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Abstract

Purpose The present study was conducted to determine the presence of Toxoplasma gondii in donkeys by molecular tests
and genetic diversity analysis of the obtained DNA samples from central Kenya.

Method A total of 363 blood samples were collected from donkeys in Meru and Kirinyaga Counties, and 96 samples that
were previously seropositive for 7. gondii using indirect ELISA were subjected to nested PCR based on the amplification
of the internal transcribed spacer 1 (ITS-1) gene followed by DNA sequencing and phylogenetic analysis. Genotyping was
performed on 15 selected positive samples using multilocus nested polymerase chain reaction restriction fragment length
polymorphism (Mn-PCR-RFLP) with eight genetic markers ("SAG 2, 5’SAG 2, Alt. SAG 2, SAG 3, GRA 6, C29-2, BTUB
and L358).

Results Toxoplasma gondii DNA was detected in 36.5% (35/96) of the blood samples. The sequences obtained exhibited
98.2-99.5% homology with those deposited in GenBank. Phylogenetic analysis demonstrated that the obtained sequences
are conserved and clustered with those of infecting animals from other regions of the world. Eighteen distinct 7. gondii
haplotypes were identified to be circulating in donkeys from central Kenya. The 7. gondii DNA samples exhibited high
haplotype diversity (Hd: 0.915) and limited genetic diversity (1=0.01027). PCR-RFLP of 7. gondii DNA-positive samples
revealed three different genetic combinations that consisted of alleles I, II and I1I, indicating the dissemination of atypical
genotypes.

Conclusion This study demonstrated that 7" gondii is widespread in donkeys from Kenya and could be a possible source of
infection in humans. These findings are important for designing control strategies for this parasite to improve the livestock
sector, which is one of the main sources of livelihood for farmers in Kenya.
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Introduction

Toxoplasma gondii (T. gondii) is an intracellular proto-
zoan parasite that infects a wide range of hosts, including
humans, livestock and wild animals [1]. The parasite has a
complex life cycle that involves sexual and asexual phases
in domestic and wild hosts found in different ecosystems.
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The sexual phase occurs in the intestines of domestic and
wild felids, which are the definitive hosts and result in
the excretion of non sporulated oocysts in feces into the
environment. Part of the asexual phase takes place in the
intestines of definitive hosts, resulting in the formation of
schizonts with merozoites, while the other part takes place
in tissues of intermediate hosts, which include a wide range
of warm blooded animals [2] in which tachyzoites undergo
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development and result in the formation of intracellular
cysts in various organs [3].

Humans can be infected by the consumption of food
and water contaminated with sporulated oocysts, ingestion
of infective cysts in raw or undercooked meat containing
bradyzoites from infected intermediate hosts and congeni-
tal transmission from pregnant mothers to the unborn fetus
[4]. Additionally, humans may be infected via contact with
cat litter, blood transfusions and organ transplantation from
infected individuals [5] and less commonly ingestion of non
pasteurized goat milk or milk products [6, 7]. Approximately
2 billion people are estimated to be infected with 7. gon-
dii worldwide [8]. Although T. gondii infection in healthy
individuals is asymptomatic, infection in pregnant women,
fetuses, neonates and immunocompromised patients can
have serious consequences [9]. The main sources of 7. gon-
dii infection for domestic animals, including donkeys, are
water or feed contaminated with oocysts sporulated after
previous elimination from cat feces and transplacental
transmission [4]. Most domestic animals are asymptom-
atic, but in sheep and goats, 7. gondii infection is associated
with reproductive failure, resulting in great economic losses
[7]. In equines, 7. gondii infection is asymptomatic [4], but
patients may exhibit unusual clinical signs such as fever,
incordination, degerenation of the retina and inflammatory
changes in the central nervous system [10].

In Kenya, donkey is ranked as one of the most important
livestock species compared to cattle, sheep, goats, chick-
ens and ducks, with more than 7 million people benefiting
directly from working donkeys. This is due to its ability
to enhance transport and accessibility to hard-reach areas
and provide livelihoods to communities through income
generation. The legalization of donkey meat by the Gov-
ernment of Kenya has made the country one of the largest
exporters of donkey meat to Asia [11]. Donkey meat and
milk are locally consumed by some communities in Kenya
[12]. Since T' gondii is nonhost specific, intermediate hosts
such as infected donkeys may be a source of infection for
humans and other animals. Humans may be infected by the
consumption of milk and undercooked meat from donkeys,
creating a possible source of acquired human toxoplasmo-
sis [13]. Additionally, toxoplasmosis is an occupational dis-
ease for slaughterhouse workers and butchers who may be
infected during the evisceration process [14]. This makes it
necessary to monitor the distribution of 7. gondii genotypes
circulating in donkeys in Kenya.

The clonal genetic structure of 7. gondii comprises
three worldwide distributed clonal lineages, namely, types
I, II and II [15]. Recent molecular studies have reported
greater genetic diversity in 7. gondii after the discovery of
atypical genotypes that cannot be classified within the three
main lineages [16]. These 7. gondii lineages differ in their
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phenotypes, which are associated with virulence, persis-
tence and ability to migrate and induce an immune response
to infection [17]. Knowledge of the genetic structure of 7.
gondii is important for evaluating the effects of genotypes
on the clinical manifestations of T gondii infection, under-
standing the risk of spread of the parasite in the food chain
and predicting the possibility of the parasite being able to
infect humans [18].

In Kenya, studies have been conducted on 7. gondii infec-
tion in pigs, humans and chickens using different detection
methods, and the prevalence of 7. gondii has been reported
to reach 34.53%, 84.0% and 79% in pigs, humans and
chickens, respectively [19-21]. However, only one study
has been performed on the genetic diversity of 7. gondii in
chickens, in which the type II clonal lineage was identified
[22]. Data on the genetic diversity and 7. gondii genotypes
circulating in donkeys are not available. The scarcity of this
information prevents the identification of infection sources
and compromises the development of effective measures to
control 7. gondii infections. This study was therefore con-
ducted to determine the genetic diversity and identify the
genotypes of 7. gondii strains circulating in donkeys from
Kirinyaga and Meru Counties in central Kenya.

Materials and Methods
Study Area

The study was conducted in Kirinyaga and Meru counties
in central Kenya (Fig. 1). These two Counties were selected
for the study because they have a high population of don-
keys [11]. Kirinyaga County at latitudes 001’ and 00 40'S
and longitudes 37° and 38° E is located on the southern
slopes of Mount Kenya and the Aberdare Ranges, respec-
tively, with an altitude ranging from 1158 to 5380 m. The
county has a tropical climate and an equatorial rainfall
pattern with two rainy seasons, long rains, which average
2146 mm, and short rains, which average 1212 mm per year.
The temperature ranges from a mean of 8.1 °C in the upper
zones to 30.3 °C in the lower zones during the cold and
hot seasons, respectively [23]. Meru County lies at longi-
tudes of 0° 6’ N and 0° 1'S and between latitudes 37°W and
38°E. The county covers the northern to eastern slopes of
Mount Kenya and has a warm and temperate climate. Rain-
fall ranges from 300 to 2500 mm per year, while the average
temperature in these counties ranges from 8 to 32 °C during
the cold and hot seasons, respectively [24].
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Fig. 1 Map of Kirinyaga and Meru Counties showing sample collection sites in different sub-Counties

Study Design and Blood Sampling

This study was part of a larger project in which the occur-
rence and risk factors for 7. gondii infection in donkeys in
Kenya were investigated and reported by [25]. This cross-
sectional study was conducted on samples (n =363) obtained
from the blood of donkeys between September 2019 and
December 2020. Approximately 5 ml of blood was collected
aseptically from each animal by venipuncture through the
jugular vein in sterile 10 ml tubes (Vacutainer® Beckton-
Dickinson, USA) containing EDTA (anticoagulant). Blood
samples were labeled and stored in an ice box during the day
and transported to the laboratory at Meru University of Sci-
ence and Technology, where vacutainer tubes were removed
from the ice box and stored at -20 °C until use.

Genomic DNA Extraction and Nested Polymerase
Chain Reaction (PCR) Targeting the Toxoplasma
gondii ITS-1 Gene

Genomic DNA was extracted from the 96 seropositive
blood samples using a Wizard® Genomic DNA Kit (Pro-
mega, Madison Wisconsin, USA) following the manufac-
turer’s instructions and stored at -20 °C until use for PCR
amplification. Nested PCR targeting 227 base pairs (bp)
of the internal transcribed spacer 1 (ITS-1) gene was per-
formed using external and internal primers in two subse-
quent amplifications as previously described by [26]. PCR
amplification was performed in a PTC-100 PELTIER-MJ
research thermocycler (Bio-Rad, Hercules, CA, USA). The
first round of amplification was carried out using forward
external primer NN1 (5’-CCT TTG AAT CCC AAG CAA
AAC ATG AG-3’) and reverse external primer NN2 (5°-
GCG AGC CAA GAC ATC CAT TGC TGA-3’) in a total
of 20 ul of PCR mixture. The reaction mixture contained
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2.0 pl of DNA template (50 ng/ul), 0.3 pl of each forward
and reverse primer, 0.3 ul of My Taq polymerase (5 U/ul;
Bioline, UK), 4 pl of 5x PCR buffer (Bioline, UK) and
13.1 pl of double-distilled nuclease-free water. The ampli-
fication procedure was as follows: initial denaturation at
95 °C for 5 min; 35 cycles of denaturation at 94 °C for 45 s,
annealing at 57 °C for 30 s and extension at 72 °C for 30 s;
and a final extension at 72 °C for 3 min.

The second round of amplification was carried out using
forward internal primers Tg-NP1 (5’- GTGATAGTATCGA
AAGGTAT-3") and reverse internal primer Tg-NP2 (5’-A
CTCTCTCTCAAATGTTCCT-3’). The PCR products from
the first round of amplification were diluted 1:10 using dou-
ble-distilled nuclease-free water and used as a template for
nested PCR with internal primers. The protocol for nested
PCR was as follows: initial denaturation at 94 °C for 5 min,
followed by 39 cycles of denaturation at 94 °C for 45 s,
annealing at 50 °C for 1 min and extension at 72 °C for 30 s.
The final extension was performed at 72 °C for 3 min. In
all the experiments, negative controls (2 pl of nuclease-free
water and a DNA sample of blood from a healthy donkey)
and a positive control (DNA from Toxoplasma gondii) were
included. The nested PCR products were electrophoresed
on a 1.5% agarose gel and visualized with a UV gel docu-
mentation system (Bio-Rad Gel Doc XR imaging system,
California, USA).

Sequencing, Sequence Alignment and Phylogenetic
Analysis

Following nested PCR, the amplicons were purified and sub-
jected to Sanger sequencing (Macrogen Europe, The Neth-
erlands). The sequences from forward and reverse primer
sequencing were assembled, manually edited, trimmed and
aligned to obtain a consensus sequence. The resulting ITS-1
consensus sequences were subjected to a Basic Local Align-
ment Search Tool (BLAST) search (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) against the nucleotide database in the
National Center for Biotechnology Information (NCBI) Gen-
Bank nucleotide database to determine nucleotide similarity.
A Basic Local Alignment Search Tool (BLAST) search was
used to determine the percentage identity of the generated
sequences against previously published sequences. Multi-
ple sequence alignment was carried out using the BioEdit
(v7.3.1.0) sequence alignment editor 7.3.1.0. Phylogenetic
analysis of the ITS-1 consensus sequence was performed
using MEGA 6 software. The maximum likelihood method
using the Tamura—Nei model was used to infer evolution-
ary history. The maximum composite likelihood was used
to estimate the pairwise distance of a matrix of the phylo-
genetic tree that was constructed using the neighbor joining
method. Hammondia hammondi (accession no. AHO08381)
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was used as an outgroup species for the ITS-1 gene. Natural
selection, genetic diversity between sequences and neutral-
ity tests were conducted to assess the genetic distances using
DnaSP (v5.10.01 software). The number of haplotypes and
polymorphic sites and the ratio of nonsynonymous substitu-
tion (dN) to synonymous substitution (dS) were evaluated
via DnaSP (v5.10.01) software. The genetic relationships of
the aligned ITS-1 gene sequences were determined using
TSC (v1.21). All the sequences obtained in this study were
submitted to the National Center for Biotechnology Infor-
mation under accession numbers PP531375-PP531404.

Genotyping Using Multilocus Nested PCR-RFLP

Samples that were positive for the 7. gondii ITS-1 gene
according to nested PCR were selected for further genetic
characterization. Genotyping was performed using eight
genetic markers (3’SAG 2, 5’SAG 2, Alt. SAG 2, SAG 3,
GRA 6, C29-2, BTUB and L358) as described previously
by [27]. The standard protocol for multilocus nested PCR
previously described by [27] was modified to include indi-
vidual nested PCR in single reactions by the use of the same
primers for individual 7 gondii genetic markers. Briefly, for
each genetic marker, nested PCR was carried out with a set
of external primers for each of the eight markers in a PTC
100 Peltier Thermal Cycler (Bio-Rad, Hercules, CA, USA).
The first round of PCR was carried out in a final volume of
20 pl containing 0.3 pl of My Taq polymerase (5 U/ul; Bio-
line, UK), 4 ul of 5x PCR buffer (Bioline, UK), 13.1 pl of
molecular water, 0.3 ul of each external forward and reverse
primer and 2.0 pl of target DNA. The PCR conditions used
for each marker were the same except for the annealing tem-
perature, which was different (Table 1). The thermal cycling
conditions were 95 °C for 5 min; 30 cycles of denaturation
at 94 °C for 30 s and annealing at 72 °C for 2 min; and
a final extension at 72 °C for 10 min. The PCR products
from the first round of PCR were diluted 1:1 with nuclease-
free water and used as templates for the second round of
PCR. Briefly, 12.5 pl of My Taq PCR Master Mix (Bioline,
UK), 0.3 pl of each internal primer and 3 ul of template
(first-round PCR product diluted with nuclease-free water
at a ratio of 1:1) were used. The thermal cycling conditions
were 95 °C for 5 min; 35 cycles of denaturation at 94 °C
for 30 s and annealing at 72 °C for 1 min; and a final exten-
sion at 72 °C for 10 min for all the genetic markers. In each
reaction, 2 ul of eight positive controls, GT1, PTG, CTG,
TgCgCal, MAS, TgCtBr5, TgCtBr64, and TgRsCrl, with 7.
gondii DNA (kindly provided by Prof. Chunlei Su, Univer-
sity of Tennessee, Knoxville, USA), and negative controls
(double-distilled nuclease-free water and blood samples
from a healthy donkey) were included. The PCR products
from the second step were visualized after 1.5% agarose
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Table 1 Genetic markers, primers
and restriction enzymes for PCR-
RFLP used for genotyping of 7.
gondii in donkeys from Kirinyaga
and Meru counties

Genetic Primers Annealing Restriction Expected
marker temperature  enzymes and diges- amplicon
(°C) tion conditions size
3’SAG2  External (5°-3) Hhal, 37°C 3 hours 222
F: 2.5% gel
TCTGTTCTCCGAAGTGACTCC
R: TCAAAGCGTGCATTATCGC
Internal (5°-3) 57.2
F: ATTCTCATGCCTCCGCTTC
R: AACGTTTCACGAAGGCACAC
5’SAG 2 External (5°-3") Mbol, 37°C 3 242
F: GGAACGCGAACAATGAGTTT 57.2 hours 2.5% gel
R: GCACTGTTGTCCAGGGTTTT
Internal (5°-3”)
F: GAAATGTTTCAGGTTGCTGC
R: GCAAGAGCGAACTTGAACAC 51.9
Alt. SAG2 External Hinfl+ Taql, 37°C, 546
F: 57.2 30 minutes, 65°C
GGAACGCGAACAATGAGTTT 30 minutes 2.5%
R: GCACTGTTGTCCAGGGTTTT gel.
Internal
F: ACCCATCTGCGAAGAAAACG
R: ATTTCGACCAGCGGGAGCAC 51.9
SAG3 External Necil, 37°C 3 hours, 225
F: CAACTCTCACCATTCCACCC 50.0 2.5% gel.
R: GCGCGTTGTTAGACAAGACA
Internal
F: TCTTGTCGGGTGTTCACTCA 54.0
R: CACAAGGAGACCGAGAAGGA
GRA6 External Msel, 37°C 3 344
F: ATTTGTGTTTCCGAGCAGGT 57.0 hours, 2.5% gel.
R: GCACCTTCGCTTGTGGTT
Internal
F: TTTCCGAGCAGGTGACCT 51.9
R: TCGCCGAAGAGTTGACATAG
C29-2 External HpyCH4IV +Rsal, 446
F: ACCCACTGAGCGAAAAGAAA 51.9 37°C 3 hours, 2.5%
R: AGGGTCTCTTGCGCATACAT gel.
Internal 51.9
F: AGTTCTGCAGAGTGTCGC
R:TGTCTAGGAAAGAGGCGC
BTUB External BsiEI+Taql, 37°C 411
F: TCCAAAATGAGAGAAATCGT 51.0 3 hours, 2.5% gel.
R: AAATTGAAATGACGGAAGAA
Internal
F: GAGGTCATCTCGGACGAACA 60.0
R: TTGTAGGAACACCCGGACGC
L358 External Haelll + NlallI, 418
F: TCTCTCGACTTCGCCTCTTC 60.0 37°C 3 hours, 2.5%
R: GCAATTTCCTCGAAGACAGG gel.
Internal
F: AGGAGGCGTAGCGCAAGT 60.0

R: CCCTCTGGCTGCAGTGCT
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gel electrophoresis using 0.05% ethidium bromide-stained
agarose gel in 1x Tris-acetic-EDTA (TAE) buffer (HiMedia,
India).

The nested PCR products for the eight successfully
amplified markers were digested using restriction endo-
nucleases (New England Biolabs, USA) specific for each
genetic marker according to the manufacturer’s guidelines
(Table 1). The restriction enzyme digestion mixture for six
markers (3’SAG 2, 5’SAG 2, Alt. SAG 2, SAG3, GRA 6,
and C29-2) were made up of 10 pl of nested PCR product,
9 ul of 10x Cut smart buffer and 1 ul of restriction enzymes,
except for BTUB and L358 markers, which required dou-
ble digestion, and whose mixture was made up of 10 pl of
nested PCR product, 8 pl of 10x Cut smart buffer and 1 pl
of each restriction enzyme and whose mixture was incu-
bated at 37 °C for 3 h. Twenty microliters of the digested
products were electrophoresed on 2.5% agarose gels and
visualized via a UV gel documentation system (Bio-Rad,
Hercules, CA, USA). The banding patterns of the digested
products from each sample were compared with those of the
genotypes deposited in ToxoDB (http://toxodb.org.toxo/).

Results
Molecular Detection of the ITS-1 Gene of T. gondii

The 96 T. gondii seropositive blood samples were subjected
to nested PCR amplification targeting the ITS-1 gene. Suc-
cessful amplification of the 277 bp product of the ITS-1
gene was observed in 35 (36.5%) out of the 96 DNA sam-
ples (Supplementary Table S1). A representative agarose gel
image of the PCR amplicons is presented in Supplementary
Fig. S1.

Sequence, BLAST and Multiple Sequence Alignment
Analysis

Sanger sequencing of the 35 PCR amplicons was performed
and confirmed the presence of 7. gondii DNA in 85.71%
(30/35) of the blood samples from the donkeys used in the
present study. A BLAST analysis of the partial sequences
of the ITS-1 gene revealed 99.5% nucleotide homology.
BLAST analysis of the 30 nucleotide sequences obtained
in this study indicated 98.2-99.5% sequence homology
with reported 7. gondii sequences from goats (OL461229)
in Pakistan, European bison (KX459518) in Poland, cats
(KP895872) in Thailand, Eurassian otter (KM657806) in
Norway, Sparrows (GQ160468) in Brazil, cats (EU25025)
in Germany and sea otters (KX999999) in California, USA
(Supplementary Table S2). Multiple sequence alignment
of 43 nucleotide substitutions in 7. gondii isolates from the
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present study. The ITS region (219 sites/positions) of the
30 sequences had a conservation index of 92.7%. Eighteen
mutations were distributed within 16 polymorphic sites.
Of the 16 polymorphic sites, 11 were singletons (only one
sequence out of 30), while 5 were parsimony informa-
tive (more than one sequence). The singleton sites were at
nucleotide positions 25, 60, 86, 102, 133, 134, 159, 172,
194, 198, and 210. The parsimony informative sites were at
nucleotides 16, 96, 112, and 191 (Supplementary Fig. S2).
On the basis of multiple sequence alignments of the ITS-1
gene amino acid sequences, 54 nonsynonymous amino acid
substitutions of 7. gondii codon positions 11 [tryptophan
(W) and arginine (R) instead of glycine (G)], 29 [arginine
(R) instead of histiidine (H)], 38 [leucine (L) instead of
isoleucine (I)], 45 [proline (P) instead of leucine (L)], 59
[serine (S) instead of histidine (H)], 64 [arginine (R) instead
of glutamine (Q)] and 70 [leucine (L) instead of phenyl-
alanine (F)] (Supplementary Fig. S2) were observed in the
sequences obtained in this study.

Analysis of partial ITS-1 gene sequences of the 30
Kenyan 7. gondii isolates and other 7. gondii sequences
retrieved from the GenBank revealed 11 genetic variants.
These genetic variants were selected on the basis of their
differences from each other by the presence of at least one
mutation in their nucleotide sequence that occurred as a sub-
stitution (Supplementary Fig. S4).

Phylogenetic Analysis of the ITS-1 Gene Sequence of
T. gondii

Phylogenetic analysis revealed that the 30 sequences
obtained in this study formed one cluster with other 7. gondii
strains retrieved from GenBank, revealing no discrimination
of the different genotypes. A phylogenetic tree constructed
using partial ITS-1 gene sequences of 7. gondii in this study
and sequences from GenBank (Fig. 2) confirmed that six
sequences (T47 ITS, T61 ITS, T64 ITS, T65 ITS, T71 ITS,
and T12 ITS) were closely related to 7. gondii sequences
reported in Norway, China, Brazil, Japan, the USA, Paki-
stan, Germany, Poland, Iraq and Tunisia. Seven sequences,
namely, the T54 ITS, T59 ITS, T62 ITS, T89 ITS, T92 ITS,
T46 ITS, and T94 ITS, were also closely related to the
sequences of isolates reported in Thailand, Brazil and the
USA. Four T. gondii isolates, namely, the T55 ITS, TS8 ITS,
T85 ITS and T93 ITS, were homologous to sequences of 7.
gondii isolates from Malaysia, Brazil and Iraq.

Genetic Diversity Analysis
Genetic diversity indices and neutrality test analyses indi-

cated that the 7. gondii population in the present study
exhibited low genetic diversity (1=0.01027). The analysis
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Fig. 2 Phylogenetic tree inferred
using the sequenced ITS-1 region
of T gondii and sequences from
the GenBank database. The tree
was constructed using the maxi-
mum likelihood method and the
Tamura—INei model. The num-
bers above the branches are boot-
strap values as a percentage of
1000 replicates supporting each
evolutionary branch. Because
none of the bootstrap values
exceeded 70%, they are not
shown. The sequences marked
with black circles are local iso-
lates, while the sequences marked
in red are accessions from the
GenBank database. H. hammondi
accessions AH008381 served as
an outgroup
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of polymorphic sites confirmed the presence of 18 distinct
haplotypes circulating in donkeys in Kenya, with a Hd of
0.915. The other genetic diversity (segregating sites, nucle-
otide diversity and average number of pairwise nucleotide
differences) and neutrality test (Tajima’s D, Fu, Li’s Fs, Fu’s
Fs, and Ramos-Onsins and Rozasg,) results are presented in
Supplementary Table S3.

Haplotype Network Analysis

In total, 18 different haplotypes were recorded across the
sampling sites in Kirinyaga and Meru Counties. Fifteen
haplotypes (Hap 1, 2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14
and 18) and 5 haplotypes (Hap 2, 7,15, 16 and 17) were
confirmed to be circulating with 7. gondii strains in Kirin-
yaga and Meru Counties, respectively (Fig. 3). According
to the TSC network, five haplotypes, namely, Hap 1, 2,
6, 7 and 16, were shared across the populations but were
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Fig. 3 HaplotypeTCS network analysis of the local relationships of
T. gondii isolates from different subcounties in Kenya based on the
sequenced ITS-1 region. The hatch marks are the number of polymor-

frequent in the Mwea East and Mwea West subcounties.
Hap 1,4,5, 8, 10, 13 and 18 were exclusively recorded in
Mwea West, while Hap 3, 9, 11 and 12 were exclusively
recorded in Mwea East in Kirinyaga County. Hap 7 was
recorded in Igembe Central, while Hap 15 and 16 were
recorded in Imenti Central and Tigania East, respectively.
Two distinct haplotypes (Hap 6 and 7) were widely spread
among the populations, and these two 7. gondii haplotypes
had the highest number of isolates with the corresponding
sequences. Analysis of the 18 haplotypes via the TSC net-
work revealed that Hap 3, 5 and 7 were connected to two
mutation steps, while the majority of them were connected
to one mutation step.

Genotyping of T. gondii in Donkeys Using Multilocus
Nested PCR-RFLP (Mn-PCR-RFLP)

In the present study, complete genotyping results were
obtained for only five T gondii DNA samples (54, 59, 60, 89
and 94) using all eight genetic markers (Table 2 and Supple-
mentary Fig. S5), while partial genotyping was obtained for
10 of the remaining samples. When the results of this study
were compared to those in ToxoDB, the five DNA samples
that were successfully amplified were mixed (atypical)
types, and they exhibited combinations of alleles I, II and
III. It was not possible to determine the genotypes of the ten
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Hap_4 :
10 samples
1 sample
® Mwea-East
® Mwea-West
® Imenti-Central
“ Imenti-South
® 1gembe-Central
L Tigani-East

Hap_9

Hap_13

Hap_18

phisms resulting in a specific haplotype, while the size of each circle
corresponds to the frequency of sequences under a specific haplotype

isolates because the targeted sequences were not amplified
for any of the markers.

Discussion

Toxoplasma gondii infection in donkeys was confirmed by
ITS-1 amplicon sequencing. BLAST analysis of the partial
sequences obtained from our PCR-positive samples con-
firmed T gondii infection. These results showed that the
amplified sequences were conserved and closely related to
other identified 7. gondii sequences that were obtained from
goats in Pakistan [28], European bison in Poland [29], cats
in Germany and Thailand [30, 31] Eurassian otters in Nor-
way [32], sparrows in Brazil [33] and sea otters in Califor-
nia, USA [34]. Phylogenetic analysis revealed one variant
that clustered together with those from Asia, Africa, Europe,
South America and North America.

The haplotype diversity of the 7. gondii sequences in the
present study was high, suggesting that there was a selec-
tive mutation where some haplotypes were likely subjected
to selective pressure within a small size of the expanding
population. The nucleotide diversity was low, suggest-
ing the presence of limited genetic diversity of 7. gondii
DNA samples infecting donkeys in central Kenya. Limited
genetic diversity of 7. gondii strains has also been reported
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Table 2 A genotyping summary of 8 genetic markers (3’ SAG 2, 5’ SAG 2, (3°+5°) SAG 2, Alt. SAG 2, SAG 3, GRA6, C-29-2, BTUB, L358) on

15 blood samples from donkeys

Donkey ID  Sub-County (Location) 3°SAG2 5°SAG2 (3°+5°)SAG2 Alt. SAG2 SAG3 GRA6 C-29-2 BTUB L1358
46 Mwea West II 1I II 11 II nd /1 11T nd
54 Mwea East 11 1 i Ir* 11 1r* wars  Ir* I*
59 Mwea East 7 /4 r* r* i 1Ir* il Ir I*
60 Imenti South Vi /4 Ir* Ir* Ir* VIR Il I*
62 Igembe Central I I 11 nd I /111 /11 111 1
65 Mwea East II 1I II 11 I /11 /1 11T nd
66 Mwea West nd 11 I 1I nd I /1 1 nd
84 Mwea East I 11 11 11 I 11 nd 11 nd
85 Imenti Central I 111 111 nd I 1/111 11 111 nd
38 Tigania East I I 11 11 nd 11 111 111 1
89 Mwea East 11 11 1nr* * 11 arx 1l 1r* I*
90 Igembe Central I 11 II 1I nd I nd 1 nd
92 Mwea East I 111 11 11 1I TI/111 nd TI/111 nd
93 Mwea East I 111 11 11 I 1I/111 nd 111 nd
94 Igembe Central 17 1l 1 Ir* /4 war+  Ir* Ir* I*

*= alleles that match the genotype in ToxoDb; nd =not determined

in chickens and pigs from Malaysia based on the ITS-1 gene
sequence [35]. In the present study, low genetic diversity,
as opposed to high haplotype diversity, could indicate the
rapid expansion of 7. gondii strains from a small population,
which may lead to selective sweeping by a highly successful
lineage of T. gondii mutants, favoring the accumulation of
genetic diversity [36].

Genetic studies involving 7. gondii haplotypes in donkeys
using ITS-1 are rare, making it difficult to compare studies
using haplotype diversity in donkeys. Despite the scarcity
of information on 7. gondii haplotypes in donkeys, the num-
ber of haplotypes identified in this study is greater than that
reported in other studies, such as that of [35], who recorded
six haplotypes in tissue samples from village chickens and
pigs using the ITS-1 gene of 7. gondii in Malaysia. Using
DNA analysis of the B1 gene, [37] recorded 13 distinct 7.
gondii haplotypes in naturally infected sheep in Mexico. In
Nigeria, using the PCR-RFLP method with 5 markers (5 +3
sag 2, sag 3, btub and gra 6 and Apico), [38] recorded nine
distinct haplotypes in humans, free-range chickens and pigs.
These findings indicate that the 7. gondii strain circulating
in the current study regions is genetically unstable. How-
ever, the use of only ITS-1 gene may not provide detailed
understanding of the genetic diversity of 7. gondii infections
in donkeys in Kenya [39].

Molecular analysis of the sequences obtained in the pres-
ent study suggested limited genetic diversity, which resulted
in the identification of eighteen distinct haplotypes circulat-
ing in donkeys in Kenya. The limited genetic diversity could
be because the samples used in this study were obtained from
closely located sampling sites. Previous studies in Malaysia
using the ITS-1 gene [35] and in Nigeria using PCR-RFLP
markers [38] have documented the limited genetic diversity

of T gondii. The findings of this study suggest that rare sex-
ual recombination occurred in the definitive hosts (cats in
this case) in the study area and donkeys from central Kenya
may have acquired the infection via the ingestion of con-
taminated feed and water [ 14], which might have resulted in
the limited genetic diversity of the 7. gondii DNA samples
obtained in this study. However, a limitation for this study
is that only ITS-1 gene was used which is not sufficient to
determine the genetic diversity and therefore there is need
to use multiple target genes for a detailed understanding of
the genetic diversity of 7. gondii infections in donkeys in
Kenya.

Network analysis suggested that the T gondii strains cir-
culating in Meru County originated from Kirinyaga County,
suggesting that there is a gene flow between the Kirinyaga
and Meru DNA samples, which could explain the limited
genetic diversity of the DNA samples observed in this study.
This could presumably be due to donkey trade patterns and
the movement of donkeys between Meru and Kirinyaga
through the livestock chain linking the two Counties. In this
context, an infected donkey from Kirinyaga County could
be slaughtered or die in Meru County. The carcass and offal
of this donkey could be consumed by local cats leading to
the introduction of new 7. gondii strains. This highlights the
need to educate donkey owners on the importance of don-
keys in the transmission of the parasite through consump-
tion of donkey products such as meat. The ITS-1 mutant
strains of 7. gondii from Kenya, particularly Haplotype 6,
appear to share lineages with strains from Norway, China,
Brazil, Japan, the USA, Pakistan, Germany, Poland, Iraq
and Tunisia, which were retrieved from the GenBank as
suggested by phylogenetic analysis. The fact that haplotype
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6 was also detected in these countries indicates that 7. gon-
dii is not specific to certain geographical areas or hosts.

Studies on the genotypic characterization of 7. gondii in
donkeys are limited, and they include those of [40], who
recorded ToxoDB #1 and ToxoDb #9 in Shadong, Eastern
China; [41], who recorded ToxoDB #9 and ToxoDB# 10 in
Jilin and Liaoning, China; and [42], who recorded ToxoDB
#163 in Brazil. Other studies on the genetic characterization
of T gondii in donkeys include those of [13], who identified
type Il and III genotypes in the blood and milk of donkeys in
Tuscany, Italy. The 7. gondii isolates recorded in this study
are genetically different from the isolates recorded in don-
keys worldwide. The differences in the genotypes recorded
may be attributed to variations in the population structure
of T gondii in different localities [43]. Regardless of the
genotype recorded, all the studies indicate that donkeys can
harbor 7. gondii and be a source of infection in humans.

Previous genotyping studies using nested PCR-RFLP in
Kenya with one genetic marker (at the SAG 2 locus) identi-
fied the allele II genotype as the most predominant geno-
type in chickens from Kisumu [44]. The results of genotypic
characterization of this study indicate that atypical geno-
types circulate in food animals such as donkeys in central
Kenya. The findings of atypical genotypes in this study are
consistent with the results of a previous study by [45] who
demonstrated atypical genotypes in the brain tissues of food
animals in Ghana. A limitation of this study is that accu-
rate genotypes of 7. gondii could not be revealed because
genotype analysis was not performed with all 10 genetic
markers. The genotyping of 7. gondii with all the 10 mark-
ers allows the identification of the three genotypes includ-
ing any new T. gondii genotype [46]. However, successful
genotyping with many different RFLP markers can only be
possible after bioassays in mice to increase the concentra-
tion of T gondii DNA before genotyping with PCR-RFLP
technique [47]. In this study, we did not have animal bioas-
say facilities and therefore negative amplification products
could be observed when genotyping directly from DNA
samples. Further studies are therefore required to determine
the specific genotypes of 7. gondii circulating in Kenya and
the association between pathogenicity and genotype.

Conclusion

This is the first report on the presence of 7. gondii DNA
and distinct genotypes in donkeys located in central Kenya.
The detection of 7. gondii in donkey blood suggested that
the meat and milk of these animals are potential sources of
T gondii infection transmission to humans. The study has
also demonstrated limited genetic diversity of 7. gondii
haplotypes circulating in donkeys. The five DNA samples
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that were successfully genotyped from Meru and Kirinyaga
were identified as atypical genotypes. However, further
studies are needed to determine the association between
pathogenicity and genotype. These new findings can be
used as a basis for future studies on the genetic diversity
and molecular epidemiology of Toxoplasma gondii. Further
studies using different molecular markers and larger sample
sizes should be conducted in different geographical areas to
determine the distribution patterns of 7. gondii haplotypes
and genotypes in Kenya. Since 7. gondii is a zoonotic para-
site and since donkey meat has been legalized in Kenya,
these results emphasize the need for donkey owners and
donkey meat handlers in the value chain to be educated
about the role played by donkeys in the transmission of 7.
gondii to humans. Emphasis should be given to the impor-
tance of controlling this parasite in donkey meat to protect
consumers. We recommend a nationwide 7. gondii detection
program to prevent its spread to other domestic animals and
humans in Kenya.
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