevant in the con-
text of eliminating transmission of T. b. gambiense (HAT) 
[94]. Finally, the treatment’s fully curative effect should 
be demonstrated in such a context.

The Pan African Tsetse and Trypanosomiasis Eradica-
tion Campaign (PATTEC) identified the need for more 
standardised evaluation methods [95]. The Food and 
Agricultural Organisation of the United Nations (FAO) 
further developed this by setting a PCP for ATAO, focus-
ing on the African situation [6] and, very recently, on 
surra [96], although such a PCP has the potential for 
application in Latin America and Asia and for extension 
to other Trypanosoma spp., such as T. evansi [96].

Diagnosis plays a crucial role in reaching these ambi-
tious goals. As for ATAO in Africa, the 21st Conference 
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of the Regional Commission of the WOAH for Africa 
[97] proposed the self-declaration of trypanosomosis sta-
tus, i.e. “free of trypanosomosis and tsetse-transmitted 
trypanosomes” for an area, or a whole country, which is 
indeed the most probable evolution in the future. There-
fore, tools are needed to evaluate prevalence and detect 
carriers. More sensitive tools are also needed for appli-
cation in occasional outbreaks in previously non-infected 
countries, animal trading or temporary movements. 
For each of these situations, we will first inventorise the 
needs, review the advantages and drawbacks of current 
diagnostic tools to highlight the best ways to use them 
and finally discuss prospects for developing new tools.

The diagnostic tools needed can only be defined with 
regard to the objectives of diagnosis and, thus, most of 
the time, with regard to the epizootiological situations 
faced by the end users of the diagnosis results. Therefore, 
we propose an overview of currently available and advis-
able methods based on users’ objectives (see Fig. 2a).

Controlling ATAO in enzootic areas where there is no PCP
When no PCP has been initiated in enzootic areas, 
nagana control consists in: (i) detecting and treating sick 
animals; and (ii) applying prevention measures. At an 
individual level, diagnostic methods should be applied 
to confirm the clinical suspicion of trypanosomosis and 
end with a decision on treatment. The clinical evolution 
of trypanosome infection in an animal may range from 
subclinical to fatal issues, so a distinction must be made 
between being a trypanosome carrier and being sick due 
to trypanosome infection. In enzootic areas, serological 
evidence of IgG should not lead to a treatment decision, 
especially in highly enzootic situations where more than 
50–70% of the animals are seropositive. Most of these 
seropositive animals are healthy (asymptomatic carriers 
or self-cured animals), so no trypanocide treatment is 
required. However, sick seropositive animals may suffer 
from other afflictions (such as haemonchosis, anaplas-
mosis or plant intoxication), which need a differential 
diagnosis followed by appropriate treatment. Therefore, 
a decision to treat with a trypanocide requires the estab-
lishment of a causal relationship between the trypano-
some infection and clinical signs, which is a matter for 
veterinary medicine.

Asymptomatic carriers may fail to control the infec-
tion, and clinical signs due to the trypanosome infec-
tion may reappear in cases of immune failure or parasite 
overload (high seasonal pressure by trypanosome vec-
tors). Therefore, a complementary diagnosis is required 
in addition to seropositivity to support the clinical signs 
of trypanosome infection (e.g. anaemia, fever, oedema, 
etc.). Thus, evidence of recent trypanosome circulation 
in the blood must be obtained, for example by HCT that 
can easily detect high parasitaemia, by seeking trypano-
some antigens (no test available so far), or by examining 
DNA (e.g. PCR). In addition, the detection of IgM against 
trypanosome antigens could assist the diagnosis since 
this immunoglobulin type reflects recent circulation of 
the parasite in the blood. Unfortunately, only one CATT 
exists for animal trypanosomes (for T. evansi).

Point-of-care tests (or point-of-care diagnostics) appli-
cable in the field and able to confirm the recent circula-
tion of trypanosomes in the blood are needed for ATAO 
[98]. Sometimes available via mobile laboratory services, 
parasitological techniques such as HCT can be applied 
for parasite detection in the field; if positive, “trypano-
some sickness” may be supported by a low packed cell 
volume (PCV) revealed by the HCT. However, in the case 
of a negative HCT, a low haematocrit value is inconclu-
sive as it may be due to other conditions. In particular, 
epizootiological situations (such as in Asia), the CATT 
for T. evansi can be processed in the field. However, 
for other Trypanosoma spp., laboratory equipment is 
required, thus limiting their appeal. A “rapid antibody 
test” based on recombinant antigens has been commer-
cialised to detect anti-T. vivax and -T. congolense antibod-
ies. The initially high sensitivity and specificity reported 
[99] are being questioned by several unpublished studies. 
In highly enzootic areas, an “antigen detection test” or 
an “early-antibody detection test” (IgM) would be a reli-
able treatment decision tool, as these could confirm that 
trypanosomes are present or have recently been circulat-
ing in the bloodstream of the suspect animals. Indeed, 
the presence of trypanosomes would indicate the host’s 
incomplete immune control of the infection.

When it comes to prevention measures, diagnosis may 
not be critical since such actions are generally applied 
to all the animals in a group before or after a particular 

(See figure on next page.)
Fig. 2 Schematic overview of current diagnostic tools for animal trypanosomoses (a) and those needed to improve the diagnosis of animal 
trypanosomoses (b). Diagnostic tests are grouped according to the main epidemiological contexts in which they can be used (enzootic, epizootic 
areas, non-infected area) and the different situations encountered (general management, treatment decision, zoonotic risk, sporadic outbreak 
and importation procedures, etc.). New diagnostic test development efforts should benefit from strong interconnections between international 
research centres, National Agricultural Research Systems and, possibly, private industrial partners, with the aim to facilitate access to biological 
material from biobanks. Such cooperation will help scientists transform scientific discoveries into field-applicable tests. New tests should first be 
validated through multi-partner field evaluations before being distributed for large-scale field applications. These developments will need to be 
supported by updated international recommendations and further national regulations in keeping with epidemiological contexts, to ensure the 
rapid and widespread adoption of recently-developed tests. See Abbreviation List for the full description of each abbreviation
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Fig. 2 (See legend on previous page.)
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event, such as the seasonal peak of vector activity or a 
transhumance period.

Surveys and follow‑ups of control campaigns in enzootic 
areas
In areas where ATAO are enzootic (Africa, Latin Amer-
ica and Asia), epidemiological surveys are generally 
carried out using both parasitological and serological 
methods. HCT is the preferred parasitological method 
for its simplicity, rapidity, and cost. Serological methods 
such as ELISA are well suited to large-scale, low-cost 
studies. Whenever possible, PCR methods can be used 
to increase the sensitivity of active detection and/or pro-
vide information on a specific taxon, such as for animal 
reservoirs of human sleeping sickness in Africa. HCT 
and ELISA are used in Latin America, along with PCR 
(including T. cruzi) for testing livestock or dogs.

While parasitological methods are widely used, PCR 
is restricted because of the cost of consumables and the 
need for equipment and technical skills. These methods 
are helpful for detecting active infection, but their sensi-
tivity is limited due to fluctuating blood parasitaemia lev-
els. An antibody detection method appears to be better 
suited. It should be applicable in a large-scale investiga-
tion of the prevalence and when a programme ultimately 
aiming at elimination, such as the PCP, is put in place. In 
addition, it should allow a follow-up of the prevalence 
over time. The antibody ELISA for IgG detection meets 
this need. Depending on the Trypanosoma species, a set 
of one to three ELISAs can be used, including an ELISA 
for T. vivax, one for T. congolense savannah and one for 
T. evansi or T. brucei brucei, the results being remarkably 
similar whichever of the two latter antigens is used [17, 
100]. When efficient control methods are applied, such 
serological follow-ups will help to demonstrate a decreas-
ing prevalence.

However, antibody persistence, which has been esti-
mated at around 3–4  months after self-cure or treat-
ment [7], must be taken into consideration to determine 
the sampling frequency. Reaching the elimination phase 
of a PCP, animals can be sampled at a regional scale 
every 6  months to avoid detecting antibodies linked to 
past infection or treatments. A considerable amount of 
WCLSAs will be necessary for such large-scale ELISA 
studies (see "A practical concern: sample preparation and 
shipment" Section).

To implement control campaigns without the sys-
tematic treatment of all animals, field diagnostic tools 
are helpful for detecting active infection, making treat-
ment decisions and for following up to confirm parasite 
elimination or to improve the treatment. As seen previ-
ously, with the exception of the CATT for T. evansi, no 
antibody detection POCD is currently available, so the 

methods mentioned above must be applied (HCT/PCR 
for active infection detection and ELISA for IgG detec-
tion), noting the severe drawback of the time needed to 
obtain ELISA and PCR results. The following POCD tests 
would be helpful: (i) an antigen detection POCD to iden-
tify carriers for treatment decisions; and (ii) an antibody 
detection POCD to detect asymptomatic carriers or con-
firm treatment efficacy.

International movement of animals
The WOAH suggests safe trading conditions for animals 
imported to a non-enzootic country from an enzootic 
country (see the Terrestrial Code in "Future prospects" 
Section). The WOAH Terrestrial Manual already has 
chapters on nagana and dourine [101], and a chapter on 
surra is ongoing. However, some hosts and/or patho-
gens, such as T. cruzi, have not been considered in the 
Terrestrial Code because the chapters are devoted to 
the most prevalent and/or notifiable animal diseases. 
Health authorities should therefore remain watchful and 
decide on health precautions before allowing the impor-
tation of potential carriers. The surra outbreaks in Spain 
and France in the early 2000s should make us aware of 
the ability of trypanosomes to hide in apparently healthy 
hosts [1, 102]. The detection of a T. cruzi infection in a 
Texan horse with neurological signs [62] also calls for 
more awareness of T. cruzi infections in livestock, espe-
cially horses, and the threat represented by the interna-
tional movements of animals living in T. cruzi areas [103].

The rules for importing animals from an infected 
into a non-infected country should be based on mul-
tiple requirements: (i) animals must originate from a 
trypanosomosis-free farm in a free area; and (ii) animals 
must be negative for a series of parasitological, molecu-
lar and serological diagnostic tests, as stated in preced-
ing sections and in the WOAH Terrestrial Manual [101]. 
The most critical and sensitive test would be IgG detec-
tion by ELISA, because IgG is a stable immunoglobulin 
providing sensitive and reliable detection. Furthermore, 
because the course of positive seroconversion takes 
between 10 and 20  days, two ELISAs should be per-
formed at a 1-month interval before exportation and 
during the quarantine period imposed by the importing 
country. These steps will ensure that apparently healthy 
animals are neither cryptic carriers nor recently infected 
within the incubation period. In fact, the stress generated 
by the transport and introduction of animals into a new 
environment can trigger the development or relapse of 
a parasitic infection. This is the reason why a quarantine 
period is required before animals can be released into a 
disease-free area. To increase the reliability of diagnosis, 
parasitological and molecular tests should ideally be car-
ried out in addition to serological tests.
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When considering pets such as dogs and cats travel-
ling from enzootic to disease-free areas, the same proto-
col (2 negative results for parasitological, molecular and 
serological tests at a 1-month interval) may be proposed. 
However, the pets could be quarantined at home. Veteri-
nary awareness of the threat of trypanosomosis should 
be increased through widespread dissemination of this 
information.

The WOAH-recommended diagnostic method for dou-
rine is the complement fixation test (CFT), which is 
available in several laboratories, including the WOAH 
reference laboratory for dourine (Agence Nationale de 
Sécurité sanitaire de l’alimentation, de l’Environnement 
et du travail (ANSES), Laboratoire de Santé Animale, Site 
de Normandie, Unité PhEED, RD675, 14430 Goustran-
ville, France). However, because antigens of the Trypa-
nozoon subgenus cross-react, serological tests detecting 
antibodies to T. evansi would probably also detect T. 
equiperdum infection since the antigen used is based on a 
WCLSA. The CATT also cross-reacts in some T. equiper-
dum infections [104], but it is unknown whether the test 
would be sensitive enough to detect all T. equiperdum 
infections since a predominant expression of RoTat1.2 
variable antigen type (VAT) has not been fully demon-
strated in all T. equiperdum isolates [105, 106].

Control of sporadic outbreaks
When a trypanosome is accidentally introduced into a 
non-enzootic country or area, the priority is to detect the 
infection as early as possible, with the highest sensitiv-
ity. Therefore, similar rules and tools should apply as in 
the quarantine periods before and just after importation. 
Three diagnostic tests ought to be used: HCT to detect 
parasite carriers, molecular tests to increase the sensitiv-
ity of HCT and confirm species identification and anti-
body detection tests to detect asymptomatic carriers. 
If infected animals are not culled, then antibody tests 
should be realised after curative treatment, as long as the 
animals continue to be seropositive and for a minimum 
of 6 months.

These diagnostic methods were successfully applied 
during the surra outbreaks in Spain and France [12, 
26, 107]. However, in France, all the infected camels 
became negative to parasitological and molecular tests 
and seronegative to CATT and ELISA soon after treat-
ment (2–4 months). Despite this, one camel relapsed into 
infection more than 4  months after a negative serocon-
version, suggesting that no diagnostic tests can reliably 
ascertain the carrier status of the animal [1]. The most 
likely explanation for such a case is the localisation of the 
parasite in an extravascular refuge after the first treat-
ments at the origin of a negative seroconversion, followed 
by reinvasion of the blood some months later (evidenced 

by HCT, PCR and ELISA testing) [12]. Based on this 
experience, it is probably safer to cull the animals to elim-
inate the parasites.

Investigations into zoonotic trypanosomoses
For humans in Africa
Several diagnostic methods are available to detect HAT 
due to T. brucei gambiense or T. b. rhodesiense in various 
samples. such as blood, lymph node juice, cerebrospinal 
fluid (CSF) and, more recently, dermis exploration [108, 
109]. The methodologies used are: (i) direct examina-
tion by HCT, GSBS, quantitative buffy coat (QBC) or 
the miniature anion exchange centrifugation technique 
(mAECT) [24, 110, 111]; (ii) serological methods, such 
as the CATT for T. brucei gambiense [112] and the tryp-
anolysis test (TL [113, 114]); (iii) the in vitro isolation kit 
(KIVI) [24, 115]; (iv) molecular detection methods spe-
cific to species or subspecies [73, 74, 116]; and even (v) 
the xenodiagnostic method used in the past [117].

For animals in Africa
While the lack of diagnostics for species-specific detec-
tion is generally not a problem for controlling animal 
trypanosomoses (accepted as a “disease complex”), it may 
become so when an animal sample carries zoonotic para-
sites. First, one must be aware of the potential for human 
infection; second, in the generally accepted “One Health” 
approach, the priority lies in identifying the potential res-
ervoirs of human parasites, such as pigs for T. b. gambi-
ense or cattle, pigs and wild mammals for T. b. rhodesiense 
[65, 116, 118–120]. While a Trypanozoon infection can 
be easily characterised at the subgenus level, it is both 
costly and complex to reach the subspecies level and 
thus to identify human or non-human parasites [121]. 
Indeed, PCR based on single-copy genes used to detect T. 
b. gambiense and T. b. rhodesiense infections are far less 
sensitive than satellite DNA amplification. This lack of 
sensitivity is a severe limitation for species-specific diag-
nosis [73, 116]. A sensitive and specific diagnosis is thus 
required but will be challenging to develop.

For animals in Latin America
Investigations into wild and domestic reservoirs of T. 
cruzi can be carried out using molecular and serological 
tools. Since molecular methods are expensive, a serologi-
cal tool such as an ELISA would be more cost-effective 
for screening animal populations, but still pricey. The 
presence of marked cross-reactions with T. evansi anti-
gens in an ELISA could motivate a safe and cost-effective 
option to simultaneously detect antibodies to T. evansi, 
T. cruzi and Leishmania spp. in both humans and ani-
mals [20]. Therefore, an ELISA using T. evansi WCLSA 
could be used for preliminary screenings [20, 54]. This 
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system could be used for the large-scale screening of 
human blood banks. However, under the pressure of 
test manufacturers, recombinant rather than native 
antigens tend to be preferred. In potential reservoirs of 
T. cruzi, this serological screening can be used to define 
Trypanosomatidae infections. A T. cruzi infection can 
be confirmed by PCR using TCZ primers targeting sat-
ellite DNA [29]. Such a confirmation protocol was used 
to detect a T. cruzi infection in a Texan quarter horse 
[62]. The latter study highlights the risk of T. cruzi infec-
tion among humans in the USA and the associated risk 
of the international circulation of T. cruzi by travelling 
horses. Alternatively, species-specific serological tests for 
T. cruzi could be developed based on recombinant anti-
gens if cross-reactions with other Trypanosomatidae are 
considered (T. evansi and Leishmania spp.). Care must be 
taken when handling animal samples containing zoonotic 
parasites such as T. cruzi due to their potential to infect 
humans. As dogs and horses live in close proximity to 
humans, the risk of T. cruzi being transmitted to humans 
must be taken seriously, knowing that butchering and 
consumption of raw horse meat is still a habit in some 
communities.

Atypical human infections by animal trypanosomes
Some animal Trypanosoma spp. occasionally infect 
humans, requiring the development of suitable diag-
nostic methods. Atypical human infections by animal 
trypanosomes mainly involve T. lewisi and T. evansi [122, 
123]. Tools to investigate T. evansi infections in humans 
are similar to those applied to animals. However, iden-
tification of the species is not always conclusive, espe-
cially in Africa, where other subspecies of Trypanozoon 
occur in humans. A PCR method based on the amplifica-
tion of ITS1 (a moderately repeated sequence of around 
500–800 repeats) has been developed to detect T. lewisi 
with medium sensitivity [124]. A more sensitive method 
is needed as well as serological methods for screening 
human populations. Attempts have been made to develop 
an ELISA for T. lewisi, but further work leading to valida-
tion is required [125]; because of the unknown incidence 
in humans, this could be a serious challenge.

A practical concern: sample preparation 
and shipment
The preliminary steps before diagnostic procedures 
include sample collection, packaging, shipment, storage 
and test preparation. Samples must be collected in clean 
or sterile conditions to avoid bacterial contamination that 
may affect test results and to prevent human contamina-
tion by zoonotic pathogens present in animal samples.

Blood is the most common sample for animal trypa-
nosome or trypanosomosis detection. Crude blood is 

used for parasitological techniques (HCT/PCV, GSBS, 
QBC, MIT); DNA purification is necessary for molec-
ular techniques (DNA extraction from blood or buffy 
coat); and cell separation is required for serological 
tests on serum or plasma. A recent review [109] listed 
other samples used, including lymph node juice, CSF 
and lachrymal, preputial or vaginal secretions; however, 
it is not possible to obtain sterile conditions for some 
of these samples. Blood samples must be cooled slowly 
and kept cool (2–4 °C) to keep parasites alive and slow 
down microbial proliferation. Samples must be warmed 
up for HCT, making the parasite more active and vis-
ible under a microscope. In all cases, the parasitological 
diagnosis must be processed as soon as possible, pref-
erably within 2 h of blood collection. Indeed, sensitivity 
will be affected by delayed examination since parasites 
will be killed ex  vivo by the immune system (phago-
cytosis, complement lysis, etc.) or be exhausted by a 
lack of metabolites (e.g. glucose) and will thus not be 
detected in HCT and MIT [126].

When POCD tests are available (e.g. HCT, CATT), 
no other step is required. Otherwise, samples must be 
transported under cold conditions to the primary labo-
ratory. Parasitological tests and buffy coat preparation 
for PCR should be carried out as soon as possible, pref-
erably within 2–6 h of blood collection.

When the primary laboratory cannot carry out cer-
tain tests, samples have to be packaged and sent to a 
reference laboratory. For example,  FTA® cards (What-
man plc, Maidstone, UK) are effective in preserving 
genetic material in blood samples [127–129] but filter 
paper (e.g. Whatman® Grade No. 4 Qualitative Filter 
Papers) is an alternative for blood drops or a buffy coat 
(blood dots) for PCR, as well as for serum or plasma 
(serum dots) for serology [126]. Convincing results 
have been obtained with PCR, ELISA and even CATT 
when buffy coat, serum or plasma are recovered from 
filter papers [126]. Once dried, samples can be sent in 
an envelope, following recommendations detailed in 
the WOAH guidelines [126]. The advantages of such 
packaging conditions are significant since dry samples 
can travel at room temperature, are lightweight and are 
not considered to be infectious (https:// www. woah. org/ 
en/ what- we- do/ stand ards/ codes- and- manua ls/ terre 
strial- manual- online- access).

In all instances, the shipment must comply with 
International Air Transport Association rules and 
requires exportation and/or importation authorisa-
tions from the veterinary services of the countries 
involved. Furthermore, such samples can only be used 
for diagnosis. A specific agreement in compliance 
with the Nagoya Protocol for access and benefit-shar-
ing (https:// www. cbd. int/ abs/) is required for other 

https://www.woah.org/en/what-we-do/standards/codes-and-manuals/terrestrial-manual-online-access
https://www.woah.org/en/what-we-do/standards/codes-and-manuals/terrestrial-manual-online-access
https://www.woah.org/en/what-we-do/standards/codes-and-manuals/terrestrial-manual-online-access
https://www.cbd.int/abs/
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purposes. On arrival in a reference laboratory, samples 
should be stored at + 4  °C or frozen at −  20  °C until 
processed.

Dry sample shipment is a considerable improvement 
in animal trypanosome diagnostics that deserves to be 
broadcasted, as it will help expedite reception of test 
results by the end users.

Future prospects
Several promising reports on vaccine candidates 
against animal trypanosomes have been published [130, 
131], including flagellar membrane [132] and beta-
tubulin [133], but at the time of writing, no vaccines are 
yet available. Beta-tubulin and flagellar membrane anti-
gens are potential targets for diagnostic developments.

Global control programmes for animal trypanoso-
moses are based on: (i) the control of vectors; (ii) diag-
nosis, which is crucial to control; and (iii) treatment. 
WOAH reference methods for trypanosomosis diag-
nosis are reliable, but their performances and availabil-
ity are limited. Parasitological methods can reveal the 
infections when parasitaemia is high enough, which is 
mainly in recent or acute infections and relapses; how-
ever, they are only subgenus specific. Serological meth-
ods can reveal the contact between hosts and parasites 
with high sensitivity, and they can also detect chronic 
and subclinical infections, including asymptomatic 
carriers; however, they are not species specific and 
may not indicate ongoing infection. Finally, molecular 
techniques improve the sensitivity of parasitological 
methods and their specificity can generate robust epi-
demiological data.

However, some gaps still exist, including: (i) some 
methods require highly skilled technicians and fully 
equipped laboratories; (ii) some specific reagents (e.g. 
reference serum samples) are not standardised and/or 
not commercially available (e.g. WCLSAs); (iii) POCD 
methods are not available to address these issues; and 
(iv) they are costly, especially molecular techniques. 
Therefore, improved diagnosis of animal trypanoso-
mosis will require less expensive tests due to the lack 
of financial resources of rural populations in the most 
enzootic countries. Furthermore, the methods should 
ideally be 100% sensitive and 100% species specific. 
New diagnostic methods will have to overcome the 
challenges of sensitivity, originating from low parasi-
taemia levels during infection, and of specificity, avoid-
ing the cross-reactions among salivarian trypanosomes 
[17, 21, 134, 135], and between salivarian and stercorar-
ian trypanosomes such as T. cruzi and T. evansi [20]. 
An illustrated overview of the ideal diagnostic tests is 
presented in Fig. 2b.

Pan‑Trypanosoma antibody detection ELISA for screening 
and follow‑up
For large-scale epidemiological studies and follow-up of 
ATAO control campaigns, notably under a PCP, the IgG 
detection method through antibody-ELISA for trypano-
somes could be better standardised by in  vitro produc-
tion of trypanosomes. Reagent conservation (coating 
antigens and reference serum samples) and transport of 
samples are mainly improved by lyophilisation [136].

In Africa
Nagana is a complex disease due to marked immuno-
logical cross-reactions between the various species of 
Trypanosoma present [17]. Species-specific serological 
methods are therefore neither expected nor required for 
nagana control. It would be thus advisable to develop a 
single IgG detection ELISA for all pathogenic trypano-
somes. Used jointly, WCLSAs from the most dominant 
parasites (T. vivax, T. brucei and T. congolense type savan-
nah) would provide a sensitive pan-pathogenic Trypa-
nosoma antibody detection test. Such tests should be 
distributed among regional laboratories to support large-
scale studies and follow-up. These trypanosomes pro-
duced in vitro provide a large-scale, standardised source 
of antigen. A reference laboratory can supply positive and 
negative reference serum controls, which can be replaced 
by local samples selected from regional field samples. 
The T. evansi WCLSA alone, as a cross-reacting trypano-
some antigen, may be a good option with application to 
humans and animals for large-scale low-cost studies of 
African trypanosomoses.

In Latin America
It may not be necessary to discriminate between T. evansi 
and T. vivax infections straight away. Additionally, T. 
cruzi infections may be detected using T. evansi antigens. 
Thus, a mixed WCLSA-based ELISA (T. vivax and T. 
evansi antigens) could be beneficial. Alternatively, based 
on the strong multilateral cross-reactions, a single ELISA 
for T. evansi may be used for screening humans and ani-
mals. However, to identify animals with a risk for human 
health (i.e. infected by T. cruzi) or horse survival (i.e. 
infected by T. evansi  or T. equiperdum), more specific, 
complementary tools would be needed to discriminate 
between T. evansi, T. equiperdum, T. vivax and T. cruzi.

Species‑specific IgG POCD methods
Species-specific IgG POCD methods may be devel-
oped by producing recombinant antigens; indeed, 
although recombinant antigens cannot compete in 
terms of sensitivity with the large antigenic panel pre-
sented by native antigens, they have serious advantages 
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for species-specific antibody tests. Such tests are desir-
able for the community in charge of tsetse eradication 
campaigns: (i) in Africa, to specifically detect carriers 
of tsetse-transmitted trypanosomes (T. congolense and 
T. brucei); (ii) in Latin America, to support trypanocide 
treatment (diminazene aceturate for T. vivax vs melar-
somine hydrochloride for T. evansi); or (iii) wherever 
appropriate, to identify animals carrying the human 
pathogens T. cruzi, T. b. gambiense or T. b. rhodesiense. 
The first step involves identifying species-specific anti-
gens, which is a challenge in itself. The second step is to 
take up the sensitivity challenge. Selecting a specific anti-
gen will give better specificity but considerably reduces 
the test’s sensitivity because a single recombinant anti-
gen will address a single or a small number of clones of 
the host’s humoral immune system (B lymphocytes). 
Therefore, to improve the sensitivity of recombinant 
antigen-based antibody detection methods, combining 
several species-specific recombinant antigens in a single 
test should be considered [137], including early, late and 
immuno-dominant antigens. Such a strategy might work 
for T. cruzi, T. vivax and T. congolense but would prob-
ably fail for T. evansi versus other Trypanozoon species or 
subspecies (including the distinction of zoonotic subspe-
cies of T. brucei), due to the very limited antigenic poly-
morphism expected in T. brucei sensu lato.

Antibody-based diagnostic methods may easily fulfil 
the cost-effectiveness criterion of POCD for trypanoso-
moses. Preliminary attempts have been made to identify 
immunogenic antigens of T. congolense and T. b. gambi-
ense [138, 139]. A rapid antibody test based on IgG detec-
tion has recently been developed, based on the single 
antigens TcoCB (T. congolense cathepsin B-like protease) 
and TvGM6 (GM6 antigen of T. vivax) for T. congolense 
and T. vivax, respectively [99]. This is the first commer-
cial POCD brought to the market for animal trypano-
somes [99], but the drawback of low sensitivity associated 
with a single antigen persists, while this POCD remains 
too costly for large epidemiological studies. Some further 
attempts were made to develop lateral flow POCD based 
on recombinant antigens, such as  TcoCATLFL (full-length 
T. congolense cathepsin L-like protease) [140] for T. con-
golense and TviCATL (T. vivax cathepsin L-like pro-
tease) [141] and P310 [142] for T. vivax. However, despite 
promising results, the tests did not reach the commercial 
stage (T. Coetzer, personal communication) Therefore, it 
is desirable to increase test sensitivity by combining sev-
eral recombinant antigens from each targeted species, 
rather than using single molecules. Similar strategies are 
advisable for other Trypanosoma species, such as T. bru-
cei and T. cruzi.

Finally, attention should be paid to the development of 
native antigens produced in vitro since they promise: (i) 

higher sensitivity, thanks to the large panel of antigens 
considered; (ii) standardisation of antigen production; 
and (iii) the ethical advantage of in  vitro versus in  vivo 
production. Such POCDs would support a treatment 
decision (in enzootic areas with low prevalence) and/or 
allow both treatment decisions and post-treatment fol-
low-up in the field in a PCP context.

IgM POCD methods
Immunoglobulin M (sometimes referred to as “agglu-
tinins”) is a pentameric immunoglobulin, with 10 anti-
gen-binding sites and five complement fixation sites 
(Fc portions), held together by disulphide bonds and J 
chains [143]. This structure allows IgM to capture sev-
eral epitopes, creating agglutinations, which is a network 
made up of several antigens (protein, particles or cells) 
and IgM molecules. In addition to this tridimensional 
structure, IgM can convey increased avidity for binding 
an antigen [144]. These molecules have multiple specific 
characteristics since they (i) are produced early at the 
onset of infection, (ii) have a short half-life and (iii) have 
powerful agglutinating and neutralising properties [145, 
146]. Due to their early production, they are suitable tar-
gets for early detection of antibody responses to a patho-
gen. The trypanosome membrane is covered by variable 
surface glycoproteins (VSGs); once the host’s immune 
system recognises a VAT, parasites displaying this VAT 
are killed and phagocytised by the immune system. 
Trypanosomes harbouring another VAT then multiply 
and generate a new peak of parasitaemia, triggering the 
generation of new IgM, and so forth. This phenomenon 
is behind the waves of parasitaemia and fever observed in 
salivarian trypanosomosis.

These cyclical manifestations generate a series of 
IgM productions, inducing a somehow continuous and 
renewed presence of IgM in the host’s blood during the 
parasitaemic phase of the infection. These characteristics 
make IgM a good target for trypanosomosis diagnosis. 
However, their neutralising properties (linked to their 
high affinity for the complement) [145, 146] induce the 
formation of immune complexes, which are phagocytised 
and lead to variable levels of free IgMs in the serum of 
infected animals. Indeed, IgM levels fluctuate daily dur-
ing an ongoing animal infection, as observed using the 
CATT for T. evansi [8, 75]. Consequently, IgM detection 
has proven unreliable if processed only once in an animal, 
a bias easily solved by serial sampling. For animal trypa-
nosomoses, only the CATT for T. evansi infections [147] 
has been developed with an antigen expressed in the early 
stage of most T. evansi infections, the dominant VAT 
RoTat1.2 [147, 148]. It can be speculated that, in mechan-
ically transmitted species such as T. vivax in Latin Amer-
ica, a similar mechanism leading to a predominant VAT 
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might occur, thus prompting development of a CATT for 
T. vivax. In contrast, due to the genetic recombination 
of trypanosomes that can occur in tsetse flies [149], it is 
unlikely that the first VAT expressed by a T. vivax (or T. 
congolense or T. brucei) that is cyclically transmitted by 
tsetse flies would be a predominant one.

However, other parasites with clonal proliferation, such 
as, for example, T. equiperdum type OVI and type BoTat, 
or T. evansi type B [66], probably also have a predomi-
nant VAT. Therefore, attempts to develop POCD, such 
as CATT for T. vivax (in Latin America) and CATT for 
T. equiperdum, or even CATT for T. brucei subspecies, 
could be developed, although highly predominant VATs 
might not be expressed in all Trypanosoma spp. Indeed, 
these VATs probably became predominant in T. evansi 
type A (a mutant of T. brucei) because of genetic deletion 
[67, 150]. Therefore, investigations into the early VATs of 
T. vivax from Latin America, T. equiperdum (type OVI 
and type BoTat) and T. evansi type B would be the first 
step toward such a development. This kind of approach 
could also be explored to detect IgM against T. lewisi.

Antigen detection POCD methods
Initial attempts to develop antigen detection tests (also 
called capture or sandwich tests) for ATAO based on 
monoclonal antibodies failed three decades ago [151]. 
Still, tests based on antigen detection would be very valu-
able for treatment decisions and/or species identification.

The circulation of trypanosome antigens in the blood 
of a host occurs at the time of parasite invasion. These 
antigens are probably more stable than the parasites 
themselves because the host immune system may not 
immediately neutralise all of the parasitic antigens 
released into the bloodstream. Therefore, the presence 
of trypanosome antigens could be considered a sign of 
incomplete control of the infection, supporting a treat-
ment decision. To develop such tests and ensure their 
sensitivity, an antigen capture system should jointly tar-
get a range of constitutive, excretory-secretory, vari-
able and non-variable species-specific antigens. However, 
characterising such antigens is challenging and would 
require a library of well-characterised serum samples. 
Even if hypothetical, exclusive antigen detection tests 
specific to subspecies, such as T. brucei gambiense and T. 
brucei rhodesiense, or even a pan-T. cruzi detection test 
would be valuable for identifying animals carrying these 
zoonotic pathogens. In T. brucei, such a distinction might 
be possible based on limited polymorphism. Identifying 
immunodominant and shared circulating antigens of T. 
cruzi, which exhibits a high polymorphism, could also be 
challenging.

Consequently, in areas where HAT and ATAO co-
exist, it would be preferable to consider them as a disease 

complex that must be tackled as a whole using a set of 
tools based on diagnosis, treatment and vector con-
trol through a “One Health African trypanosomosis” 
approach.

DNA‑ and RNA‑based diagnostic methods
Point-of-care diagnostics based on DNA amplification, 
such as LAMP [152], have been developed, but have not 
been successfully applied in the field. New developments, 
such as RPA-LFD or even PSR [37] are promising. Recent 
studies have demonstrated a high amount of small trypa-
nosome RNA in the serum of cattle with active infec-
tions [39, 153]. This 26-nucleotide RNA fragment in 
the blood or serum is derived from the non-coding 7SL 
RNA of the peptide signal recognition particle. They are 
potential disease biomarkers because of their stability, 
their accessibility and the availability of technologies to 
detect them [153]. The nucleotide sequence of 7SL RNA-
derived small RNA, which is conserved among Trypano-
soma spp., can allow discrimination between T. brucei, 
T. congolense and T. vivax. This methodology could be 
used before microscopic detection of parasites in the 
blood during the parasitaemia phase, and during remis-
sion periods when no parasites are detectable by micros-
copy. In addition, the level of small RNA decreases after 
trypanocide treatments, providing a good prediction of 
active infection [153] and a robust rationale for develop-
ing cheap, sensitive and precise field diagnosis methods 
for trypanosomoses [153].

In view of the above, the authors suggest the develop-
ment of: (i) a LAMP POCD technique that could be used 
in the field, or, better; (ii) recombinase polymerase ampli-
fication [154]; or even (iii) a lateral flow dipstick, which 
may be a promising technology for the future [155] and 
which could emerge from a new technique (e.g. SHER-
LOCK [specific high-sensitivity enzymatic reporter 
unlocking[), based on CRISPR (clustered regularly inter-
spaced short palindromic repeats) technology [156, 157], 
whose application to HAT is already being investigated 
(https:// resea rch. paste ur. fr/ fr/ proje ct/ sherl ock4h at/). 
However, the success strongly depends on a low cost for 
end users, whether targeting animals or humans.

Alternatively, through the development of a port-
able next-generation sequencer (e.g. MinION  platform; 
Oxford Nanopore Technologies Ltd., Oxford, UK) con-
nected to a laptop computer via a USB cable, DNA 
sequencing can now be performed anywhere, even in the 
field [158]. This technique, which can detect and type vir-
tually any trypanosome species, remains limited by the 
cost of sequencing, the expertise required for processing 
and analysing the sequences and by the fact that relatively 
high parasitaemia levels are required to obtain exploit-
able DNA sequences [159]. However, the standardisation 

https://research.pasteur.fr/fr/project/sherlock4hat/
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of these analysis processes, advances in technology and 
reductions in cost could in the future lead to more gen-
eral use of direct sequencing in suspected trypanosomo-
sis cases.

Conclusion
We have suggested here avenues for research to improve 
the diagnosis of trypanosomosis in animals and occa-
sionally in humans. Generally speaking, the diagnoses 
have several applications, advantages and limitations, 
but face challenges in terms of technology, feasibility 
and adoption. The characteristics of these developments 
are summarised in Table 1. Some will be easy to develop 
since all the parameters, methods and reagents are avail-
able, such as a pan-Trypanosoma ELISA or POCD based 
on in vitro-produced parasites. Some will require short- 
or medium-term research plans, such as RNA-based 
methods or PSR (or even SHERLOCK), for which prelim-
inary supporting work has recently been published [37, 
153]. Others may require long-term research before field 
implementation, such as a card agglutination test for IgM 
detection targeting T. vivax, T. equiperdum or T. lewisi, 
provided a dominant early antigen is identified, or a spe-
cies-specific POCD based on recombinant antigens.

At the end of the day, sophisticated and expensive tests 
are a waste of time and resources, and also contribute 
to global warming. The task of scientists is therefore to 
develop new tests to control trypanosomes and trypano-
somoses that are accurate, cheap, easy to use and quick to 
implement to ensure their widespread use.

Abbreviations
AAT : Animal African trypanosomosis; ATAO: Animal trypanosomoses of African 
origin; CATT : Card agglutination test for trypanosomiasis; CFT: Complement 
fixation test; CRISPR: Clustered regularly interspaced short palindromic repeats; 
CSF: Cerebrospinal fluid; ELISA: Enzyme-linked immunosorbent assay; FAO: 
Food and Agriculture Organisation (United Nations); GSBS: Giemsa-stained 
thin blood smear; HAT: Human African trypanosomiasis; HCT: Haematocrit 
centrifugation technique; IgG: Immunoglobulin G; IgM: Immunoglobulin 
M; ITS1: Internal transcribed spacer 1; KIVI: Kit for in vitro isolation; LAMP: 
Loop-mediated isothermal amplification; mAECT: Miniature anion exchange 
centrifugation technique; MIT: Mouse inoculation test; mRNA: Messenger RNA; 
NGS: Next-generation sequencing; OD: Optical density; OIE = WOAH: World 
Organisation for Animal Health; PATTEC: Pan African Tsetse and Trypanosomo-
sis Eradication Campaign; PCP: Progressive control pathway; PCV: Packed cell 
volume; POCD: Point-of-care diagnostics; PSR: Polymerase spiral reaction; QBC: 
Quantitative buffy coat; qPCR: Quantitative PCR; RoTat: Rode Trypanozoon anti-
gen type; RPA-LFD: Recombinant polymerase amplification with lateral flow 
dipstick; SHERLOCK: Specific high-sensitivity enzymatic reporter unlocking; 
SL-RNA: Spliced leader trypanosome RNA; TL: Trypanolysis test; UV: Ultraviolet; 
VAT: Variable antigen type; VSG: Variable surface glycoprotein; WCLSA: Whole 
cell lysate soluble antigen; 7SL: A signal recognition particle.

Author contributions
Conceptualisation: MD. Writing and preparing the original draft of the manu-
script: MD. Writing, reviewing and editing the manuscript: MD, AS, MG, ST, GB, 
AB, GG, PT, SH, SR, DS, VJ, SJ, PJ, PS, DB, LH. All authors read and approved the 
final manuscript.

Funding
No funding.

Availability of data and materials
All the data generated or analysed during this study are included in this 
published article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 UMR INTERTRYP, French Agricultural Research Centre for International 
Development (CIRAD), 31076 Toulouse, France. 2 INTERTRYP, IRD, CIRAD,  
University of Montpellier, Montpellier, France. 3 National Veterinary School 
of Toulouse (ENVT), 23 chemin des Capelles, 31000 Toulouse, France. 
4 Department of Pathobiology, Faculty of Veterinary Science, Bu-Ali Sina 
University, Hamedan 6517658978, Iran. 5 Department of Cell Biology, Simón 
Bolívar University, Caracas 1080, Venezuela. 6 UMR INTERTRYP, CIRAD, Bouaké, 
Côte d’Ivoire. 7 Pierre Richet Institute,  National Public Health Institute, BP 
1500 Bouaké, Côte d’Ivoire. 8 UMR INTERTRYP, CIRAD, 34398 Montpellier, 
France. 9 UMR INTERTRYP, CIRAD , Dakar, Senegal. 10 National Laboratory 
for Livestock and Veterinary Research, Senegalese Institute on Agricultural 
Research (ISRA), BP 2057, Dakar, Hann, Senegal. 11 IRD, UMR INTERTRYP, 
University of Montpellier, Montpellier, France. 12 Regional Research Centre Dr. 
Hideyo Noguchi, Autonomous University of Yucatán, Mérida, Yucatán, Mexico. 
13 Faculty of Veterinary Technology, Kasetsart University, Bangkok 10900, 
Thailand. 14 Physiopathology & Epidemiology of Equine Diseases Unit (PhEED), 
Laboratory of Animal Health, Normandy Site, French Agency for Food, 
Environmental and Occupational Health & Safety (ANSES), Rd 675 Les Places, 
14430 Goustranville, France. 

Received: 15 March 2022   Accepted: 5 June 2022

References
 1. Gutierrez C, Desquesnes M, Touratier L, Büscher P. Trypanosoma evansi: 

recent outbreaks in Europe. Vet Parasitol. 2010;174:26–9. https:// doi. 
org/ 10. 1016/j. vetpar. 2010. 08. 012.

 2. Thompson R. Exotic parasite threats to Australia’s biosecurity—Trade, 
health, and conservation. Trop Med Infect Dis. 2018;3:76. https:// doi. 
org/ 10. 3390/ tropi calme d3030 076.

 3. Desquesnes M, Gonzatti M, Sazmand A, Thévenon S, Bossard G, Bou-
langé A, et al. A review on diagnosis of animal trypanosomoses. Parasit 
Vectors. 2022. https:// doi. org/ 10. 1186/ s13071- 022- 05190-1.

 4. Kulohoma BW, Wamwenje SA, Wangwe II, Masila N, Mirieri CK, Wambua 
L. Prevalence of trypanosomes associated with drug resistance in 
Shimba Hills, Kwale County. Kenya BMC Res Notes. 2020;13:234. https:// 
doi. org/ 10. 1186/ s13104- 020- 05077-3.

 5. Dobson R, Dargantes A, Mercado R, Reid S. Models for Trypanosoma 
evansi (surra), its control and economic impact on small-hold livestock 
owners in the Philippines. Int J Parasitol. 2009;39:1115–23. https:// doi. 
org/ 10. 1016/j. ijpara. 2009. 02. 013.

 6. Diall O, Cecchi G, Wanda G, Argilés-Herrero R, Vreysen MJ, Cattoli G, et al. 
Developing a progressive control pathway for African animal trypano-
somosis. Trends Parasitol. 2017;33:499–509. https:// doi. org/ 10. 1016/j. pt. 
2017. 02. 005.

 7. Desquesnes M, Bengaly Z, Dia ML. Evaluation de la persistance des anti-
corps détectés par ELISA-indirect Trypanosoma vivax après traitement 
trypanocide chez des bovins naturellement infectés. Rev Elev Med Vet 
Pays Trop. 2003;56:141–4.

https://doi.org/10.1016/j.vetpar.2010.08.012
https://doi.org/10.1016/j.vetpar.2010.08.012
https://doi.org/10.3390/tropicalmed3030076
https://doi.org/10.3390/tropicalmed3030076
https://doi.org/10.1186/s13071-022-05190-1
https://doi.org/10.1186/s13104-020-05077-3
https://doi.org/10.1186/s13104-020-05077-3
https://doi.org/10.1016/j.ijpara.2009.02.013
https://doi.org/10.1016/j.ijpara.2009.02.013
https://doi.org/10.1016/j.pt.2017.02.005
https://doi.org/10.1016/j.pt.2017.02.005


Page 18 of 22Desquesnes et al. Parasites & Vectors          (2022) 15:235 

 8. Wernery U, Zachariah R, Mumford JA, Luckins T. Preliminary evaluation 
of diagnostic tests using horses experimentally infected with Trypano-
soma evansi. Vet J. 2001;161:287–300. https:// doi. org/ 10. 1053/ tvjl. 2000. 
0560.

 9. World Organisation for Animal Health (WOAH). Trypanosoma evansi 
infection (surra). In: WOAH, editor. WOAH Terrestrial Manual 2018. Paris: 
WOAH; 2018. p. 660–74. https:// www. woah. org/ filea dmin/ Home/ eng/ 
Health_ stand ards/ tahm/3. 01. 21_ TRYPA NO_ SURRA. pdf. Accessed 23 
June 2022.

 10. World Organisation for Animal Health (WOAH). Trypanosomosis tsetse-
transmitted. Disease_cards. 2021. https:// www. woah. org/ filea dmin/ 
Home/ eng/ Animal_ Health_ in_ the_ World/ docs/ pdf/ Disea se_ cards/ 
TRYPA NO_ TSETSE. pdf. Accessed 23 June 2022.

 11. Tager-Kagan P, Itard J, Clair M. Essai de l’efficacité du Cymelarsan sur 
Trypanosoma evansi chez le dromadaire. Rev Elev Med Vet Pays Trop. 
1989;42:55–61.

 12. Desquesnes M, Bossard G, Thevenon S, Patrel D, Ravel S, Pavlovic D, 
et al. Development and application of an antibody-ELISA to follow up a 
Trypanosoma evansi outbreak in a dromedary camel herd in France. Vet 
Parasitol. 2009;162:214–20. https:// doi. org/ 10. 1016/j. vetpar. 2009. 03. 033.

 13. Desquesnes M, Kamyingkird K, Pruvot M, Kengradomkij C, Bossard G, 
Sarataphan N, et al. Antibody-ELISA for Trypanosoma evansi: applica-
tion in a serological survey of dairy cattle, Thailand, and validation of 
a locally produced antigen. Prev Vet Med. 2009;90:233–41. https:// doi. 
org/ 10. 1016/j. preve tmed. 2009. 04. 011.

 14. Desquesnes M, Kamyingkird K, Vergne T, Sarataphan N, Pranee R, Jit-
tapalapong S. An evaluation of melarsomine hydrochloride efficacy for 
parasitological cure in experimental infection of dairy cattle with Trypa-
nosoma evansi in Thailand. Parasitology. 2011;138:1134–42. https:// doi. 
org/ 10. 1017/ S0031 18201 10007 71.

 15. Kocher A, Desquesnes M, Kamyingkird K, Yangtara S, Leboucher E, Rod-
tian P, et al. Evaluation of an indirect-ELISA test for Trypanosoma evansi 
infection (Surra) in buffaloes and its application to a serological survey 
in Thailand. BioMed Res Int. 2015;2015:361037. https:// doi. org/ 10. 1155/ 
2015/ 361037.

 16. Osório ALAR, Madruga CR, Desquesnes M, Soares CO, Ribeiro LRR, 
Costa SCGD. Trypanosoma (Duttonella) vivax: its biology, epidemiology, 
pathogenesis, and introduction in the New World—a review. Mem Inst 
Oswaldo Cruz. 2008;103:1–13. https:// doi. org/ 10. 1590/ s0074- 02762 
00800 01000 01.

 17. Desquesnes M, Bengaly Z, Millogo L, Meme Y, Sakande H. The analysis 
of the cross-reactions occurring in antibody-ELISA for the detection 
of trypanosomes can improve identification of the parasite species 
involved. Ann Trop Med Parasitol. 2001;95:141–55. https:// doi. org/ 10. 
1080/ 00034 983. 2001. 11813 624.

 18. Camoin M, Kocher A, Chalermwong P, Yangtarra S, Thongtip N, Jitta-
palapong S, et al. Adaptation and evaluation of an ELISA for Trypa-
nosoma evansi infection (surra) in elephants and its application to a 
serological survey in Thailand. Parasitology. 2017;145:371–7. https:// doi. 
org/ 10. 1017/ S0031 18201 70015 85.

 19. Camoin M, Kocher A, Chalermwong P, Yangtarra S, Kamyingkird K, 
Jittapalapong S, et al. The indirect ELISA Trypanosoma evansi in equids: 
optimisation and application to a serological survey including racing 
horses, in Thailand. Biomed Res Int. 2019;2019:2964639. https:// doi. org/ 
10. 1155/ 2019/ 29646 39.

 20. Desquesnes M, Bosseno MF, Breniere SF. Detection of Chagas infections 
using Trypanosoma evansi crude antigen demonstrates high cross-
reactions with Trypanosoma cruzi. Infect Genet Evol. 2007;7:457–62. 
https:// doi. org/ 10. 1016/j. meegid. 2007. 01. 007.

 21. Uzcanga G, Mendoza M, Aso P, Bubis J. Purification of a 64 kDa antigen 
from Trypanosoma evansi that exhibits cross-reactivity with Trypano-
soma vivax. Parasitology. 2002;124:287–99. https:// doi. org/ 10. 1017/ 
s0031 18200 10012 14.

 22. Zablotskij V, Georgiu C, De Waal T, Clausen P, Claes F, Touratier L. The 
current challenges of dourine: difficulties in differentiating Trypano-
soma equiperdum within the subgenus Trypanozoon. Rev Sci Tech. 
2003;22:1087–96. https:// doi. org/ 10. 20506/ rst. 22.3. 1460.

 23. Woo PTK. The heamatocrit centrifuge technique for diagnosis of African 
trypanosomiasis. Acta Trop. 1970;27:384–6.

 24. Truc P, Formenty P, Duvallet G, Komoin-Oka C, Diallo PB, Lauginie F. 
Identification of trypanosomes isolated by KIVI from wild mammals 

in Côte d’Ivoire: diagnostic, taxonomic and epidemiological consid-
erations. Acta Trop. 1997;67:187–96. https:// doi. org/ 10. 1016/ S0001- 
706X(97) 00062-4.

 25. Komoin-Oka C, Truc P, Bengaly Z, Formenty P, Duvallet G, Lauginie F, 
et al. Prevalence of Trypanosoma infections in different species of wild 
animals in the Comoe national park on the Ivory Coast: preliminary 
results of the comparison of 3 diagnostic methods. Rev Elev Med Vet 
Pays Trop. 1994;47:189–94.

 26. Desquesnes M, Bossard G, Patrel D, Herder S, Patout O, Lepetitcolin E, 
et al. First outbreak of Trypanosoma evansi in camels in metropolitan 
France. Vet Rec. 2008;162:750–2. https:// doi. org/ 10. 1136/ vr. 162. 23. 750.

 27. Ahmed Y, Hagos A, Merga B, Van Soom A, Duchateau L, Goddeeris B, 
et al. Trypanosoma equiperdum in the horse: a neglected threat? Vlaams 
Diergeneeskundig Tijdschrift. 2018;87:66–75.

 28. Moser DR, Cook GA, Ochs DE, Bailey CP, McKane MR, Donelson JE. 
Detection of Trypanosoma congolense and Trypanosoma brucei sub-
species by DNA amplification using the polymerase chain reaction. 
Parasitology. 1989;99:57–66. https:// doi. org/ 10. 1017/ S0031 18200 00610 
23.

 29. Moser DR, Kirchhof LV, Donelson JE. Detection of Trypanosoma cruzi by 
DNA amplification using the polymerase chain reaction. J Clin Micro-
biol. 1989;27:1477–82. https:// doi. org/ 10. 1128/ jcm. 27.7. 1477- 1482. 
1989.

 30. Masiga DK, Smyth AJ, Hayes P, Bromidge TJ, Gibson WC. Sensitive detec-
tion of trypanosomes in tsetse flies by DNA amplification. Int J Parasitol. 
1992;22:909–18. https:// doi. org/ 10. 1016/ 0020- 7519(92) 90047-O.

 31. Campos RF, Magalhães JB, Reis EA, Reis MG, Andrade SG. Sensitivity of 
polymerase chain reaction for detection of known aliquots of Trypa-
nosoma cruzi in the blood of mice: an in vitro study. Rev Soc Bras Med 
Trop. 2002;35:487–90. https:// doi. org/ 10. 1590/ S0037- 86822 00200 05000 
11.

 32. Desquesnes M, Tresse L. Evaluation of sensitivity of PCR for detecting 
DNA of Trypanosoma vivax with several methods of blood sample 
preparations. Rev Elev Med Vet Pays Trop. 1996;49:322–7.

 33. Desquesnes M. Evaluation of a simple PCR technique for the diagnosis 
of Trypanosoma vivax infection in the serum of cattle in comparison to 
parasitological techniques and antigen–enzyme-linked immunosorb-
ent assay. Acta Trop. 1997;65:139–48. https:// doi. org/ 10. 1016/ S0001- 
706X(96) 00643-2.

 34. Njiru ZK, Mikosza AS, Matovu E, Enyaru JC, Ouma JO, Kibona SN, et al. 
African trypanosomiasis: sensitive and rapid detection of the sub-genus 
Trypanozoon by loop-mediated isothermal amplification (LAMP) of 
parasite DNA. Int J Parasitol. 2008;38:589–99. https:// doi. org/ 10. 1016/j. 
ijpara. 2007. 09. 006.

 35. Thekisoe OM, Inoue N, Kuboki N, Tuntasuvan D, Bunnoy W, Borisut-
suwan S, et al. Evaluation of loop-mediated isothermal amplification 
(LAMP), PCR and parasitological tests for detection of Trypanosoma 
evansi in experimentally infected pigs. Vet Parasitol. 2005;130:327–30. 
https:// doi. org/ 10. 1016/j. vetpar. 2005. 04. 019.

 36. Thekisoe OM, Kuboki N, Nambota A, Fujisaki K, Sugimoto C, Igarashi I, 
et al. Species-specific loop-mediated isothermal amplification (LAMP) 
for diagnosis of trypanosomosis. Acta Trop. 2007;102:182–9. https:// doi. 
org/ 10. 1016/j. actat ropica. 2007. 05. 004.

 37. Sharma D, Gupta S, Sethi K, Kumar S, Kumar R. Polymerase Spiral 
Reaction (PSR) as a novel rapid colorimetric isothermal point of care 
assay for detection of Trypanosoma evansi genomic DNA. Vet Parasitol. 
2022;302:109644. https:// doi. org/ 10. 1016/j. vetpar. 2021. 109644.

 38. González-Andrade P, Camara M, Ilboudo H, Bucheton B, Jamonneau 
V, Deborggraeve S. Diagnosis of trypanosomatid infections: targeting 
the spliced leader RNA. J Mol Diagn. 2014;16:400–4. https:// doi. org/ 10. 
1016/j. jmoldx. 2014. 02. 006.

 39. Verney M, Grey F, Lemans C, Géraud T, Berthier D, Thevenon S, et al. 
Molecular detection of 7SL-derived small RNA is a promising alternative 
for trypanosomosis diagnosis. Transbound Emerg Dis. 2020;67:3061–8. 
https:// doi. org/ 10. 1111/ tbed. 13744.

 40. Jones K, Savulescu AF, Brombacher F, Hadebe S. Immunoglobulin M 
in health and diseases: how far have we come and what next? Front 
Immunol. 2020;11:595535. https:// doi. org/ 10. 3389/ fimmu. 2020. 595535.

 41. Ebhodaghe F, Isaac C, Ohiolei J. A meta-analysis of the prevalence of 
bovine trypanosomiasis in some African countries from 2000 to 2018. 

https://doi.org/10.1053/tvjl.2000.0560
https://doi.org/10.1053/tvjl.2000.0560
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/3.01.21_TRYPANO_SURRA.pdf
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/3.01.21_TRYPANO_SURRA.pdf
https://www.woah.org/fileadmin/Home/eng/Animal_Health_in_the_World/docs/pdf/Disease_cards/TRYPANO_TSETSE.pdf
https://www.woah.org/fileadmin/Home/eng/Animal_Health_in_the_World/docs/pdf/Disease_cards/TRYPANO_TSETSE.pdf
https://www.woah.org/fileadmin/Home/eng/Animal_Health_in_the_World/docs/pdf/Disease_cards/TRYPANO_TSETSE.pdf
https://doi.org/10.1016/j.vetpar.2009.03.033
https://doi.org/10.1016/j.prevetmed.2009.04.011
https://doi.org/10.1016/j.prevetmed.2009.04.011
https://doi.org/10.1017/S0031182011000771
https://doi.org/10.1017/S0031182011000771
https://doi.org/10.1155/2015/361037
https://doi.org/10.1155/2015/361037
https://doi.org/10.1590/s0074-02762008000100001
https://doi.org/10.1590/s0074-02762008000100001
https://doi.org/10.1080/00034983.2001.11813624
https://doi.org/10.1080/00034983.2001.11813624
https://doi.org/10.1017/S0031182017001585
https://doi.org/10.1017/S0031182017001585
https://doi.org/10.1155/2019/2964639
https://doi.org/10.1155/2019/2964639
https://doi.org/10.1016/j.meegid.2007.01.007
https://doi.org/10.1017/s0031182001001214
https://doi.org/10.1017/s0031182001001214
https://doi.org/10.20506/rst.22.3.1460
https://doi.org/10.1016/S0001-706X(97)00062-4
https://doi.org/10.1016/S0001-706X(97)00062-4
https://doi.org/10.1136/vr.162.23.750
https://doi.org/10.1017/S0031182000061023
https://doi.org/10.1017/S0031182000061023
https://doi.org/10.1128/jcm.27.7.1477-1482.1989
https://doi.org/10.1128/jcm.27.7.1477-1482.1989
https://doi.org/10.1016/0020-7519(92)90047-O
https://doi.org/10.1590/S0037-86822002000500011
https://doi.org/10.1590/S0037-86822002000500011
https://doi.org/10.1016/S0001-706X(96)00643-2
https://doi.org/10.1016/S0001-706X(96)00643-2
https://doi.org/10.1016/j.ijpara.2007.09.006
https://doi.org/10.1016/j.ijpara.2007.09.006
https://doi.org/10.1016/j.vetpar.2005.04.019
https://doi.org/10.1016/j.actatropica.2007.05.004
https://doi.org/10.1016/j.actatropica.2007.05.004
https://doi.org/10.1016/j.vetpar.2021.109644
https://doi.org/10.1016/j.jmoldx.2014.02.006
https://doi.org/10.1016/j.jmoldx.2014.02.006
https://doi.org/10.1111/tbed.13744
https://doi.org/10.3389/fimmu.2020.595535


Page 19 of 22Desquesnes et al. Parasites & Vectors          (2022) 15:235  

Prev Vet Med. 2018;160:35–46. https:// doi. org/ 10. 1016/j. preve tmed. 
2018. 09. 018.

 42. Desquesnes M, Michel J-F, De La Rocque S, Solano P, Millogo L, Bengaly 
Z, et al. Enquête parasitologique et sérologique (ELISA-indirect) sur les 
trypanosomoses des bovins dans la zone de Sidéradougou, Burkina 
Faso. Rev Elev Med Vet Pays Trop. 1999;52:223–32. https:// doi. org/ 10. 
19182/ remvt. 9667.

 43. Mpouam S, Achukwi M, FeussomKameni J, Bengaly Z, Ouedraogo G. 
Serological and parasitological prevalence of bovine trypanosomosis in 
small holder farms of the Vina division, Adamawa region of Cameroon. 
J Parasitol Vector Biol. 2011;3:44–51. https:// doi. org/ 10. 5897/ JPVB. 90000 
21.

 44. Mahama CI, Desquesnes M, Dia ML, Losson B, De Deken R, Speybroeck 
N, et al. A longitudinal epidemiological survey of bovine trypanosomo-
sis and its vectors in the White Volta river basin of Northern Ghana. Vet 
Parasitol. 2005;128:201–8. https:// doi. org/ 10. 1016/j. vetpar. 2004. 12. 007.

 45. World Organisation for Animal Health (WOAH). Trypanosomosis (tsetse-
transmitted). Disease cards. https:// www. woah. org/ filea dmin/ Home/ 
eng/ Animal_ Health_ in_ the_ World/ docs/ pdf/ Disea se_ cards/ TRYPA NO_ 
TSETSE. pdf. 2021. Accessed 23 June 2022.

 46. Van Wyk IC, Goddard A, de Bronsvoort B, Coetzer JA, Handel IG, Hanotte 
O, et al. The impact of co-infections on the haematological profile of 
East African Short-horn Zebu calves. Parasitology. 2014;141:374–88. 
https:// doi. org/ 10. 1017/ S0031 18201 30016 25.

 47. Reyna-Bello A, Garcı́a FA, Rivera M, Sansó B, Aso PM. Enzyme-linked 
immunosorbent assay (ELISA) for detection of anti-Trypanosoma evansi 
equine antibodies. Vet Parasitol. 1998;80:149–57. https:// doi. org/ 10. 
1016/ S0304- 4017(98) 00199-X.

 48. Madruga CR, Araujo FR, Cavalcante-Goes G, Martins C, Pfeifer IB, Ribeiro 
LR, et al. The development of an enzyme-linked immunosorbent assay 
for Trypanosoma vivax antibodies and its use in epidemiological sur-
veys. Mem Inst Oswaldo Cruz. 2006;101:801–7. https:// doi. org/ 10. 1590/ 
S0074- 02762 00600 07000 16.

 49. Luciani M, Di Febo T, Orsini M, Krasteva I, Cattaneo A, Vulpiani MP, et al. 
Trypanosoma equiperdum low molecular weight proteins as candidates 
for specific serological diagnosis of dourine. Front Vet Sci. 2018;5:40. 
https:// doi. org/ 10. 3389/ fvets. 2018. 00040.

 50. Rosypal A, Cortés-Vecino J, Gennari S, Dubey J, Tidwell R, Lindsay 
D. Serological survey of Leishmania infantum and Trypanosoma 
cruzi in dogs from urban areas of Brazil and Colombia. Vet Parasitol. 
2007;149:172–7. https:// doi. org/ 10. 1016/j. vetpar. 2007. 08. 004.

 51. Rosypal AC, Tidwell RR, Lindsay DS. Prevalence of antibodies to Leishma-
nia infantum and Trypanosoma cruzi in wild canids from South Carolina. 
J Parasitol. 2007;93:955–7. https:// doi. org/ 10. 1645/ GE- 1057R.1.

 52. Ferenc S, Siopinskif V, Courtney C. The development of an enzyme-
linked immunosorbent assay for Trypanosoma vivax and its use in 
a seroepidemiological survey of the Eastern Caribbean Basin. Int J 
Parasitol. 1990;20:51–6. https:// doi. org/ 10. 1016/ 0020- 7519(90) 90172-J.

 53. Desquesnes M, Gardiner PR. Epidémiologie de la trypanosomose 
bovine (Trypanosoma vivax) en Guyane française. Rev Elev Med Vet Pays 
Trop. 1993;46:463–70.

 54. Monzon C, Colman O. Estudio seroepidemiologique de la tripanoso-
miasis equina (O. Mal de Caderas) mediante la prueba de immunofluo-
rescencia indirecta en la Provincia de Formosa (Argentina) Anos 1983 à 
1987. Arq Bras Med Vet Zoot. 1988;40:279–85.

 55. Jiménez-Coello M, Acosta-Viana K, Guzman-Marin E, Ortega-Pacheco A. 
American trypanosomiasis infection in fattening pigs from the South-
East of Mexico. Zoonoses Public Health. 2012;59:166–9. https:// doi. org/ 
10. 1111/ zph. 12016.

 56. Fujita O, Sanabria L, Inschaustti A, De Arias A, Tomizawa Y, Oku Y. Animal 
reservoirs for Trypanosoma cruzi infection in an endemic area in Para-
guay. J Vet Med Sci. 1994;56:305–8. https:// doi. org/ 10. 1292/ jvms. 56. 305.

 57. Ramírez-Iglesias J, Eleizalde M, Reyna-Bello A, Mendoza M. Molecu-
lar diagnosis of cattle trypanosomes in Venezuela: evidences of 
Trypanosoma evansi and Trypanosoma vivax infections. J Parasit Dis. 
2017;41:450–8. https:// doi. org/ 10. 1007/ s12639- 016- 0826-x.

 58. Alves A, Mouta-Confort E, Figueiredo F, Oliveira R, Schubach A, Madeira 
MDF. Evaluation of serological cross-reactivity between canine visceral 
leishmaniasis and natural infection by Trypanosoma caninum. Res Vet 
Sci. 2012;93:1329–33. https:// doi. org/ 10. 1016/j. rvsc. 2012. 07. 006.

 59. Jimenez-Coello M, Shelite T, Castellanos-Gonzalez A, Saldarriaga O, 
Rivero R, Ortega-Pacheco A, et al. Efficacy of recombinase polymerase 
amplification to diagnose Trypanosoma cruzi infection in dogs with car-
diac alterations from an endemic area of Mexico. Vector Borne Zoonotic 
Dis. 2018;18:417–23. https:// doi. org/ 10. 1089/ vbz. 2017. 2258.

 60. Madeira M, Sousa M, Barros J, Figueiredo F, Fagundes A, Schubach A, 
et al. Trypanosoma caninum n. sp. (Protozoa: Kinetoplastida) isolated 
from intact skin of a domestic dog (Canis familiaris) captured in Rio de 
Janeiro Brazil. Parasitology. 2009;136:411–23.

 61. Barros J, Almeida A, Figueiredo FB, Sousa V, Fagundes A, Pinto AGdS, 
et al. Occurrence of Trypanosoma caninum in areas overlapping with 
leishmaniasis in Brazil: what is the real impact of canine leishmaniasis 
control? Trans R Soc Trop Med Hyg. 2012;106:419–23. https:// doi. org/ 
10. 1016/j. trstmh. 2012. 03. 014.

 62. Bryan LK, Hamer SA, Shaw S, Curtis-Robles R, Auckland LD, Hodo CL, 
et al. Chagas disease in a Texan horse with neurologic deficits. Vet 
Parasitol. 2016;216:13–7. https:// doi. org/ 10. 1016/j. vetpar. 2015. 11. 016.

 63. Reuss SM, Dunbar MD, Mays MBC, Owen JL, Mallicote MF, Archer LL, 
et al. Autochthonous Leishmania siamensis in horse, Florida, USA. Emerg 
Infect Dis. 2012;18:1545–7. https:// doi. org/ 10. 3201/ eid18 09. 120184.

 64. Petersen CA, Barr SC. Canine leishmaniasis in North America: emerg-
ing or newly recognized? Vet Clin North Am Small Anim Pract. 
2009;39:1065–74. https:// doi. org/ 10. 1016/j. cvsm. 2009. 06. 008.

 65. Njiokou F, Nimpaye H, Simo G, Njitchouang G, Asonganyi T, Cuny G, 
et al. Domestic animals as potential reservoir hosts of Trypanosoma 
brucei gambiense in sleeping sickness foci in Cameroon. Parasite. 
2010;17:61–6. https:// doi. org/ 10. 1051/ paras ite/ 20101 71061.

 66. Oldrieve GR, Verney M, Jaron K, Hebert L, Matthews K. Monomorphic 
Trypanozoon: towards reconciling phylogeny and pathologies. Microb 
Genom. 2021. https:// doi. org/ 10. 1099/ mgen.0. 000632.

 67. Carnes J, Anupama A, Balmer O, Jackson A, Lewis M, Brown R, et al. 
Genome and phylogenetic analyses of Trypanosoma evansi reveal 
extensive similarity to T. brucei and multiple independent origins for 
dyskinetoplasty. PLoS Negl Trop Dis. 2015;9:e3404. https:// doi. org/ 10. 
1371/ journ al. pntd. 00034 04.

 68. Cuypers B, Van den Broeck F, Van Reet N, Meehan CJ, Cauchard J, 
Wilkes JM, et al. Genome-wide SNP analysis reveals distinct origins of 
Trypanosoma evansi and Trypanosoma equiperdum. Genome Biol Evol. 
2017;9:1990–7. https:// doi. org/ 10. 1093/ gbe/ evx102.

 69. Birhanu H, Gebrehiwot T, Goddeeris BM, Buscher P, Van Reet N. New 
Trypanosoma evansi Type B isolates from Ethiopian dromedary camels. 
PLoS Negl Trop Dis. 2016;10:e0004556. https:// doi. org/ 10. 1371/ journ al. 
pntd. 00045 56.

 70. Borst P, Fase-Fowler F, Gibson WC. Kinetoplast DNA of Trypanosoma 
evansi. Mol Biochem Parasitol. 1987;23:31–8. https:// doi. org/ 10. 1016/ 
0166- 6851(87) 90184-8.

 71. Njiru ZK, Constantine CC, Masiga DK, Reid SA, Thompson RC, Gibson 
WC. Characterization of Trypanosoma evansi type B. Infect Genet Evol. 
2006;6:292–300. https:// doi. org/ 10. 1016/j. meegid. 2005. 08. 002.

 72. Schnaufer A, Domingo GJ, Stuart K. Natural and induced dyskineto-
plastic trypanosomatids: how to live without mitochondrial DNA. Int 
J Parasitol. 2002;32:1071–84. https:// doi. org/ 10. 1016/ S0020- 7519(02) 
00020-6.

 73. Radwanska M, Claes F, Magez S, Magnus E, Perez-Morga D, Pays E, 
et al. Novel primer sequences for polymerase chain reaction-based 
detection of Trypanosoma brucei gambiense. Am J Trop Med Hyg. 
2002;67:289–95. https:// doi. org/ 10. 4269/ ajtmh. 2002. 67. 289.

 74. Radwanska M, Chamekh M, Vanhamme L, Claes F, Magez S, Magnus 
E, et al. The serum resistance-associated gene as a diagnostic tool for 
the detection of Trypanosoma brucei rhodesiense. Am J Trop Med Hyg. 
2002;67:684–90. https:// doi. org/ 10. 4269/ ajtmh. 2002. 67. 684.

 75. Desquesnes M. Livestock trypanosomoses and their vectors in Latin 
America. Paris: OIE (World Organisation for Animal Health); 2004.

 76. Ferenc S, Raymond H, Lancelot R: Essai de transmission mécanique de 
Trypanosoma vivax (Ziemann)(Kinetoplastida, Trypanosomatidae) par 
le taon néotropical Cryptotylus unicolor (Wiedermann)(Diptera, Tabani-
dae). In: Proceedings of the 18th International Congress of Entomology; 
3-9 July 1988; Vancouver. p. 295.

 77. Hawkins J, Adams W Jr, Wilson B, Issel C, Roth E. Transmission of equine 
infectious anemia virus by Tabanus fuscicostatus. J Am Vet Med Assoc. 
1976;168:63–4.

https://doi.org/10.1016/j.prevetmed.2018.09.018
https://doi.org/10.1016/j.prevetmed.2018.09.018
https://doi.org/10.19182/remvt.9667
https://doi.org/10.19182/remvt.9667
https://doi.org/10.5897/JPVB.9000021
https://doi.org/10.5897/JPVB.9000021
https://doi.org/10.1016/j.vetpar.2004.12.007
https://www.woah.org/fileadmin/Home/eng/Animal_Health_in_the_World/docs/pdf/Disease_cards/TRYPANO_TSETSE.pdf.2021
https://www.woah.org/fileadmin/Home/eng/Animal_Health_in_the_World/docs/pdf/Disease_cards/TRYPANO_TSETSE.pdf.2021
https://www.woah.org/fileadmin/Home/eng/Animal_Health_in_the_World/docs/pdf/Disease_cards/TRYPANO_TSETSE.pdf.2021
https://doi.org/10.1017/S0031182013001625
https://doi.org/10.1016/S0304-4017(98)00199-X
https://doi.org/10.1016/S0304-4017(98)00199-X
https://doi.org/10.1590/S0074-02762006000700016
https://doi.org/10.1590/S0074-02762006000700016
https://doi.org/10.3389/fvets.2018.00040
https://doi.org/10.1016/j.vetpar.2007.08.004
https://doi.org/10.1645/GE-1057R.1
https://doi.org/10.1016/0020-7519(90)90172-J
https://doi.org/10.1111/zph.12016
https://doi.org/10.1111/zph.12016
https://doi.org/10.1292/jvms.56.305
https://doi.org/10.1007/s12639-016-0826-x
https://doi.org/10.1016/j.rvsc.2012.07.006
https://doi.org/10.1089/vbz.2017.2258
https://doi.org/10.1016/j.trstmh.2012.03.014
https://doi.org/10.1016/j.trstmh.2012.03.014
https://doi.org/10.1016/j.vetpar.2015.11.016
https://doi.org/10.3201/eid1809.120184
https://doi.org/10.1016/j.cvsm.2009.06.008
https://doi.org/10.1051/parasite/2010171061
https://doi.org/10.1099/mgen.0.000632
https://doi.org/10.1371/journal.pntd.0003404
https://doi.org/10.1371/journal.pntd.0003404
https://doi.org/10.1093/gbe/evx102
https://doi.org/10.1371/journal.pntd.0004556
https://doi.org/10.1371/journal.pntd.0004556
https://doi.org/10.1016/0166-6851(87)90184-8
https://doi.org/10.1016/0166-6851(87)90184-8
https://doi.org/10.1016/j.meegid.2005.08.002
https://doi.org/10.1016/S0020-7519(02)00020-6
https://doi.org/10.1016/S0020-7519(02)00020-6
https://doi.org/10.4269/ajtmh.2002.67.289
https://doi.org/10.4269/ajtmh.2002.67.684


Page 20 of 22Desquesnes et al. Parasites & Vectors          (2022) 15:235 

 78. Muzari M, Burgess G, Skerratt L, Jones R, Duran T. Host preferences 
of tabanid flies based on identification of blood meals by ELISA. Vet 
Parasitol. 2010;174:191–8. https:// doi. org/ 10. 1016/j. vetpar. 2010. 08. 040.

 79. Odeniran PO, Macleod E, Ademola IO, Welburn S. Molecular identi-
fication of bloodmeal sources and trypanosomes in Glossina spp., 
Tabanus spp. and Stomoxys spp. trapped on cattle farm settlements in 
southwest Nigeria. Med Vet Entomol. 2019;33:269–81. https:// doi. org/ 
10. 1111/ mve. 12358.

 80. Hernández-Andrade A, Moo-Millan J, Cigarroa-Toledo N, Ramos-Ligonio 
A, Herrera C, Bucheton B, et al. Metabarcoding: a powerful yet still 
underestimated approach for the comprehensive study of vector-
borne pathogen transmission cycles and their dynamics. In: Claborn 
D, Bhattacharya S, Roy S, et al., editors. Vector-borne diseases—recent 
developments in epidemiology and control. London:InechOpen; 2019. 
p. 1–16.

 81. Waleckx E, Suarez J, Richards B, Dorn PL. Triatoma sanguisuga blood 
meals and potential for Chagas disease, Louisiana, USA. Emerg Infect 
Dis. 2014;20:2141–3. https:// doi. org/ 10. 3201/ eid20 12. 131576.

 82. Taylor PD, Smith SM. Activities and physiological states of male and 
female Tabanus sackeni. Med Vet Entomol. 1989;3:203–12. https:// doi. 
org/ 10. 1111/j. 1365- 2915. 1989. tb002 16.x.

 83. Simo G, Fongho P, Farikou O, Ndjeuto-Tchouli PIN, Tchouomene-
Labou J, Njiokou F, et al. Trypanosome infection rates in tsetse flies 
in the “silent” sleeping sickness focus of Bafia in the Centre Region 
in Cameroon. Parasit Vectors. 2015;8:528. https:// doi. org/ 10. 1186/ 
s13071- 015- 1156-z.

 84. Bouyer J, Yoni W, Bila C, Desquesnes M, Guerrini L. The dissection of 
tsetse flies. GeosAf. 2015. https:// agrit rop. cirad. fr/ 575784/ 1/ docum ent_ 
575784. pdf. Accessed 23 June 2022.

 85. De La Rocque S, Lefrancois T, Reifenberg JM, Solano P, Kabore I, Bengaly 
Z, et al. PCR analysis and spatial repartition of trypanosomes infecting 
tsetse flies in Sideradougou area of Burkina Faso. Ann N Y Acad Sci. 
1998;849:32–8. https:// doi. org/ 10. 1111/j. 1749- 6632. 1998. tb110 30.x.

 86. Mota J, Chacon JC, Gutiérrez-Cabrera AE, Sanchez-Cordero V, Wirtz 
RA, Ordonez R, et al. Identification of blood meal source and infection 
with Trypanosoma cruzi of Chagas disease vectors using a multiplex 
cytochrome b polymerase chain reaction assay. Vector Borne Zoonotic 
Dis. 2007;7:617–28. https:// doi. org/ 10. 1089/ vbz. 2007. 0106.

 87. Solano P, Argiro L, Reifenberg J-M, Yao Y, Duvallet G. Field application of 
the polymerase chain reaction (PCR) to the detection and characteriza-
tion of trypanosomes in Glossina longipalpis (Diptera: Glossinidae) in 
Côte d’Ivoire. Mol Ecol. 1995;4:781–6. https:// doi. org/ 10. 1111/j. 1365- 
294X. 1995. tb002 80.x.

 88. Luquetti AO, Dias J, Prata A. Diagnosis and treatment of congenital 
infection caused by Trypanosoma cruzi in Brazil. Rev Soc Bras Med Trop. 
2005;38:27–8.

 89. Vioti G, da Silva MD, Galvis-Ovallos F, Alves ML, da Silva DT, Leonel JAF, 
et al. Xenodiagnosis in four domestic cats naturally infected by Leish-
mania infantum. Transbound Emerg Dis. 2021. https:// doi. org/ 10. 1111/ 
tbed. 14216.

 90. Sánchez-Vega JT, Almanza-Mackintoy A, Luna-Santillán AV, De La 
Sancha-Solares T. A case report of Chagas disease in acute phase diag-
nosed by xenodiagnosis. Parasitol Int. 2020;77:102121. https:// doi. org/ 
10. 1016/j. parint. 2020. 102121.

 91. Toukam CW, Solano P, Bengaly Z, Jamonneau V, Bucheton B. Experi-
mental evaluation of xenodiagnosis to detect trypanosomes at low 
parasitaemia levels in infected hosts. Parasite. 2011;18:295–302. https:// 
doi. org/ 10. 1051/ paras ite/ 20111 84295.

 92. Dumonteil E, Ramirez-Sierra M-J, Pérez-Carrillo S, Teh-Poot C, Herrera 
C, Gourbière S, et al. Detailed ecological associations of triatomines 
revealed by metabarcoding and next-generation sequencing: 
implications for triatomine behavior and Trypanosoma cruzi trans-
mission cycles. Sci Rep. 2018;8:4140. https:// doi. org/ 10. 1038/ 
s41598- 018- 22455-x.

 93. Boakye D, Tang J, Truc P, Merriweather A, Unnasch T. Identification of 
bloodmeals in haematophagous diptera by cytochrome B heterodu-
plex analysis. Med Vet Entomol. 1999;13:282–7. https:// doi. org/ 10. 
1046/j. 1365- 2915. 1999. 00193.x.

 94. Traoré BM, Koffi M, N’Djetchi MK, Kaba D, Kaboré J, Ilboudo H, et al. 
Free-ranging pigs identified as a multi-reservoir of Trypanosoma brucei 
and Trypanosoma congolense in the Vavoua area, a historical sleeping 

sickness focus of Côte d’Ivoire. PLoS Negl Trop Dis. 2021;15:e0010036. 
https:// doi. org/ 10. 1371/ journ al. pntd. 00100 36.

 95. Meyer A, Holt HR, Selby R, Guitian J. Past and ongoing tsetse and animal 
trypanosomiasis control operations in five African countries: a system-
atic review. PLoS Negl Trop Dis. 2016;10:e0005247. https:// doi. org/ 10. 
1371/ journ al. pntd. 00052 47.

 96. Diall O, Desquesnes M, Faye B, Dia ML, Jacquiet P, Sazmand A, et al. 
Development of a progressive control pathway for Trypanosoma evansi 
infection (surra) in camels in Africa. In Process in Acta Tropica. 2022.

 97. Desquesnes M, Bouyer J: Tsetse-transmitted trypanosomoses: OIE 
perspectives. In: 21ème Conférence de la Comission Régionale pour 
l’Afrique; 16–20 Feb 2015; Rabat.

 98. Vashist SK. Point-of-care diagnostics: recent advances and trends. 
Biosensors. 2017;7:62. https:// doi. org/ 10. 3390/ bios7 040062.

 99. Boulange A, Pillay D, Chevtzoff C, Biteau N, Come de Graca V, Rempeters 
L, et al. Development of a rapid antibody test for point-of-care diag-
nosis of animal African trypanosomosis. Vet Parasitol. 2017;233:32–8. 
https:// doi. org/ 10. 1016/j. vetpar. 2016. 11. 017.

 100. Jaimes-Dueñez J, Zapata-Zapata C, Triana-Chávez O, Mejía-Jaramillo 
AM. Evaluation of an alternative indirect-ELISA test using in vitro-prop-
agated Trypanosoma brucei brucei whole cell lysate as antigen for the 
detection of anti-Trypanosoma evansi IgG in Colombian livestock. Prev 
Vet Med. 2019;169:104712. https:// doi. org/ 10. 1016/j. preve tmed. 2019. 
104712.

 101. World Organisation for Animal Health (WOAH). Manual of diagnostic 
tests and vaccines for terrestrial animals. 2021. Paris: WOAH. https:// 
www. woah. org/ filea dmin/ Home/ eng/ Health_ stand ards/ tahm/A_ sum-
mry. htm. Accessed 23 June 2022.

 102. Sazmand A, Desquesnes M, Otranto D. Trypanosoma evansi. Trends Para-
sitol. 2022;38:489-90. https:// doi. org/ 10. 1016/j. pt. 2021. 12. 010.

 103. Desquesnes M. Veterinary aspects. In: Telleria J, Tibayrenc M, editors. 
American Trypanosomiasis Chagas disease: one hundred years of 
research. Amsterdam: Elsevier; 2017. p. 283–98.

 104. Gizaw Y, Megersa M, Fayera T. Dourine: a neglected disease of equids. 
Trop Anim Health Prod. 2017;49:887–97. https:// doi. org/ 10. 1007/ 
s11250- 017- 1280-1.

 105. Claes F, Agbo EC, Radwanska M, Te Pas MF, Baltz T, De Waal DT, et al. 
How does Trypanosoma equiperdum fit into the Trypanozoon group? 
A cluster analysis by RAPD and multiplex-endonuclease genotyping 
approach. Parasitology. 2003;126:425–31. https:// doi. org/ 10. 1017/ 
S0031 18200 30029 68.

 106. Claes F, Radwanska M, Urakawa T, Majiwa PA, Goddeeris B, Buscher P. 
Variable Surface Glycoprotein RoTat 1.2 PCR as a specific diagnostic tool 
for the detection of Trypanosoma evansi infections. Kinetoplastid Biol 
Dis. 2004. https:// doi. org/ 10. 1186/ 1475- 9292-3-3.

 107. Gutiérrez C, Tamarit A, González-Martín M, Tejedor-Junco MT. Control 
and eventual eradication of Trypanosoma evansi infection in dromedary 
camels after an episodic outbreak in mainland Spain: an example in a 
non-endemic area. Vet Parasitol. 2014;204:153–7. https:// doi. org/ 10. 
1016/j. vetpar. 2014. 05. 004.

 108. Camara M, Soumah AMM, Ilboudo H, Travaillé C, Clucas C, Cooper A, 
et al. Extravascular dermal trypanosomes in suspected and confirmed 
cases of gambiense human African trypanosomiasis. Clin Infect Dis. 
2021. https:// doi. org/ 10. 1093/ cid/ ciaa8 97.

 109. Sereno D, Akhoundi M, Sayehmri K, Mirzaei A, Holzmuller P, Lejon V, 
et al. Noninvasive biological samples to detect and diagnose infections 
due to Trypanosomatidae parasites: a systematic review and meta-
analysis. Int J Mol Sci. 2020. https:// doi. org/ 10. 3390/ ijms2 10516 84.

 110. Lumsden WH, Kimber CD, Dukes P, Haller L, Stanghellini A, Duvallet G. 
Field diagnosis of sleeping sickness in the Ivory Coast. I. Comparison 
of the miniature anion-exchange/centrifugation technique with other 
protozoological methods. Trans R Soc Trop Med Hyg. 1981;75:242–50. 
https:// doi. org/ 10. 1016/ 0035- 9203(81) 90326-6.

 111. Truc P, Bailey J, Doua F, Laveissière C, Godfrey D. A comparison of 
parasitological methods for the diagnosis of gambian trypanosomiasis 
in an area of low endemicity in Cote d’Ivoire. Trans R Soc Trop Med Hyg. 
1994;88:419–21. https:// doi. org/ 10. 1016/ 0035- 9203(94) 90410-3.

 112. Truc P, Lejon V, Magnus E, Jamonneau V, Nangouma A, Verloo D, et al. 
Evaluation of the micro-CATT, CATT/Trypanosoma brucei gambiense, 
and LATEX/T. b. gambiense methods for serodiagnosis and surveillance 

https://doi.org/10.1016/j.vetpar.2010.08.040
https://doi.org/10.1111/mve.12358
https://doi.org/10.1111/mve.12358
https://doi.org/10.3201/eid2012.131576
https://doi.org/10.1111/j.1365-2915.1989.tb00216.x
https://doi.org/10.1111/j.1365-2915.1989.tb00216.x
https://doi.org/10.1186/s13071-015-1156-z
https://doi.org/10.1186/s13071-015-1156-z
https://agritrop.cirad.fr/575784/1/document_575784.pdf
https://agritrop.cirad.fr/575784/1/document_575784.pdf
https://doi.org/10.1111/j.1749-6632.1998.tb11030.x
https://doi.org/10.1089/vbz.2007.0106
https://doi.org/10.1111/j.1365-294X.1995.tb00280.x
https://doi.org/10.1111/j.1365-294X.1995.tb00280.x
https://doi.org/10.1111/tbed.14216
https://doi.org/10.1111/tbed.14216
https://doi.org/10.1016/j.parint.2020.102121
https://doi.org/10.1016/j.parint.2020.102121
https://doi.org/10.1051/parasite/2011184295
https://doi.org/10.1051/parasite/2011184295
https://doi.org/10.1038/s41598-018-22455-x
https://doi.org/10.1038/s41598-018-22455-x
https://doi.org/10.1046/j.1365-2915.1999.00193.x
https://doi.org/10.1046/j.1365-2915.1999.00193.x
https://doi.org/10.1371/journal.pntd.0010036
https://doi.org/10.1371/journal.pntd.0005247
https://doi.org/10.1371/journal.pntd.0005247
https://doi.org/10.3390/bios7040062
https://doi.org/10.1016/j.vetpar.2016.11.017
https://doi.org/10.1016/j.prevetmed.2019.104712
https://doi.org/10.1016/j.prevetmed.2019.104712
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/A_summry.htm
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/A_summry.htm
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/A_summry.htm
https://doi.org/10.1016/j.pt.2021.12.010
https://doi.org/10.1007/s11250-017-1280-1
https://doi.org/10.1007/s11250-017-1280-1
https://doi.org/10.1017/S0031182003002968
https://doi.org/10.1017/S0031182003002968
https://doi.org/10.1186/1475-9292-3-3
https://doi.org/10.1016/j.vetpar.2014.05.004
https://doi.org/10.1016/j.vetpar.2014.05.004
https://doi.org/10.1093/cid/ciaa897
https://doi.org/10.3390/ijms21051684
https://doi.org/10.1016/0035-9203(81)90326-6
https://doi.org/10.1016/0035-9203(94)90410-3


Page 21 of 22Desquesnes et al. Parasites & Vectors          (2022) 15:235  

of human African trypanosomiasis in West and Central Africa. Bull World 
Health Organ. 2002;80:882–6.

 113. Van Meirvenne N, Magnus E, Büscher P. Evaluation of variant specific 
trypanolysis tests for serodiagnosis of human infections with Trypa-
nosoma brucei gambiense. Acta Trop. 1995;60:189–99. https:// doi. org/ 
10. 1016/ 0001- 706X(95) 00127-Z.

 114. Jamonneau V, Bucheton B, Kabore J, Ilboudo H, Camara O, Courtin F, 
et al. Revisiting the immune trypanolysis test to optimise epidemio-
logical surveillance and control of sleeping sickness in West Africa. 
PLoS Negl Trop Dis. 2010;4:e917. https:// doi. org/ 10. 1371/ journ al. 
pntd. 00009 17.

 115. McNamara J, Bailey J, Smith D, Wakhooli S, Godfrey D. Isolation of 
Trypanosoma brucei gambiense from northern Uganda: evaluation 
of the kit for in vitro isolation (KIVI) in an epidemic focus. Trans R Soc 
Trop Med Hyg. 1995;89:388–9. https:// doi. org/ 10. 1016/ 0035- 9203(95) 
90021-7.

 116. Enyaru JCK, Matovu E, Nerima B, Akol M, Sebikali C. Detection of T.b. 
rhodesiense trypanosomes in humans and domestic animals in south 
east Uganda by amplification of serum resistance-associated gene. 
Ann N Y Acad Sci. 2006;1081:311–9. https:// doi. org/ 10. 1196/ annals. 
1373. 041.

 117. Hoare CA. The trypanosomes of mammals. A zoological monograph. 
Oxford: Blackwell; 1972.

 118. Hamill L, Kaare M, Welburn S, Picozzi K. Domestic pigs as potential 
reservoirs of human and animal trypanosomiasis in Northern Tanzania. 
Parasit Vectors. 2013. https:// doi. org/ 10. 1186/ 1756- 3305-6- 322.

 119. Buscher P, Bart JM, Boelaert M, Bucheton B, Cecchi G, Chitnis N, et al. Do 
cryptic reservoirs threaten gambiense-sleeping sickness elimination? 
Trends Parasitol. 2018;34:197–207. https:// doi. org/ 10. 1016/j. pt. 2017. 11. 
008.

 120. Truc P, Mathieu-Daudé F, Tibayrenc M. Multilocus isozyme identification 
of Trypanosoma brucei stocks isolated in Central Africa: evidence for an 
animal reservoir of sleeping sickness in Congo. Acta Trop. 1991;49:127–
35. https:// doi. org/ 10. 1016/ 0001- 706X(91) 90060-W.

 121. Kemta EM, Ndefo RK, Telleria J, N’Djetch M, Keita M, Kagbadouno M, 
et al. La faune domestique et sauvage africaine: quel rôle comme réser-
voir de Trypanosoma brucei gambiense? Bull Assoc Anc Elèv Inst Pasteur. 
2021;63:18–24.

 122. Truc P, Büscher P, Cuny G, Gonzatti MI, Jannin J, Joshi P, et al. Atypi-
cal human infections by animal trypanosomes. PLoS Negl Trop Dis. 
2013;7:e2256. https:// doi. org/ 10. 1371/ journ al. pntd. 00022 56.

 123. Sazmand A, Joachim A, Otranto D. Zoonotic parasites of dromedary 
camels: so important, so ignored. Parasit Vectors. 2019;12:610. https:// 
doi. org/ 10. 1186/ s13071- 019- 3863-3.

 124. Desquesnes M, Kamyingkird K, Yangtara S, Milocco C, Ravel S, Wang 
M-H, et al. Specific primers for PCR amplification of the ITS1 (ribosomal 
DNA) of Trypanosoma lewisi. Infect Genet Evol. 2011;11:1361–7. https:// 
doi. org/ 10. 1016/j. meegid. 2011. 04. 030.

 125. Gao J-M, Truc P, Desquesnes M, Vincendeau P, Courtois P, Zhang X, et al. 
A preliminary serological study of Trypanosoma evansi and Trypano-
soma lewisi in Chinese human population. Agr Nat Resour. 2018;52:612–
6. https:// doi. org/ 10. 1016/j. anres. 2018. 11. 024.

 126. Desquesnes M, Bengaly Z, Berthier D, Bossard G, Cene B, Ilboudo H, 
et al. Compendium of diagnostic protocols of the OIE reference labora-
tory for Animal Trypanosomoses of African Origin. Montpellier: OIE; 
2017.

 127. Ahmed HA, MacLeod ET, Hide G, Welburn SC, Picozzi K. The best prac-
tice for preparation of samples from FTA® cards for diagnosis of blood 
borne infections using African trypanosomes as a model system. Parasit 
Vectors. 2011;4:68. https:// doi. org/ 10. 1186/ 1756- 3305-4- 68.

 128. Morrison LJ, McCormack G, Sweeney L, Likeufack AC, Truc P, Turner CM, 
et al. The use of multiple displacement amplification to increase the 
detection and genotyping of Trypanosoma species samples immobi-
lised on FTA filters. Am J Trop Med Hyg. 2007;76:1132–7. https:// doi. org/ 
10. 4269/ ajtmh. 2007. 76. 1132.

 129. Sazmand A, Eigner B, Mirzaei M, Hekmatimoghaddam S, Harl J, Duscher 
GG, et al. Molecular identification of hemoprotozoan parasites in cam-
els (Camelus dromedarius) of Iran. Iran J Parasitol. 2016;11:568–73.

 130. Magez S, Pinto Torres JE, Obishakin E, Radwanska M. Infections with 
extracellular trypanosomes require control by efficient innate immune 
mechanisms and can result in the destruction of the mammalian 

humoral immune system. Front Immunol. 2020;11:382. https:// doi. org/ 
10. 3389/ fimmu. 2020. 00382.

 131. Cook AD, Higgins MK. High-throughput hit-squad tackles trypano-
somes. Trends Parasitol. 2021;37:772–4. https:// doi. org/ 10. 1016/j. pt. 
2021. 07. 005.

 132. Autheman D, Crosnier C, Clare S, Goulding DA, Brandt C, Harcourt K, 
et al. An invariant Trypanosoma vivax vaccine antigen induces protec-
tive immunity. Nature. 2021;595:96–100. https:// doi. org/ 10. 1038/ 
s41586- 021- 03597-x.

 133. Li SQ, Fung MC, Reid S, Inoue N, Lun ZR. Immunization with recom-
binant beta-tubulin from Trypanosoma evansi induced protection 
against T. evansi, T. equiperdum and T. b. brucei infection in mice. Parasite 
Immunol. 2007;29:191–9. https:// doi. org/ 10. 1111/j. 1365- 3024. 2006. 
00933.x.

 134. Camargo ROE, Uzcanga GL, Bubis J. Isolation of two antigens from 
Trypanosoma evansi that are partially responsible for its cross-reactivity 
with Trypanosoma vivax. Vet Parasitol. 2004;123:67–81. https:// doi. org/ 
10. 1016/j. vetpar. 2004. 01. 022.

 135. Velásquez NP, Camargo RE, Uzcanga GL, Bubis J. Partial purification of 
integral membrane antigenic proteins from Trypanosoma evansi that 
display immunological cross-reactivity with Trypanosoma vivax. J Parasi-
tol Res. 2014;2014:965815. https:// doi. org/ 10. 1155/ 2014/ 965815.

 136. Bossard G, Millogo L, Thevenon S, Vitouley H, Bengaly Z, Desquesnes 
M. No more cold-chain failures, using dehydrated reagents in ELISA 
antibody-detection against animal trypanosomes of African origin. 
Vet Parasitol. 2021;299:109568. https:// doi. org/ 10. 1016/j. vetpar. 2021. 
109568.

 137. Tounkara M, Boulangé A, Thonnus M, Bringaud F, Bélem AMG, Bengaly 
Z, et al. Novel protein candidates for serodiagnosis of African animal 
trypanosomosis: Evaluation of the diagnostic potential of lysophospho-
lipase and glycerol kinase from Trypanosoma brucei. PLoS Negl Trop Dis. 
2021;15:e0009985.

 138. Fleming JR, Sastry L, Crozier TW, Napier GB, Sullivan L, Ferguson MA. 
Proteomic selection of immunodiagnostic antigens for Trypanosoma 
congolense. PLoS Negl Trop Dis. 2014;8:e2936. https:// doi. org/ 10. 1371/ 
journ al. pntd. 00029 36.

 139. Sullivan L, Wall SJ, Carrington M, Ferguson MA. Proteomic selection of 
immunodiagnostic antigens for human African trypanosomiasis and 
generation of a prototype lateral flow immunodiagnostic device. PLoS 
Negl Trop Dis. 2013;7:e2087. https:// doi. org/ 10. 1371/ journ al. pntd. 00020 
87.

 140. Boulangé AF, Khamadi SA, Pillay D, Coetzer TH, Authié E. Production of 
congopain, the major cysteine protease of Trypanosoma (Nannomonas) 
congolense, in Pichia pastoris reveals unexpected dimerisation at 
physiological pH. Protein Expr Purif. 2011;75:95–103. https:// doi. org/ 10. 
1016/j. pep. 2010. 09. 002.

 141. Eyssen LEA, Vather P, Jackson L, Ximba P, Biteau N, Baltz T, et al. 
Recombinant and native TviCATL from Trypanosoma vivax: enzymatic 
characterisation and evaluation as a diagnostic target for animal African 
trypanosomosis. Mol Biochem Parasitol. 2018;223:50–4. https:// doi. org/ 
10. 1016/j. molbi opara. 2018. 07. 001.

 142. Fleming JR, Sastry L, Wall SJ, Sullivan L, Ferguson MA. Proteomic 
identification of immunodiagnostic antigens for Trypanosoma vivax 
infections in cattle and generation of a proof-of-concept lateral flow 
test diagnostic device. PLoS Negl Trop Dis. 2016;10:e0004977. https:// 
doi. org/ 10. 1371/ journ al. pntd. 00049 77.

 143. Davis AC, Roux KH, Pursey J, Shulman M. Intermolecular disulfide bond-
ing in IgM: effects of replacing cysteine residues in the mu heavy chain. 
EMBO J. 1989;8:2519–26. https:// doi. org/ 10. 1002/j. 1460- 2075. 1989. 
tb083 89.x.

 144. Kaveri SV, Silverman GJ, Bayry J. Natural IgM in immune equilibrium and 
harnessing their therapeutic potential. J Immunol. 2012;188:939–45. 
https:// doi. org/ 10. 4049/ jimmu nol. 11021 07.

 145. Kolopp-Sarda M-N. Les immunoglobulines et leurs fonctions. 2009. 
https:// dzuniv. com/ stora ge/ media/ 302fe ac066 b7f1e ed529 e948c 2b6c0 
fd/ immun ologie_ cours_ limmu noglo buline. pdf. Accessed 19 May 2022.

 146. Racine R, Winslow GM. IgM in microbial infections: taken for granted? 
Immunol Lett. 2009;125:79–85. https:// doi. org/ 10. 1016/j. imlet. 2009. 06. 
003.

https://doi.org/10.1016/0001-706X(95)00127-Z
https://doi.org/10.1016/0001-706X(95)00127-Z
https://doi.org/10.1371/journal.pntd.0000917
https://doi.org/10.1371/journal.pntd.0000917
https://doi.org/10.1016/0035-9203(95)90021-7
https://doi.org/10.1016/0035-9203(95)90021-7
https://doi.org/10.1196/annals.1373.041
https://doi.org/10.1196/annals.1373.041
https://doi.org/10.1186/1756-3305-6-322
https://doi.org/10.1016/j.pt.2017.11.008
https://doi.org/10.1016/j.pt.2017.11.008
https://doi.org/10.1016/0001-706X(91)90060-W
https://doi.org/10.1371/journal.pntd.0002256
https://doi.org/10.1186/s13071-019-3863-3
https://doi.org/10.1186/s13071-019-3863-3
https://doi.org/10.1016/j.meegid.2011.04.030
https://doi.org/10.1016/j.meegid.2011.04.030
https://doi.org/10.1016/j.anres.2018.11.024
https://doi.org/10.1186/1756-3305-4-68
https://doi.org/10.4269/ajtmh.2007.76.1132
https://doi.org/10.4269/ajtmh.2007.76.1132
https://doi.org/10.3389/fimmu.2020.00382
https://doi.org/10.3389/fimmu.2020.00382
https://doi.org/10.1016/j.pt.2021.07.005
https://doi.org/10.1016/j.pt.2021.07.005
https://doi.org/10.1038/s41586-021-03597-x
https://doi.org/10.1038/s41586-021-03597-x
https://doi.org/10.1111/j.1365-3024.2006.00933.x
https://doi.org/10.1111/j.1365-3024.2006.00933.x
https://doi.org/10.1016/j.vetpar.2004.01.022
https://doi.org/10.1016/j.vetpar.2004.01.022
https://doi.org/10.1155/2014/965815
https://doi.org/10.1016/j.vetpar.2021.109568
https://doi.org/10.1016/j.vetpar.2021.109568
https://doi.org/10.1371/journal.pntd.0002936
https://doi.org/10.1371/journal.pntd.0002936
https://doi.org/10.1371/journal.pntd.0002087
https://doi.org/10.1371/journal.pntd.0002087
https://doi.org/10.1016/j.pep.2010.09.002
https://doi.org/10.1016/j.pep.2010.09.002
https://doi.org/10.1016/j.molbiopara.2018.07.001
https://doi.org/10.1016/j.molbiopara.2018.07.001
https://doi.org/10.1371/journal.pntd.0004977
https://doi.org/10.1371/journal.pntd.0004977
https://doi.org/10.1002/j.1460-2075.1989.tb08389.x
https://doi.org/10.1002/j.1460-2075.1989.tb08389.x
https://doi.org/10.4049/jimmunol.1102107
https://dzuniv.com/storage/media/302feac066b7f1eed529e948c2b6c0fd/immunologie_cours_limmunoglobuline.pdf
https://dzuniv.com/storage/media/302feac066b7f1eed529e948c2b6c0fd/immunologie_cours_limmunoglobuline.pdf
https://doi.org/10.1016/j.imlet.2009.06.003
https://doi.org/10.1016/j.imlet.2009.06.003


Page 22 of 22Desquesnes et al. Parasites & Vectors          (2022) 15:235 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 147. BajyanaSonga E, Hamers R. A card agglutination test (CATT) for veteri-
nary use based on an early VAT RoTat 1/2 of Trypanosoma evansi. Ann 
Soc Belg Med Trop. 1988;68:233–40.

 148. Verloo D, Magnus E, Büscher P. General expression of RoTat 1.2 variable 
antigen type in Trypanosoma evansi isolates from different origin. Vet 
Parasitol. 2001;97:185–91. https:// doi. org/ 10. 1016/ S0304- 4017(01) 
00412-5.

 149. Peacock L, Kay C, Farren C, Bailey M, Carrington M, Gibson W. Sequential 
production of gametes during meiosis in trypanosomes. Commun Biol. 
2021;4:555. https:// doi. org/ 10. 1038/ s42003- 021- 02058-5.

 150. Lai D-H, Hashimi H, Lun Z-R, Ayala FJ, Lukeš J. Adaptations of Trypano-
soma brucei to gradual loss of kinetoplast DNA: Trypanosoma equiper-
dum and Trypanosoma evansi are petite mutants of T. brucei. Proc Natl 
Acad Sci USA. 2008;105:1999–2004. https:// doi. org/ 10. 1073/ pnas. 07117 
99105.

 151. Eisler M, Lessard P, Masake R, Moloo S, Peregrine A. Sensitivity and 
specificity of antigen-capture ELISAs for diagnosis of Trypanosoma 
congolense and Trypanosoma vivax infections in cattle. Vet Parasitol. 
1998;79:187–201. https:// doi. org/ 10. 1016/ S0304- 4017(98) 00173-3.

 152. Njiru ZK. Loop-mediated isothermal amplification technology: towards 
point of care diagnostics. PLoS Negl Trop Dis. 2012;6:e1572. https:// doi. 
org/ 10. 1371/ journ al. pntd. 00015 72.

 153. Chiweshe SM, Steketee PC, Jayaraman S, Paxton E, Neophytou K, 
Erasmus H, et al. Parasite specific 7SL-derived small RNA is an effective 
target for diagnosis of active trypanosomiasis infection. PLoS Negl Trop 
Dis. 2019;13:e0007189. https:// doi. org/ 10. 1371/ journ al. pntd. 00071 89.

 154. Daher RK, Stewart G, Boissinot M, Bergeron MG. Recombinase polymer-
ase amplification for diagnostic applications. Clin Chem. 2016;62:947–
58. https:// doi. org/ 10. 1373/ clinc hem. 2015. 245829.

 155. Powell ML, Bowler FR, Martinez AJ, Greenwood CJ, Armes N, Piepen-
burg O. New Fpg probe chemistry for direct detection of recombinase 
polymerase amplification on lateral flow strips. Analyt Biochem. 
2018;543:108–15. https:// doi. org/ 10. 1016/j. ab. 2017. 12. 003.

 156. Mustafa MI, Makhawi AM. SHERLOCK and DETECTR: CRISPR-Cas systems 
as potential rapid diagnostic tools for emerging infectious diseases. 
J Clin Microbiol. 2021;59:e00745-e820. https:// doi. org/ 10. 1128/ JCM. 
00745- 20.

 157. Gootenberg JS, Abudayyeh OO, Lee JW, Essletzbichler P, Dy AJ, Joung 
J, et al. Nucleic acid detection with CRISPR-Cas13a/C2c2. Science. 
2017;356:438–42. https:// doi. org/ 10. 1126/ scien ce. aam93 21.

 158. Loman NJ, Watson M. Successful test launch for nanopore sequencing. 
Nat Methods. 2015;12:303–4. https:// doi. org/ 10. 1038/ nmeth. 3327.

 159. Marsela M, Hayashida K, Nakao R, Chatanga E, Gaithuma AK, Naoko K, 
et al. Molecular identification of trypanosomes in cattle in Malawi using 
PCR methods and nanopore sequencing: epidemiological implica-
tions for the control of human and animal trypanosomiases. Parasite. 
2020;27:46. https:// doi. org/ 10. 1051/ paras ite/ 20200 43.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/S0304-4017(01)00412-5
https://doi.org/10.1016/S0304-4017(01)00412-5
https://doi.org/10.1038/s42003-021-02058-5
https://doi.org/10.1073/pnas.0711799105
https://doi.org/10.1073/pnas.0711799105
https://doi.org/10.1016/S0304-4017(98)00173-3
https://doi.org/10.1371/journal.pntd.0001572
https://doi.org/10.1371/journal.pntd.0001572
https://doi.org/10.1371/journal.pntd.0007189
https://doi.org/10.1373/clinchem.2015.245829
https://doi.org/10.1016/j.ab.2017.12.003
https://doi.org/10.1128/JCM.00745-20
https://doi.org/10.1128/JCM.00745-20
https://doi.org/10.1126/science.aam9321
https://doi.org/10.1038/nmeth.3327
https://doi.org/10.1051/parasite/2020043

	Diagnosis of animal trypanosomoses: proper use of current tools and future prospects
	Abstract 
	Background
	Individual status inferred from current diagnostic tools
	Establishment of a “non-infected” status
	Detection of an “active infection”
	Sick or healthy status and treatment decisions
	Can species andor subspecies-specific diagnosis be established?
	Diagnosis of trypanosomes in insect vectors
	In mechanical vectors
	In cyclical vectors


	Diagnostic tools available and needed, in line with various epidemiological contexts
	Controlling ATAO in enzootic areas where there is no PCP
	Surveys and follow-ups of control campaigns in enzootic areas
	International movement of animals
	Control of sporadic outbreaks
	Investigations into zoonotic trypanosomoses
	For humans in Africa
	For animals in Africa
	For animals in Latin America
	Atypical human infections by animal trypanosomes


	A practical concern: sample preparation and shipment
	Future prospects
	Pan-Trypanosoma antibody detection ELISA for screening and follow-up
	In Africa
	In Latin America

	Species-specific IgG POCD methods
	IgM POCD methods
	Antigen detection POCD methods
	DNA- and RNA-based diagnostic methods

	Conclusion
	References




