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Abstract

Babesia divergens, a zoonotic tick-borne pathogen, causes bovine and human babesiosis
in Europe. The Elongation Factor 1 alpha (EF-1α) protein is important in many cellular
processes and has emerged as a possible target for subunit vaccine development against
parasitic infections, and its intergenic region (IG) is an important tool for genetic manipula-
tion of Babesia parasites. While the EF-1α locus of B. divergens has been described, structural
variation between isolates was poorly defined. In order to fill this gap, we performed a com-
parative analysis of the EF-1α-IG in B. divergens human (Rouen 87 and Spanish sample) and
bovine (Türkiye) host isolates. Our findings revealed both conserved and variable elements,
particularly in TA nucleotide repeat numbers and IG sequence length. The Spanish isolate
exhibited the highest TA repeat expansion, whereas the Rouen 87 strain had the shortest IG.
Given the known role of repeat-rich promoter elements in gene regulation, these differences
may influence EF-1α transcription. Additionally, these findings provide insights into the
evolutionary divergence of B. divergens and its host adaptation mechanisms. This study
establishes a foundation for future gene editing and transfection strategies, where selecting
intergenic sequences with varying TA repeats could optimize transfection efficiency and
explain phenotypic differences between isolates from different hosts or regions.

Keywords: Babesia divergens; comparative analysis; Elongation Factor 1 alpha (EF-1α);
host range

1. Introduction
Elongation Factor 1 alpha (EF-1α) is among the most abundant proteins ever reported

to be expressed by eukaryotic cells and is highly conserved [1–4]. Traditionally, EF-1α
is chiefly acknowledged for its contribution to the translation machinery, facilitating the
binding of aminoacyl-tRNA to the ribosomal A site in a GTP-dependent manner [5]. Never-
theless, recent studies have revealed how it functions in various cellular processes such

Int. J. Mol. Sci. 2026, 27, 2222 https://doi.org/10.3390/ijms27052222

https://crossmark.crossref.org/dialog?doi=10.3390/ijms27052222&domain=pdf&date_stamp=2026-02-26
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-3852-960X
https://orcid.org/0000-0002-0260-7813
https://orcid.org/0000-0001-6112-2931
https://orcid.org/0009-0005-4525-1086
https://orcid.org/0000-0002-3188-8757
https://orcid.org/0000-0002-9107-2450
https://doi.org/10.3390/ijms27052222


Int. J. Mol. Sci. 2026, 27, 2222 2 of 13

as microtubule severing, ubiquitin-dependent proteolysis of N-terminal blocked proteins
and cytoskeletal rearrangements [3,6]. In addition, EF-1α plays a crucial role in fundamen-
tal cellular events, including programmed apoptosis, in which it is up-regulated [3,7,8].
Further studies have also highlighted the important role of EF-1α in other apicomplexan
parasites, including Cryptosporidium parvum Tyzzer, 1912, and Toxoplasma gondii (Nicolle
& Manceaux, 1908), for the entry process of these parasites into host cells. This suggests
that EF-1α could be a promising target for vaccine development against cryptosporidiosis
and toxoplasmosis [9,10]. Furthermore, results from studies on vaccination against avian
coccidiosis indicate that EF-1α is a promising candidate antigen for eliciting cross-protective
immunity against this disease in poultry, highlighting its potential for veterinary use [11].

Babesia are T. gondii- and Plasmodium-related apicomplexan tick-borne parasites re-
sponsible for acute and persistent infections in vertebrate hosts, including cattle and
humans. Advancements in gene editing and transfection systems are essential for unrav-
eling the molecular intricacies of Babesia parasites and enhancing vaccine development
strategies [12,13]. Among the crucial components, facilitating these advancements is the
EF-1α, which plays a pivotal role in various cellular processes. In both Plasmodium and
Babesia parasites, the EF-1α gene exhibits a distinctive organization, featuring two identi-
cal head-to-head genes, each separated by intergenic regions [14]. The EF-1α intergenic
region (EF-1α-IG) hosts robust promoters capable of driving the expression of both EF-1α

genes efficiently. This unique characteristic of the EF-1α-IG also enables it to effectively
promote the expression of foreign genes in transiently and stably transfected Babesia bovis
and Babesia bigemina parasites [12]. The utilization of these strong promoters within the
EF-1α-IG has dramatically accelerated the development of transfection and gene editing
systems in both Plasmodium and Babesia parasites [12,15]. Researchers have successfully
exploited these promoters to introduce foreign genes into parasite genomes, facilitating pre-
cise genetic manipulations, the development of novel vaccines, and sophisticated studies
on parasite biology. This breakthrough has significantly improved gene function analysis,
advanced our understanding of the molecular mechanisms underlying parasite pathogene-
sis and host–parasite interactions, and has become an important tool for developing novel
vectored vaccines [13,16].

Babesia divergens, one of the three major species of Babesia causing babesiosis in cattle,
is particularly significant as a zoonotic pathogen playing a role in human babesiosis in
Europe, in addition to its impact on cattle [17,18]. Compared to B. bovis and B. bigemina,
limited information is available about the infectivity and pathogenicity of B. divergens,
leaving many questions unanswered regarding important processes. Understanding the
gaps of knowledge on gene function and other mechanisms involved in the biology of
B. divergens will likely require the identification of novel promoters that can aid in the
development of gene editing and transfection systems. Thus far, only one study has drawn
attention in this regard, describing a stable transfection system for B. divergens based on
the promoter of the elongation factor Tu GTP binding domain family protein (ef-tgtp) gene [19].
Unlike other Babesia species found in cattle, B. divergens has a broader host spectrum,
including humans. We hypothesize that the EF-1α locus of B. divergens, a parasite able
to infect bovine and human hosts, exhibits structural and regulatory variations among
different isolates, which may be linked to its host adaptability, evolutionary divergence, and
geographic distribution. Investigating these differences will enhance our understanding of
B. divergens biology and provide insights into potential mechanisms of gene regulation and
parasite-host interactions.

Here, based on existing genome data and NGS and Sanger sequencing, we focused on
conducting a comparative analysis of the EF-1α locus from B. divergens isolates obtained
from humans and cattle in different geographical regions, using the B. divergens Rouen 87
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(R87) genome as a reference [20]. Our approach focused on conducting a comparative anal-
ysis of the EF-1α locus, which serves as a pivotal component in transfection investigations,
among B. divergens isolates sourced from infected bovines in Türkiye and from patients
with severe babesiosis in Spain [21]. The data generated in this study imply the possible
influence of evolutionary selective forces shaping key sequence and structural differences
in the EF-1α locus between these two isolates.

2. Results
2.1. EF-1α Locus Organization and Synteny in Babesia divergens

In apicomplexan parasites, the EF-1α gene locus predominantly resides between the
Ribonucleoside diphosphate reductase and Glutamyl tRNA genes, as demonstrated by
conserved synteny between Theileria and Babesia species. Like B. bovis, B. bigemina, Babesia sp.
Xinjiang and Theileria equi, the B. divergens R87, Spanish and Türkiye isolates also possess
two identical EF-1α genes located within the EF-1α locus (Figure 1).

Figure 1. Schematic representation of gene localization and synteny maps of the EF-1α gene locus.
IR: Inverted repeat; IG: Intergenic region.

2.2. EF-1α Coding Sequence Conservation Across Babesia divergens Isolates

Comparative analysis of the EF-1α locus in B. divergens isolates (R87, Spanish, and
Türkiye isolates) revealed that the EF-1α gene sequences (1347 bp) were 100% identi-
cal across all isolates. Each of the two EF-1α ORFs from three isolates of B. divergens
encodes identical proteins of 448 amino acids, with an estimated molecular mass of
49.39 kDa, which is the same size as those encoded by B. bovis (XP_001610983.1), B. bigemina
(XP_012766720.1), Babesia caballi (GIX62688.1), Babesia gibsoni (KAK1443338.1), Babesia dun-
cani (KAK2195768.1), Babesia ovis (GFE54231.1), Babesia sp. Xinjiang (XP_028869924.1),
Theileria parva (XP_766247.1), Theileria annulata (XP_954051.1), and Theileria orientalis
(UKK00547.1). The EF-1α B. divergens R87, Spanish, and Turkiye ORFs show identical
sequences (100% identity) and share significant similarity with homologous sequences
found in B. gibsoni (97.99% identity), B. caballi (97.54% identity), B. bigemina (96.65% iden-
tity), Babesia sp. Xinjiang (96.43% identity), B. bovis (94.87% identity), B. ovis (94.20% iden-
tity), B. duncani (93.97% identity), T. orientalis (92.41% identity), T. parva (89.51% identity),
T. annulata (89.06% identity), and B. microti (86.58% identity) (Figure S1). Pairwise amino
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acid comparisons with mammalian homologs showed ~73.38% identity to human EF-
1α (Homo sapiens, NP_001393.1) and bovine EF-1α (Bos taurus, NP_776960.1) (Figure S1).
The human and bovine EF-1α sequences were identical in this analysis (100% identity).
Notably, key regions involved in guanosine 5′-triphosphate (GTP) binding are conserved
across these organisms, as depicted in Figure S2. A phylogenetic analysis using the EF-1α
protein sequence of R87, Spanish, and Türkiye isolates, along with other related piroplasma
species, showed that both isolates clustered within the same clade as B. gibsoni (Figure 2a).
Similarly, in the phylogenetic analysis of B. divergens R87, Spanish (MG944238.1), and
Türkiye (PP663285.1) 18S rRNA gene sequences, it was observed that they were in the same
clade with B. divergens isolates obtained from different hosts from GenBank (Figure 2b).

Figure 2. (a) Phylogenetic analyses of piroplasm EF-1α protein sequences by maximum likelihood
method based on the Le_Gascuel_2008 model [22]. Sequences were obtained from the GenBank
database. The EF-1α protein sequence of Plasmodium falciparum was utilized as an outgroup. (b) Phy-
logenetic analyses of piroplasm 18S rRNA gene sequences by the maximum likelihood method
based on the Tamura-Nei model [23]. The 18S rRNA gene sequence of P. falciparum was utilized as
an outgroup. Babesia divergens R87, Spanish, and Türkiye isolates of EF-1α are highlighted in bold.

2.3. Features, Sequence Alignment and Nucleotide Variability in IG

The EF-1α-IGs of the three distinct B. divergens isolates analyzed here are not related
in sequence to the IGs of other related Babesia parasites. However, the B. divergens EF-1α-
IGs do have structural similarities with other Babesia parasites, including the presence of
terminal inverted repeat (IR) regions of 237 bp, which were conserved among all isolates.
In addition, as found in B. bovis and B. bigemina [12], the IR regions harbor a 153 bp intron,
maintaining sequence integrity across isolates (Figure 3).

However, the comparative analysis of the EF-1α locus sequences in the three B. divergens
isolates (R87, Spanish, and Türkiye isolates) revealed sequence differences in the IG. While
the EF-1α gene sequences were found to be 100% identical among all isolates, the IG length
varied across the isolates, with the R87 strain containing five TA repeats and measuring
1380 bp, the Spanish isolate harboring 24 TA repeats with an IG of 1418 bp, and the Türkiye
isolate exhibiting eight TA repeats with an IG of 1386 bp (Figure 3). Overall, these findings
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indicate notable differences in the IG between B. divergens isolates originating from different
geographical regions and host sources.

Figure 3. Schematic representation of the EF-1α-IG between B. divergens isolates. The terminal
inverted repeat (IR) regions (red), intron (green, 153 bp), and TA repeats (blue) are highlighted.
The IG length varies due to differences in TA repeat numbers, with five TA repeats in R87 (1380 bp),
24 in the Spanish isolate (1418 bp), and eight in the Türkiye isolate (1386 bp).

Multiple sequence alignment of the IG across the three B. divergens isolates further
confirmed variations in TA repeat numbers and additional nucleotide substitutions. The TA
repeat sequences were located around position ~513–516 bp across all isolates but varied in
number. Besides TA repeat variations, additional sequence polymorphisms were identified
across the IG (Figure 4). The results were consistent and validated using Nanopore and
Sanger sequencing technologies.

Figure 4. Multiple sequence alignment of the IG within the EF-1α locus between B. divergens isolates.
Nucleotide variations are highlighted with black boxes, while differences in TA repeat numbers are
also marked. “*”= identical nucleotides.
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In addition to B. divergens, the intergenic region was examined in other zoonotic
Babesia species, including Babesia MO1 and B. duncani. While the EF-1α locus in B. duncani
lacked TA repeats, the Babesia MO1 genome contained a short stretch of three TA repeats.
These findings indicate that the presence and expansion of TA repeats may be specific to
B. divergens (Figure S3).

2.4. Validation of TA Repeat Variations in the IG

To confirm the sequence differences in the TA repeat region among B. divergens iso-
lates, a combination of PCR amplification, Sanger sequencing, and NGS approaches were
employed. For the R87 isolate, the IG was amplified using the Bdiv-Ef-For1/IGRev1 primer
pair, yielding an amplicon of approximately 2.8 kb, which was subsequently validated
by Sanger sequencing. The repeat structure identified in the sequencing data confirmed
the presence of five TA repeats, consistent with initial findings. For the Türkiye isolate,
the IG was amplified in two overlapping fragments using the Bdiv-Ef-For1/Sez-For1 and
Sez-For1-Rev/GlutamylR1 primer sets. These amplicons were subjected to NGS analysis,
which verified the eight TA repeats and confirmed the overall sequence integrity of the IG.
For the Spanish isolate, initial attempts to amplify the full IG using Bdiv-Ef-For1/IGRev1
primers were unsuccessful, likely due to sequence divergence at the primer binding sites.
An alternative primer pair, IGLMFR1/IGRev1, was used to amplify a ~1 kb fragment,
which was validated through Sanger sequencing. The results confirmed the presence of
24 TA repeats, aligning with the Nanopore sequencing data (Figure 5).

Figure 5. Multiple sequence alignment of the TA repeat region across B. divergens isolates using
Nanopore, Sanger, and NGS sequencing methods. The black-highlighted regions indicate TA repeats.
“*”= identical nucleotides.

3. Discussion
The EF-1α-IG contains bi-directional promoters capable of efficiently driving expres-

sion of EF-1α genes. Their utilization has significantly advanced transfection systems
in Babesia [12]. In this study, we explored the structural and sequence variability of the
EF-1α-IGs across three B. divergens isolates from humans and cattle to better understand
their potential role in gene regulation and parasite adaptation. The findings indicated
that while the EF-1α coding sequences remain highly conserved, there is variability in the
IG, specifically in TA repeat numbers, suggesting that these elements could contribute
to transcriptional regulation and genomic stability. According to the model proposed by
Uhlemann et al. (2004) [24], the expression of NADPH oxidase is influenced by a highly
polymorphic TA repeat region located ~550 bp upstream of the gp91phox promoter. Vari-
ation in the number of TA repeats has been associated with reduced promoter activity
and enzyme levels, as well as protection against severe malaria. This demonstrates that
these repeats can generate functionally relevant differences in gene expression and dis-
ease outcome. Therefore, TA repeat polymorphisms should be considered functional
regulatory elements that can modulate transcriptional efficiency and potentially influence
host–parasite adaptations and interactions. As these repeats are situated in promoter-
proximal regulatory regions upstream of strong promoters, such as EF-1α, their presence
may impact transcriptional efficiency by altering promoter architecture.
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The high level of conservation of the EF-1α gene observed in different strains of
B. divergens and its similarity to the EF-1α protein of the two other pathogenic bovine
babesiosis species, B. bovis and B. bigemina, highlights the potential use of EF-1α in sub-
unit vaccines [12]. These findings revealed that the EF-1α protein has the potential to
be a suitable antigen for vaccine development, as it was previously suggested for other
important protozoa such as T. gondii [10] and C. parvum [9], which are also members of
the apicomplexan phylum. Additionally, recombinant EF-1α has been reported to elicit
cross-protective immunity against Eimeria tenella and Eimeria maxima in broiler chickens [11],
highlighting its immunogenic potential in apicomplexan parasites. While this finding does
not demonstrate cross-immunity among Babesia species, it supports the idea that recombi-
nant EF-1α may be a broadly immunogenic antigen. However, our sequence comparisons
highlight that EF-1α is highly conserved between piroplasmids and mammalian hosts, so
it should be considered cautiously as a vaccine antigen. Any vaccine-focused develop-
ment will require experimental work to identify parasite-specific epitopes and to evaluate
potential host cross-reactivity.

Comparisons of the IGs among the three B. divergens isolates (R87, Spanish, and
Türkiye isolates) provided novel insights into the structural organization of this region.
This study revises the common expectation, largely based on observations from B. bovis and
B. bigemina, that EF-1α intergenic/promoter regions are highly conserved across Babesia spp.
and among isolates. Importantly, this conservation had not been systematically examined in
B. divergens. Despite having identical EF-1α gene ORFs organized in a typical head-to-head
fashion, B. divergens isolates exhibited striking differences in their IGs, despite sharing
identical 18S rRNA sequences. One of the most unexpected findings of this study was the
variability in TA repeat numbers within the IG. The Spanish isolate exhibited the highest
number of TA repeats (n = 24), while the Türkiye isolate contained eight, and the R87
strain had only five. Given that repeat sequences in intergenic regions can affect promoter
activity, transcription factor binding, and chromatin accessibility [25], these differences may
influence EF-1α gene expression. TA-rich repeats may reshape local DNA structure, which
could influence promoter function. Because TA-repeat length differs between isolates, the
regulatory context may vary, potentially leading to differences in EF-1α expression levels.
The conserved 237 bp terminal IR region and the 153 bp intron within the untranslated
region suggest that the IG may have multiple regulatory roles. Inverted repeats (IRs) are
often associated with promoter function and transcriptional regulation, while intronic
sequences within untranslated regions can influence alternative splicing, mRNA stability,
or post-transcriptional control. The conservation of this structure across isolates suggests
its functional importance in EF-1α gene regulation.

As mentioned, the differences within the IGs among B. divergens isolates analyzed
hereby predominantly occur in the initial segment of the putative promoter regions. Al-
though investigations into EF-1α-IG variations across different strains remain limited,
examination of these regions from B. bovis strains in Argentina, Mexico, and Australia
suggests a notable degree of conservation among them. The distinctions between B. bovis
and B. divergens, despite both being etiological agents of babesiosis in cattle, are evident in
their geographical distribution, different tick vector preferences, and the clinical manifes-
tations of babesiosis [18]. Moreover, the broader host spectrum of B. divergens, including
its zoonotic potential, highlights its adaptability and significance beyond the confines of
bovine hosts. It is thus reasonable to speculate that the discrepancies observed in the
EF-1α-IG may be influenced by host-associated factors, although this remains a hypothesis
and has not been directly tested in the present study. This is particularly noteworthy in
our study, where R87, Spanish, and Türkiye isolates, whose elongation loci we compared,
were obtained from humans (R87 and Spanish isolates) and cattle (Türkiye), respectively.
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Surprisingly, the EF-1α-IG from parasites that infect humans presented differences that
could also be related to virulence or adaptation to laboratory conditions. Such findings
raise intriguing questions regarding factors involved in parasite evolution and the poten-
tial influence of host-specific factors on the genetic makeup and regulatory mechanisms
of Babesia species, warranting further investigation into the intricate interplay between
pathogen genetics and host environments. As these findings revise prior expectations,
the substantial differences found in the IGs of the EF-1α genes between three different
strains of B. divergens, as confirmed by 18S rRNA gene analysis, are reported for the first
time among piroplasmid parasites. Moreover, as previously noted, these differences may
reflect important adaptive events affecting the development of the parasites among distinct
invertebrate and/or vertebrate hosts.

Surprisingly, upon expanding our comparative analysis of the EF-1α-IGs found in
other zoonotic Babesia species, B. duncani and Babesia MO1, striking differences were also
noted in their EF-1α-IGs. Babesia duncani, on the other hand, contained no TA repeats,
while only three TA motifs were present in the MO1 isolate. This suggests that TA repeat
expansion within the EF-1α-IG may represent a species-specific regulatory feature rather
than a common trait of all zoonotic Babesia. Further comparative studies across more
isolates will be essential to determine whether these differences contribute to host tropism,
gene expression variability, or virulence mechanisms.

4. Materials and Methods
4.1. Babesia divergens—Rouen 87 Strain (R87)

Babesia divergens R87 is a reference strain originally isolated from a human case of
babesiosis in France [26]. This strain has been widely used in molecular and genomic
studies due to its well-characterized genome sequence [20]. The EF-1α locus data from this
strain were utilized in this study and were obtained from the B. divergens genome assembly
described by [20].

4.2. Babesia divergens Spanish Sample

The Babesia divergens Spanish strain was isolated from a blood sample of an elderly
patient from Asturias, Spain, who suffered a fulminant fatal babesiosis [21]. The blood
sample was cultured in vitro in human A+ RBCs in RPMI 1640 (Gibco, Grand Island, NY,
USA) supplemented with 10% human serum (The Interstate Companies, Memphis, TN,
USA), 7.5% (w/v) sodium bicarbonate solution (Lonza Group Ltd., Basel, Switzerland,
144-55-8), and 100 µmol/L hypoxanthine (Sigma-Aldrich Corporation, St. Louis, MO, USA,
H9377) at a pH of 7.3. Cells were cultured at 37 ◦C in a humidified atmosphere of 5%
CO2. The culture medium was replaced every 24 h, and parasitemia was monitored by
examining Giemsa-stained blood smears under a light microscope.

4.3. Babesia divergens Türkiye Sample

The Babesia divergens-Türkiye isolate was obtained from a 3-year-old cow exhibiting
severe babesiosis symptoms, including high fever, anemia, and hemoglobinuria, in Bartin
Province of Türkiye in 2023. Microscopic examination revealed a parasitemia level of 1.5%.
Following the collection of blood stabilate from the animal, treatment was administered
using imidocarb dipropionate [18]. To determine the species of Babesia, Reverse Line Blot
(RLB) analysis was conducted. Total DNA extraction from blood samples was performed
using the PureLink™ Genomic DNA Mini Kit (Invitrogen Corporation, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The hypervariable V4 region of the piroplasm
18S rRNA gene was then amplified using primers RLB-F2 and RLB-R2-biotin [27], specifi-
cally for the RLB assay. RLB was carried out on the PCR product following the previously
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described method [28]. After amplification, 20 µL of PCR products obtained from each
DNA sample were diluted to a final volume of 150 µL with 2X SSPE/0.1% SDS buffer.
For RLB hybridization, the samples were heated at 95–100 ◦C for 10 min in a Thermal
Cycler and rapidly cooled on ice. Subsequently, the PCR products were hybridized with
probes specific to the genera and species of Babesia and Theileria, which were linked to
an RLB membrane [28] (Table S2).

4.4. Comparative Analysis of EF-1α in Babesia MO1 and Babesia duncani

In this study, we used the EF-1α locus data of these species obtained from the Babesia
MO1 [29] and B. duncani [30,31] assemblies. Specifically, Bioproject PRJNA1032622 for
Babesia MO1 and Bioproject PRJNA821606 and locus OL804102 for B. duncani were used.
To assess the presence of TA repeats in Babesia MO1 and B. duncani, we retrieved the
EF-1α locus from Babesia MO1 and B. duncani genome assemblies (PRJNA1032622 and
PRJNA821606, respectively). The intergenic regions were identified by locating the flanking
genes (ribonucleoside diphosphate reductase and glutamyl tRNA synthetase) and were subse-
quently aligned to detect potential tandem repeat regions. The presence or absence of TA
repeats was manually inspected using multiple sequence alignment.

4.5. Designing Primers for the EF-1α Locus and PCR Amplification

Primers were designed utilizing sequences from Ribonucleoside diphosphate reductase
(Bdiv_023390c) and Glutamyl tRNA (Bdiv_023400) genes obtained from the Piroplasma
DB (https://piroplasmadb.org) and nanopore sequencing data to amplify the EF-1α locus.
All primers were designed using the Primer Quest™ Tool (https://www.idtdna.com/
pages/tools/primerquest, accessed on 9 May 2023) (Table S1 and Figure S4). PCR ampli-
fication was carried out using Phusion® High-Fidelity PCR Master Mix with GC Buffer
(M0532S; New England Biolabs, Ipswich, MA, USA). The PCR was performed in a to-
tal reaction volume of 20 µL containing 10 µL of 2X Phusion Master Mix, 1 µL of each
forward and reverse primer, 1 µL of template DNA, and 7 µL of nuclease-free water. A no-
template control (NTC), in which nuclease-free water was used instead of template DNA,
was included in each PCR run to monitor for contamination.

4.6. Nanopore Sequencing of Babesia Genomic DNA

The total DNA from Babesia samples was used to prepare Oxford Nanopore libraries
with the SQK-LSK114 Ligation Sequencing Kit for 24 h in the MinION Platform with an
R10.4 flow cell, following the manufacturer’s protocol (Oxford Nanopore Technologies,
Oxford, UK). The base calling was performed using the software Dorado v0.8.3 with the
duplex option. The sequencing and basecalling were carried out at the Unidad Universi-
taria de Secuenciación Masiva y Bioinformática, Instituto de Biotecnología, Universidad
Nacional Autónoma de México (Cuernavaca, Mexico).

4.7. Illumina Sequencing and De Novo Assembly

A sequencing library was prepared using the Nextera XT DNA Library Preparation
Kit (Illumina, Inc., San Diego, CA, USA), and sequencing was performed using the Illumina
Miseq platform (Illumina, Inc., San Diego, CA, USA) as paired-end (PE) 2 × 150 base
reads. Raw NGS reads (FASTQ) were quality checked using FASTQC [32] and trimmed by
Trimmomatic v0.32 [33]. Demultiplexing and low-quality read filtering were performed via
CLC Genomics Workbench (Qiagen, Hilden, Germany). The de novo assembly constructed
by the CLC Genomic’s de novo assembly module with the parameters of minimum contig
size of 200 bp, a mismatch cost of 2, an insert cost of 3, a deletion cost of 3, a length fraction
of 0.5, a similarity fraction of 0.8, and paired read input with a minimum distance of 180.
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4.8. Sanger Sequencing

To validate the assembled EF-1α-IG, Sanger sequencing was performed on PCR-
amplified IGs from the B. divergens isolates. PCR products were purified using the mi-Gel
Extraction Kit (Metabion international AG, Steinkirchen, Germany) and sequenced using
an ABI PRISM 3730XL DNA Analyzer (Applied Biosystems, San Francisco, CA, USA).
The resulting chromatograms were manually inspected, corrected, and edited using the
Chromas Pro program v2.6.6 (Technelysium Pty Ltd., Brisbane, Australia) and the Laser
Gene 12.1 program (DNAStar, Madison, WI, USA), and the sequences were aligned against
the de novo assembled IG to confirm accuracy and resolve potential misassembles.

4.9. Phylogenetic Analysis

Phylogenetic relationships were inferred using Molecular Evolutionary Genetics Anal-
ysis (MEGA 11) [34]. The maximum likelihood (ML) method was employed to construct
phylogenetic trees based on EF-1α protein sequences and 18S rRNA gene sequences from
various piroplasm species. Bootstrap support values were calculated with 1000 replicates
to assess tree robustness.

4.10. Ethical Statement

B. divergens DNA samples from cattle were obtained as part of routine veterinary
diagnostic procedures from a clinically infected animal. No experimental infection or
additional intervention was performed for research purposes. Therefore, Institutional
Animal Care and Use Committee (IACUC) or Ethics Committee approval was not required.
The B. divergens Spanish strain was obtained as part of routine diagnostic procedures;
no additional ethics approval or informed consent from hospitals or patients was required,
as our study does not involve human subjects, identifiable human tissue, or personal data,
in accordance with the Declaration of Helsinki (Research Ethics Committee, Instituto de
Salud Carlos III, Spain, CEI PI 59_2022-v4). Human A+ blood from healthy donors was
used to maintain cultures of B. divergens (Rouen 87). The blood and its protocol were
approved for use by the Blood Transfusion Center, Madrid, Spain.

5. Conclusions
This study provides new insights into the structural variability of the EF-1α-IG in

B. divergens isolates from different hosts, revealing differences in TA repeat numbers that
may contribute to gene regulation and parasite adaptation. While our findings highlight
the potential regulatory role of this region, functional validation through promoter activity
assays, gene expression analysis, and transfection studies is still needed to determine
its precise impact on EF-1α expression. Given the zoonotic nature of B. divergens, future
research should explore whether similar variations in the IG exist in B. divergens isolates
from cattle and humans. Additionally, the gerbil model could be used to investigate
potential intergenic region variations across different vertebrate hosts to better understand
the role of this region in host adaptation. Further investigation of the functional implication
of these variations may provide valuable insights into transcriptional control across diverse
parasite strains, provide valuable information on the mechanisms driving B. divergens
evolution and improve transfection strategies for functional genomic studies. Overall, this
study lays the groundwork for future research into gene regulation and host–pathogen
interactions in zoonotic Babesia species.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abbreviations
The following abbreviations are used in this manuscript:

EF-1α Elongation Factor 1 alpha
IG Intergenic region
EF-1α-IG Elongation Factor 1 alpha intergenic region
B. divergens Babesia divergens
B. bovis Babesia bovis
B. bigemina Babesia bigemina
B. duncani Babesia duncani
Babesia MO1 Babesia MO1
T. gondii Toxoplasma gondii
C. parvum Cryptosporidium parvum
P. falciparum Plasmodium falciparum
R87 Rouen 87 strain
TA Thymine–Adenine (TA) nucleotide repeat(s)
GTP Guanosine 5′-triphosphate
tRNA Transfer RNA
ORF Open reading frame
bp Base pairs
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kDa Kilodalton
18S rRNA 18S ribosomal RNA
IR Inverted repeat(s)
NGS Next-generation sequencing
PCR Polymerase chain reaction
kb Kilobase(s)
RBCs Red blood cells
RPMI Roswell Park Memorial Institute (RPMI 1640 medium)
CO2 Carbon dioxide
RLB Reverse Line Blot
DNA Deoxyribonucleic acid
SSPE Saline-sodium phosphate-EDTA buffer
SDS Sodium dodecyl sulfate
µL Microliter(s)
µmol/L Micromole(s) per liter
IDT Integrated DNA Technologies
NEB New England Biolabs
PE Paired-end
FASTQ FASTQ sequencing file format
CLC CLC Genomics Workbench (Qiagen software)
ABI Applied Biosystems (ABI PRISM 3730XL)
MEGA Molecular Evolutionary Genetics Analysis
ML Maximum likelihood
IACUC Institutional Animal Care and Use Committee

References
1. Slobin, L.I. The Role of Eucaryotic Elongation Factor Tu in Protein Synthesis: The Measurement of the Elongation Factor Tu

Content of Rabbit Reticulocytes and Other Mammalian Cells by a Sensitive Radioimmunoassay. Eur. J. Biochem. 1980, 110, 555–563.
[CrossRef] [PubMed]

2. Merrick, W.C. Mechanism and Regulation of Eukaryotic Protein Synthesis. Microbiol. Rev. 1992, 56, 291–315. [CrossRef] [PubMed]
3. Sasikumar, A.N.; Perez, W.B.; Kinzy, T.G. The Many Roles of the Eukaryotic Elongation Factor 1 Complex. WIREs RNA 2012,

3, 543–555. [CrossRef] [PubMed]
4. Mateyak, M.K.; Kinzy, T.G. eEF1A: Thinking Outside the Ribosome. J. Biol. Chem. 2010, 285, 21209–21213. [CrossRef]
5. Riis, B.; Rattan, S.I.; Clark, B.F.; Merrick, W.C. Eukaryotic Protein Elongation Factors. Trends Biochem. Sci. 1990, 15, 420–424.

[CrossRef]
6. Stapulionis, R.; Kolli, S.; Deutscher, M.P. Efficient Mammalian Protein Synthesis Requires an Intact F-Actin System. J. Biol. Chem.

1997, 272, 24980–24986. [CrossRef]
7. Chen, E.; Proestou, G.; Bourbeau, D.; Wang, E. Rapid Up-Regulation of Peptide Elongation Factor EF-1α Protein Levels is

an Immediate Early Event during Oxidative Stress-Induced Apoptosis. Exp. Cell Res. 2000, 259, 140–148. [CrossRef]
8. Lamberti, A.; Longo, O.; Marra, M.; Tagliaferri, P.; Bismuto, E.; Fiengo, A.; Viscomi, C.; Budillon, A.; Rapp, U.R.; Wang, E. C-Raf

Antagonizes Apoptosis Induced by IFN-α in Human Lung Cancer Cells by Phosphorylation and Increase of the Intracellular
Content of Elongation Factor 1A. Cell Death Differ. 2007, 14, 952–962. [CrossRef]

9. Matsubayashi, M.; Teramoto-Kimata, I.; Uni, S.; Lillehoj, H.S.; Matsuda, H.; Furuya, M.; Tani, H.; Sasai, K. Elongation Factor-1α is
a Novel Protein Associated with Host Cell Invasion and a Potential Protective Antigen of Cryptosporidium parvum. J. Biol. Chem.
2013, 288, 34111–34120. [CrossRef]

10. Wang, S.; Zhang, Z.; Wang, Y.; Gadahi, J.A.; Xu, L.; Yan, R.; Song, X.; Li, X. Toxoplasma gondii Elongation Factor 1-Alpha (TgEF-1α)
Is a Novel Vaccine Candidate Antigen against Toxoplasmosis. Front. Microbiol. 2017, 8, 168. [CrossRef]

11. Lin, R.-Q.; Lillehoj, H.S.; Lee, S.K.; Oh, S.; Panebra, A.; Lillehoj, E.P. Vaccination with Eimeria tenella Elongation Factor-1α
Recombinant Protein Induces Protective Immunity against E. tenella and E. maxima Infections. Vet. Parasitol. 2017, 243, 79–84.
[CrossRef] [PubMed]

12. Silva, M.G.; Knowles, D.P.; Mazuz, M.L.; Cooke, B.M.; Suarez, C.E. Stable Transformation of Babesia bigemina and Babesia bovis
Using a Single Transfection Plasmid. Sci. Rep. 2018, 8, 6096. [CrossRef] [PubMed]

13. Hakimi, H.; Asada, M.; Kawazu, S. Recent Advances in Molecular Genetic Tools for Babesia. Vet. Sci. 2021, 8, 222. [CrossRef]
[PubMed]

https://doi.org/10.3390/ijms27052222

https://doi.org/10.1111/j.1432-1033.1980.tb04898.x
https://www.ncbi.nlm.nih.gov/pubmed/7192214
https://doi.org/10.1128/mr.56.2.291-315.1992
https://www.ncbi.nlm.nih.gov/pubmed/1620067
https://doi.org/10.1002/wrna.1118
https://www.ncbi.nlm.nih.gov/pubmed/22555874
https://doi.org/10.1074/jbc.R110.113795
https://doi.org/10.1016/0968-0004(90)90279-K
https://doi.org/10.1074/jbc.272.40.24980
https://doi.org/10.1006/excr.2000.4952
https://doi.org/10.1038/sj.cdd.4402102
https://doi.org/10.1074/jbc.M113.515544
https://doi.org/10.3389/fmicb.2017.00168
https://doi.org/10.1016/j.vetpar.2017.06.003
https://www.ncbi.nlm.nih.gov/pubmed/28807316
https://doi.org/10.1038/s41598-018-23010-4
https://www.ncbi.nlm.nih.gov/pubmed/29666434
https://doi.org/10.3390/vetsci8100222
https://www.ncbi.nlm.nih.gov/pubmed/34679052
https://doi.org/10.3390/ijms27052222


Int. J. Mol. Sci. 2026, 27, 2222 13 of 13

14. Vinkenoog, R.; Sperança, M.A.; van Breemen, O.; Ramesar, J.; Williamson, D.H.; Ross-MacDonald, P.B.; Thomas, A.W.; Janse, C.J.;
del Portillo, H.A.; Waters, A.P. Malaria Parasites Contain Two Identical Copies of an Elongation Factor 1 Alpha Gene. Mol. Biochem.
Parasitol. 1998, 94, 1–12. [CrossRef]

15. Fernandez-Becerra, C.; de Azevedo, M.; Yamamoto, M.M.; Portillo, H. Plasmodium falciparum: New vector with bi-directional
promoter activity to stably express transgenes. Exp. Parasitol. 2003, 103, 88–91. [CrossRef]

16. Jacob, S.S.; Sengupta, P.P.; Paramanandham, K.; Suresh, K.P.; Chamuah, J.K.; Rudramurthy, G.R.; Roy, P. Bovine Babesiosis:
An Insight into the Global Perspective on the Disease Distribution by Systematic Review and Meta-Analysis. Vet. Parasitol. 2020,
283, 109136. [CrossRef]

17. Zintl, A.; Mulcahy, G.; Skerrett, H.E.; Taylor, S.M.; Gray, J.S. Babesia divergens, a Bovine Blood Parasite of Veterinary and Zoonotic
Importance. Clin. Microbiol. Rev. 2003, 16, 622–636. [CrossRef]

18. Ozubek, S.; Bastos, R.G.; Alzan, H.F.; Inci, A.; Aktas, M.; Suarez, C.E. Bovine Babesiosis in Turkey: Impact, Current Gaps, and
Opportunities for Intervention. Pathogens 2020, 9, 1041. [CrossRef]

19. Cubillos, E.F.; Snebergerova, P.; Borsodi, S.; Reichensdorferova, D.; Levytska, V.; Asada, M.; Sojka, D.; Jalovecka, M. Establishment
of a Stable Transfection and Gene Targeting System in Babesia divergens. Front. Cell. Infect. Microbiol. 2023, 13, 1278041. [CrossRef]

20. Gonzalez, L.M.; Estrada, K.; Grande, R.; Jiménez-Jacinto, V.; Vega-Alvarado, L.; Sevilla, E.; de la Barrera, J.; Cuesta, I.; Zaballos, Á.;
Bautista, J.M. Comparative and Functional Genomics of the Protozoan Parasite Babesia divergens Highlighting the Invasion and
Egress Processes. PLoS Negl. Trop. Dis. 2019, 13, e0007680. [CrossRef]

21. Asensi, V.; González, L.M.; Fernández-Suárez, J.; Sevilla, E.; Navascués, R.Á.; Suárez, M.L.; Lauret, M.E.; Bernardo, A.; Carton, J.A.;
Montero, E. A Fatal Case of Babesia divergens Infection in Northwestern Spain. Ticks Tick-Borne Dis. 2018, 9, 730–734. [CrossRef]

22. Le, S.Q.; Gascuel, O. An Improved General Amino Acid Replacement Matrix. Mol. Biol. Evol. 2008, 25, 1307–1320. [CrossRef]
[PubMed]

23. Tamura, K.; Nei, M. Estimation of the Number of Nucleotide Substitutions in the Control Region of Mitochondrial DNA in
Humans and Chimpanzees. Mol. Biol. Evol. 1993, 10, 512–526. [CrossRef] [PubMed]

24. Uhlemann, A.-C.; Szleza/k, N.A.; Reinhard, V.; Tomiuk, J.; Emmer, S.A.; Lell, B.; Kremsner, P.G.; Kun, J.F. DNA Phasing by TA
Dinucleotide Microsatellite Length Determines In Vitro and In Vivo Expression of the Gp91phox Subunit of NADPH Oxidase
and Mediates Protection against Severe Malaria. J. Infect. Dis. 2004, 189, 2227–2234. [CrossRef] [PubMed]

25. Quilez, J.; Guilmatre, A.; Garg, P.; Highnam, G.; Gymrek, M.; Erlich, Y.; Joshi, R.S.; Mittelman, D.; Sharp, A.J. Polymorphic
Tandem Repeats within Gene Promoters Act as Modifiers of Gene Expression and DNA Methylation in Humans. Nucleic Acids
Res. 2016, 44, 3750–3762. [CrossRef]

26. Gorenflot, A.; Brasseur, P.; Precigout, E.; L’Hostis, M.; Marchand, A.; Schrevel, J. Cytological and Immunological Responses to
Babesia divergens in Different Hosts: Ox, Gerbil, Man. Parasitol. Res. 1991, 77, 3–12. [CrossRef]

27. Georges, K.; Loria, G.R.; Riili, S.; Greco, A.; Caracappa, S.; Jongejan, F.; Sparagano, O. Detection of Haemoparasites in Cattle by
Reverse Line Blot Hybridisation with a Note on the Distribution of Ticks in Sicily. Vet. Parasitol. 2001, 99, 273–286. [CrossRef]

28. Aktas, M.; Ozubek, S. Molecular and Parasitological Survey of Bovine Piroplasms in the Black Sea Region, Including the First
Report of Babesiosis Associated with Babesia divergens in Turkey. J. Med. Entomol. 2015, 52, 1344–1350. [CrossRef]

29. Singh, P.; Vydyam, P.; Fang, T.; Estrada, K.; Gonzalez, L.M.; Grande, R.; Kumar, M.; Chakravarty, S.; Berry, V.; Ranwez, V.; et al.
Insights into the Evolution, Virulence and Speciation of Babesia MO1 and Babesia divergens through Multiomics Analyses. Emerg.
Microbes Infect. 2024, 13, 2386136. [CrossRef]

30. Wang, S.; Li, D.; Chen, F.; Jiang, W.; Luo, W.; Zhu, G.; Zhao, J.; He, L. Establishment of a Transient and Stable Transfection System
for Babesia duncani Using a Homologous Recombination Strategy. Front. Cell. Infect. Microbiol. 2022, 12, 844498. [CrossRef]

31. Singh, P.; Lonardi, S.; Liang, Q.; Vydyam, P.; Khabirova, E.; Fang, T.; Gihaz, S.; Thekkiniath, J.; Munshi, M.; Abel, S. Babesia
Duncani Multi-Omics Identifies Virulence Factors and Drug Targets. Nat. Microbiol. 2023, 8, 845–859. [CrossRef]

32. Babraham Bioinformatics. FastQC a Quality Control Tool for High Throughput Sequence Data; Babraham Institute: Cambridge,
UK, 2018.

33. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A Flexible Trimmer for Illumina Sequence Data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef]

34. Tamura, K.; Stecher, G.; Kumar, S. MEGA11: Molecular Evolutionary Genetics Analysis Version 11. Mol. Biol. Evol. 2021,
38, 3022–3027. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27052222

https://doi.org/10.1016/S0166-6851(98)00035-8
https://doi.org/10.1016/S0014-4894(03)00065-1
https://doi.org/10.1016/j.vetpar.2020.109136
https://doi.org/10.1128/CMR.16.4.622-636.2003
https://doi.org/10.3390/pathogens9121041
https://doi.org/10.3389/fcimb.2023.1278041
https://doi.org/10.1371/journal.pntd.0007680
https://doi.org/10.1016/j.ttbdis.2018.02.018
https://doi.org/10.1093/molbev/msn067
https://www.ncbi.nlm.nih.gov/pubmed/18367465
https://doi.org/10.1093/oxfordjournals.molbev.a040023
https://www.ncbi.nlm.nih.gov/pubmed/8336541
https://doi.org/10.1086/421242
https://www.ncbi.nlm.nih.gov/pubmed/15181570
https://doi.org/10.1093/nar/gkw219
https://doi.org/10.1007/BF00934377
https://doi.org/10.1016/S0304-4017(01)00488-5
https://doi.org/10.1093/jme/tjv126
https://doi.org/10.1080/22221751.2024.2386136
https://doi.org/10.3389/fcimb.2022.844498
https://doi.org/10.1038/s41564-023-01360-8
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.3390/ijms27052222

	Introduction 
	Results 
	EF-1 Locus Organization and Synteny in Babesia divergens 
	EF-1 Coding Sequence Conservation Across Babesia divergens Isolates 
	Features, Sequence Alignment and Nucleotide Variability in IG 
	Validation of TA Repeat Variations in the IG 

	Discussion 
	Materials and Methods 
	Babesia divergens—Rouen 87 Strain (R87) 
	Babesia divergens Spanish Sample 
	Babesia divergens Türkiye Sample 
	Comparative Analysis of EF-1 in Babesia MO1 and Babesia duncani 
	Designing Primers for the EF-1 Locus and PCR Amplification 
	Nanopore Sequencing of Babesia Genomic DNA 
	Illumina Sequencing and De Novo Assembly 
	Sanger Sequencing 
	Phylogenetic Analysis 
	Ethical Statement 

	Conclusions 
	References

