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Abstract 

Background  Neospora caninum is a protozoan parasite in the Apicomplexa controlled by complex signaling path-
ways. Transcriptional control, an important way to regulate gene expression, has been almost absent in the N. cani-
num life process. However, to date, research on the transcriptional regulation of the AP2 family factors in N. caninum 
has been extremely limited. A prior study demonstrated that removing rhoptry protein 5 (ROP5), a significant viru-
lence factor, resulted in abnormal expression levels of predicted NcAP2XII-4 in N. caninum, suggesting that the fac-
tor may regulate the function of ROP5. This study aimed to identify NcAP2XII-4 and its function in transcriptional 
regulation.

Methods  The NcAP2XII-4 gene was identified by analyzing the N. caninum genome. A polyclonal antibody 
against the protein was prepared and purified, and its expression and localization in the parasite were detected using 
western blot (WB) and immunofluorescence assay (IFA). The ΔNcAP2XII-4 strain was constructed from the Nc1 strain 
using CRISPR/Cas9 to study its effect on the growth and development of N. caninum, and DAP-Seq and electropho-
retic mobility shift assay (EMSA) were used to verify the transcriptional regulatory functions of the gene.

Results  Bioinformatic analysis showed that NcAP2XII-4 consists of 11,976 bp and encodes 3991 amino acids, 
with a predicted molecular mass of 410 kDa. The protein has two AP2 domains, 1207aa-1251aa and 3453aa-3500aa, 
and is predicted to be located in the nucleus. The results of PCR, WB, and IFA were in accordance with the bioin-
formatics analysis. ΔNcAP2XII-4 was successfully constructed, but the strain could not be released and ultimately 
succumbed within parasitophorous vacuoles (PVs). Plaque assays demonstrated that parasites lacking this gene could 
not form plaques. One motif was successfully identified using DAP-Seq technique. Two prokaryotic expression vectors 
containing the AP2 domain of NcAP2XII-4 were successfully constructed, and two prokaryotic expression proteins, 
AP2-D1 and AP2-D2, and ROP5 biotinylated probes were prepared. Using EMSA, NcAP2XII-4 was shown to regulate 
ROP5 transcription by binding to its promoter.

Conclusions  NcAP2XII-4 is an essential gene in N. caninum. This study provides a foundation for further research 
on transcriptional regulation in N. caninum and identifies a new candidate factor for the development of vaccines 
against N. caninum.

Keywords  Neospora caninum, NcAP2XII-4, DAP-Seq, Transcription factor

Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Parasites & Vectors

†Huizhu Nan and Xin Lu contributed equally to this work.

*Correspondence:
Lei Ma
lmahappy@hebtu.edu.cn
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13071-024-06477-1&domain=pdf


Page 2 of 12Nan et al. Parasites & Vectors          (2024) 17:392 

Background
Neosporosis, caused by the protozoan parasite Neospora 
caninum, poses a significant threat to animal husbandry. 
This apicomplexan intracellular parasite primarily infects 
canids as its definitive host and a variety of other animals 
as intermediate hosts [1]. The disease manifests through 
symptoms, such as abortion, stillbirth, mummification, 
and neurological dysfunction [2]. Despite the severity of 
neosporosis, effective vaccines for N. caninum remain 
elusive. Inactivated vaccines, recombinant protein vac-
cines, and live vaccines [3–5] have not been used in the 
field. To combat this disease, further research is needed.

AP2 transcription family factors are important for 
plant growth, reproduction and interactions with the 
environment. Balaji et al. [6] found a domain in Apicom-
plexan protozoa that was similar to the AP2 superfamily 
protein in plants. The corresponding genes were subse-
quently named Apicomplexan AP2 (ApiAP2). Tracey 
et  al. [7] comprehensively surveyed the DNA-binding 
specificities of 27 ApiAP2 protein families in Plasmo-
dium falciparum and demonstrated that ApiAP2 pro-
teins modulate key regulatory decisions throughout 
parasite development. For example, AP2-O is involved 
in biological processes including morphogenesis, loco-
motion, midgut penetration, protection against mos-
quito immunity, and preparation for subsequent oocyst 
development [8]. AP2-I is a key regulator of red blood 
cell invasion [9], while AP2-FG regulates female-specific 
gene expression [10]. AP2-G5 is essential to gametocyte 
maturation [11], and AP2-G triggers the initiation of dif-
ferentiation and early development of gametocytes in the 
late trophozoite stage [12]. Moreover, AP2-O, AP2-SP, 
AP2-HC and AP2-G2 were studied in Plasmodium [13, 
14]. Timothy et al. [15] described a novel set of antima-
larial compounds that interact with the AP2 DNA-bind-
ing domains. ApiAP2 factors have been found in other 
apicomplexans and have been verified to bind to DNA 
containing specific motifs, acting as transcription factors. 
In Toxoplasma, 67 ApiAP2 proteins have been identified 
[16, 17]. Many studies have been conducted on the func-
tion of many ApiAP2 transcription factors in Toxoplasma 
gondii [18–20]. Many factors are related to parasite vir-
ulence; cell division cycle; development of tachyzoites, 
bradyzoites, and cysts; and sexual stage regulation of the 
parasite [17, 19, 21–25]. Fifty-three ApiAP2 transcription 
factors have been predicted in Eimeria tenella [26], but 
their functions have not been studied in depth. Members 
of the ApiAP2 transcription factor family play important 
roles in regulating life cycle transitions and other aspects 
of parasitic biology. Understanding the intricate roles of 
ApiAP2 factors in apicomplexan parasites holds great 
promise for advancing our knowledge of parasitic biology 
and developing effective interventions.

Deletion of the key virulence factor, rhoptry protein 5 
(ROP5), leads to abnormal expression levels of predicted 
NcAP2XII-4, NcAP2XI-5, and NcAP2VII-2 in N. cani-
num, suggesting that these factors are related to the regu-
lation of the parasite life cycle [27]. The function of these 
factors, especially in NcAP2XII-4, has been rarely stud-
ied in N. caninum, even across all parasites. Therefore, 
this study attempted to identify and explore the function 
of N. caninum NcAP2XII-4. This will lay the foundation 
for further research on the transcriptional regulation of 
N. caninum by ApiAP2 proteins and provide new direc-
tions for the development of anti-N. caninum drugs.

Methods
Parasite strains and cell culture
The N. caninum Nc1 strain used in this study was a gift 
from Professor Qun Liu (College of Veterinary Medicine, 
China Agricultural University) and stored at the College 
of Life Sciences, Hebei Normal University. All parasites 
were maintained in confluent monolayers of human 
foreskin fibroblasts (HFFs). HFF cells were cultured 
in DMEM supplemented with 20% fetal bovine serum 
(FBS). Neospora caninum tachyzoites were inoculated 
into cells and cultured with DMEM supplemented with 
2% FBS at 37 ºC with 5% CO2.

Bioinformatic analysis of NcAP2XII‑4
The protein sequence of NCLIV_063920 (NcAP2XII-4) 
was obtained from the ToxoDB (http://​toxodb.​org/​toxo/) 
website. The physical and chemical properties of N. cani-
num NcAP2XII-4 were obtained using the online tool 
ExPASy-Protparam (https://​web.​expasy.​org/​protp​aram/), 
subcellular localization by Cello v2.5, transmembrane 
structure by TMHMM 2.0, signal peptide by SignalP-4.1 
Server, the secondary structure by SOPMA, the tertiary 
structure by SWISS-MODEL, and phosphorylation site 
by Netphos 3.1 Server.

Amplification of the NcAP2XII‑4 gene
Total RNA was extracted from 1 × 108 tachyzoites of N. 
caninum Nc1 using TRIzol reagent and converted to 
cDNA using an EasyScript First-Strand cDNA Synthe-
sis SuperMix kit (TransGen, Beijing, China), in accord-
ance with the manufacturer’s instructions. The open 
reading frame was amplified by PCR using the prim-
ers NcAP2XII-4-F/R (F: 5′-ATG​GAG​CAC​TGG​GAC​
TTG​GGC​GAG​GAC-3′/R: 5′-GTG​GAG​GTC​CAG​GGT​
TGC​AGA​TGC​G-3′). The product was cloned into the 
pEASY®-Blunt Cloning Vector (TransGen Biotech, Bei-
jing, China), and the recombinant plasmid was identified 
by PCR and sequencing.

http://toxodb.org/toxo/
https://web.expasy.org/protparam/
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Preparation of NcAP2XII‑4 polypeptide antibody
One antigenic sequence containing 12 amino acids 
(C-PETSRAGSSGVA) was designed for NcAP2XII-4 
polypeptides. The polypeptide was synthesized using the 
typical solid-phase synthesis and qualified by HPLC–
MS to ensure 95% purity. The polypeptide was con-
jugated to keyhole limpet hemocyanin (KLH) at the 
N-terminus. New Zealand White rabbits were immu-
nized with NcAP2XII-4-KLH conjugates to prepare 
anti-NcAP2XII-4 polypeptide antibodies. Two rabbits 
were each vaccinated with a dose of 500 µg polypeptide 
per session by a single subcutaneous injection at 2-week 
intervals. Serum was obtained after five immunizations 
and stored at −80 ºC after purification.

Western blot (WB) and immunofluorescence assay (IFA)
For WB, 1 × 108 tachyzoites were collected, and the 
nuclear protein was extracted using the ProteinExt® 
Mammalian Nuclear and Cytoplasmic Protein Extrac-
tion Kit (TransGen Biotech, Beijing, China), according 
to the manufacturer’s instructions. The proteins were 
separated using an 8% SDS-PAGE and then transferred 
onto a polyvinylidene fluoride (PVDF) membrane. The 
specific primary antibody, anti-NcAP2XII-4, was added 
at a dilution of 1:100 and incubated overnight at 4 ºC, fol-
lowed by incubation with HRP-labeled goat anti-rabbit 
IgG (TransGen Biotech, Beijing, China). The bands were 
visualized using a highly sensitive ECL luminescence rea-
gent (Sangon Biotech, Shanghai, China). IFA was used to 
detect the NcAP2XII-4 subcellular localization in N. can-
inum, as previously reported [27]. The difference was the 
use of primary and secondary antibodies. The primary 
antibodies used were rabbit anti-NcAP2XII-4 (1:100) 
and mouse anti-NcACP (1:100). The secondary antibod-
ies used were Cy3-labeled donkey anti-rabbit IgG (1:100, 
TransGen Biotech, Beijing, China) and FITC-labeled 
goat anti-mouse IgG (1:100, TransGen Biotech, Beijing, 
China).

Phylogenetic analysis
Nucleotide sequences were subjected to correction 
before BLAST alignment (http://​toxodb.​org/​toxo/ and 
https://​blast.​ncbi.​nlm.​nih.​gov/​Blast.​cgi). All sequences 
downloaded from GenBank were aligned using MEGA 
6.06 (https://​www.​megas​oftwa​re.​net) and edited manu-
ally (available on request). Bayesian analysis was per-
formed using MrBayes 3.0 (http://​nbisw​eden.​github.​io/​
MrBay​es/) with four MCMC strands, 100,000 genera-
tions, and an initial burn-in of 1000. Four categories of 
among-site rate variations were used, and trees were 
sampled every ten generations.

Construction of the NcAP2XII‑4 knockout N. caninum strain
The CRISPR/Cas9 system was used to generate 
NcAP2XII-4 deficiency (∆NcAP2XII-4 parasites) as pre-
viously described [28]. The EuPaGDT Library in ToxoDB 
(https://​toxodb.​org) was used to design the gRNA tar-
geting sites of the plasmids pCRISPR-CAS9-AP2XII-4. 
The Cas9 upstream and downstream fragments contain-
ing gRNA sequences were amplified and ligated using 
a multi-fragment connection kit (TransGen Biotech, 
Beijing, China). To disrupt the NcAP2XII-4 locus, the 
chloramphenicol resistance gene (CAT) was inserted 
into the 3′ and 5′ flanks of the NcAP2XII-4 region and 
ligated into the plasmid backbone carrying ampicillin 
resistance. To construct  homologous recombinant plas-
mids of NcAP2XII-4 (pAP2XII-4-CAT), the 3′ flanking 
and 5′ flanking sequences of the NcAP2XII-4 gene were 
amplified from the genomic DNA of Nc1 parasites. The 
pCRISPR-CAS9-AP2XII-4 and pAP2XII-4-CAT plas-
mids were co-transfected into Nc1 parasites. Thereafter, 
the parasites were cultured and screened using chloram-
phenicol. The resulting strain was named ΔNcAP2XII-4.

Plaque assay
Experiments were performed as previously reported 
[27]. HFFs had been previously cultured in six-well 
plates. Subsequently, 300 Nc1 tachyzoites per well were 
inoculated into the cells. Concurrently, all ΔNcAP2XII-4 
tachyzoites, which had been transfected with a knockout 
plasmid, were infected into the cells. The plate was incu-
bated for 7 days in a 37 ºC incubator with 5% CO2, fixed 
with 4% paraformaldehyde for 20 min, and stained with 
2% crystal violet staining (Sangon Biotech, Shanghai, 
China). The stained wells were visualized under a fluores-
cence microscope (Leica Microsystems, Germany). The 
plaque area measurement was performed as previously 
described [29].

Screening of NcAP2XII‑4 binding sites
DAP-seq was performed as previously described [30]. 
Tachyzoites (1 × 109) were collected and purified, and 
then genomic DNA was extracted using a genomic DNA 
kit (TransGen Biotech, Beijing, China). A DNA library 
was constructed by fragmentation, recovery, end repair, 
and joining in turns. The pDAP-Halo-AP2XII-4 expres-
sion vector was constructed and subsequently expressed 
in a wheat germ expression system provided by Pro-
mega. Upon binding the NcAP2XII-4 protein to the 
prepared DNA library, high-throughput sequencing was 
performed using an Illumina HiSeq (Zoonbio, Jiangsu, 
China). The data obtained were aligned with the N. cani-
num genome using BWA-MEM. All reliable peaks were 
obtained in the two independent biological replicates by 

http://toxodb.org/toxo/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.megasoftware.net
http://nbisweden.github.io/MrBayes/
http://nbisweden.github.io/MrBayes/
https://toxodb.org
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combining both the MACS call peak and IDR software. 
The peaks were annotated using HOMER software. The 
conserved motifs were analyzed using MEME software. 
The frequency distribution of reads near the TSS was 
analyzed using depTools2 software. Gene Ontology and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analyses were performed on genes associ-
ated with the peaks using the Gene Ontology Resource 
(https://​geneo​ntolo​gy.​org/) and KEGG (http://​www.​
genome.​jp/).

Electrophoretic mobility shift assay (EMSA)
To validate the binding of the NcAP2XII-4 to the ROP5 
gene promoter, two sequences of the AP2 domain of 
NcAP2XII-4, AP2-D1, and AP2-D2 were amplified 
from N. caninum cDNA. The sequenced AP2-D1 and 
AP2-D2 sequences were subcloned separately into the 
pET30a expression vector containing His and Halo-tag 
to create the pET-Halo-AP2-D1 and pET-Halotag-AP2-
D2 plasmids. The correct pET-Halo-AP2-D1 and pET-
Halotag-AP2-D2 plasmids were transformed into 
chemically competent Transetta (DE3) cells (TransGen 
Biotech, Beijing, China) for protein production. Pro-
tein expression was then induced with 0.8  mM IPTG 
for 4 h at 37  °C. Following the protocol of the Ni–NTA 
resin (TransGen Biotech, Beijing, China), proteins were 
extracted and purified after the bacteria had been har-
vested. Subsequently, they were detected by SDS-PAGE. 
Biotin-labeled DNA probes measuring 28  bp in length 
(probe F:5′-GGC​ACT​TCT​TCA​ACT​GAC​AAC​GTA​
ATCA-3′, probe R:5′-TGA​TTA​CGT​TGT​CAG​TTG​
AAG​AAG​TGCC-3′, probe F (cold): 5′- GGC​ACT​TCT​
TCA​ACT​GAC​AAC​GTA​ATCA-3′) were designed and 
synthesized for use in EMSA. EMSA reactions were per-
formed according to the manufacturer’s instructions for 
the Lightshift Chemiluminescent EMSA Kit (Thermo 
Scientific) [31]. Finally, the signals were detected using 
a fluorescence/chemiluminescence imaging system 
(ChemiScope 6000Pro; CLiNX, Shanghai, China).

Results
Bioinformatics analysis of NcAP2XII‑4
Bioinformatic analysis showed that the full-length 
sequence of N. caninum NcAP2XII-4 was 12,259  bp, 
including one intron and two exons. The length of coding 
gene was 11,976  bp, which encoded 3991 amino acids. 
The molecular weight of the protein was approximately 
410  kDa, with an instability coefficient of 55.69 and 
hydrophilicity of – 1.063. These characteristics indicate 
that it is a hydrophilic protein with an isoelectric point 
of 7.06. This protein did not contain any signal peptides 
(Fig.  1a) or transmembrane regions (Fig.  1c). The phos-
phorylation sites of a protein play important roles in 

predicting its potential function. The predicted analy-
sis indicated that there were 171 phosphorylation sites, 
consisting of 106 serine sites, 64 threonine sites, and one 
tyrosine site. Subcellular localization analysis suggested 
that the protein was located in the nucleus with a reli-
able index of 3.731 and high credibility. Sequence align-
ment and modeling analysis showed that N. caninum 
NcAP2XII-4 contains two AP2 domains, 1207aa-1251aa 
and 3453aa-3500aa, comprising one alpha-helix and 
three beta-folded structures in each domain (Fig.  1b). 
These structures exhibit similarities to the classical 
model PF140633 AP2 domain. The two AP2 domains 
are linked through an alpha helix to bind with DNA and 
exert transcriptional regulatory function, suggesting that 
N. caninum NcAP2XII-4 could play a certain role in the 
transcriptional regulation in the life cycle of the parasite.

Identification of N. caninum NcAP2XII‑4
Three fragments were successfully amplified using N. 
caninum cDNA as a template. Additionally, a frag-
ment of approximately 12,000  bp was amplified, and 
the fragment matched the predicted gene length of 
NcAP2XII-4 (Fig.  2a). DNA sequence assays showed 
that the full-length N. caninum NcAP2XII-4 was success-
fully obtained, and the sequence exhibited 100% iden-
tity with the known sequence. According to the results 
of the phylogenetic analysis, N. caninum NcAP2XII-4 
exhibits a greater amino acid sequence identity with 
Besnoitia besnoitai, Cystoisospora suis, and Hammondia 
hammondi (Fig. 2b). Western blot showed that the poly-
peptide antibody could specifically recognize the natural 
NcAP2XII-4 in the parasite, with a size of approximately 
400 KDa, which was consistent with the expected size, 
indicating the good specificity of anti-NcAP2XII-4 anti-
body (Fig. 2c). The IFA test showed that NcAP2XII-4 was 
distributed in the nucleus, consistent with the predicted 
result (Fig. 2d). These results suggested that N. caninum 
NcAP2XII-4 was successfully identified.

NcAP2XII‑4 is an essential gene in N. caninum
To investigate the function of N. caninum NcAP2XII-4, 
parasites deficient in NcAP2XII-4 were generated using 
the following method as illustrated in Fig.  3a. Using 
CRISPR/Cas9 technology, a pCRISPR/Cas9-AP2XII-4 
plasmid with CAT was constructed and co-transfected 
into Nc1 with the donor DNA. Based on the preliminary 
evidence of specific recombination bands of 1940  bp 
and 2350  bp by PCR, the NcAP2XII-4 gene was dis-
rupted in N. caninum (Fig. 3b). The results of IFA indi-
cated that Nc1 strain had an evident NcAP2XII-4 signal, 
while the signal was undetectable in the NcAP2XII-4 
KO strain (Fig. 3c). It is suggested that the parasite loss 
of NcAP2XII-4, which is also known as ΔNcAP2XII-4, 

https://geneontology.org/
http://www.genome.jp/
http://www.genome.jp/
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Fig. 1  Bioinformatic analysis of Neospora caninum transcription factor NcAP2XII-4. a Prediction of the signal peptide structure of NcAP2XII-4. b 
Prediction of the domain structure of NcAP2XII-4. c Prediction of the transmembrane region of the NcAP2XII-4

Fig. 2  Identification of NcAP2XII-4. a Amplification of NcAP2XII-4 gene. b Phylogenetic analysis of NcAP2XII-4 gene evolution in the apicomplexan 
classes. c Western blot results of the NcAP2XII-4 antibody. d Immunofluorescence localization of NcAP2XII-4 protein in Neospora caninum. Scale bar, 
5 µm
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was successful. It was discovered during the culture pro-
cess of parasites. The PVs of ΔNcAP2XII-4 were formed 
in the host cells; however, these PVs were significantly 
smaller than those of Nc1, and the shapes of the para-
sites were abnormal (Fig. 3c). After 5 days of continuous 
culturing with CAT medium, it was confirmed that all 
parasites remained unreleased and eventually died. The 
plaque assay showed that Nc1 formed normal plaques, 
whereas ΔNcAP2XII-4 failed to produce plaques (Fig. 3d, 
e). Hence, we infer that NcAP2XII-4 is an essential gene 
for maintaining normal life activities in N. caninum.

Screening for the binding site of NcAP2XII‑4
Genomic DNA of N. caninum was successfully extracted 
(Fig.  4a) and fragmented (Fig.  4b). The DNA fragment 
containing the AP2 domain of the NcAP2XII-4 gene was 
amplified to a size of approximately 2400 bp (Fig. 4c). The 
target gene was successfully connected to the cell-free 
expression vector pDAP, resulting in the construction of 
the expression vector pDAP-AP2XII-4, which was con-
firmed by sequencing (Fig. 4d). Western blot showed that 
a 129-kDa HaloTag-labeled target protein was success-
fully obtained (Fig. 4e).

The entire gene functional region is divided into pro-
moter, exon, intron, transcription start site (TSS), tran-
scription termination site (TTS), and intergenic, but 
transcription factor-binding sites are generally enriched 
near the TSS region. Accordingly, our attention was 
directed towards the peaks that had been annotated 
as promoters and TSS. Two independent biological 

replicates, replicate 1 and replicate 2, identified 83 and 
82 peaks with fold enrichment > 2.0, respectively, with 42 
overlapping peaks (Fig.  5a). A binding motif sequence, 
HCRAAASYGAWK, was identified using MME soft-
ware analysis (Fig. 5b). The effective peaks were distrib-
uted both upstream and downstream of TSS (Fig. 5c) and 
were located on chromosomes with different numbers 
(Fig.  5d, e). Following the annotation of the peaks, they 
were mainly distributed in the intergenic regions (57%) 
and promoters (30%).

Identification of the potential biological process 
and signaling pathways of peak‑related genes
To date, the function of NcAP2XII-4 in N. caninum has 
remained unclear. According to the GO and KEGG anno-
tation data, all N. caninum genes were chosen as the 
background, and all genes (P < 0.05) related to all peaks 
were obtained to estimate the differential GO and KEGG 
pathways. GO can be divided into three parts, molecu-
lar function, biological process, and cellular components. 
Among these, the target genes, regulated by NcAP2XII-4, 
involved in biological processes were the most common, 
followed by those involved in cellular components and 
molecular function in N. caninum (Fig.  6a). The bub-
ble chart analysis revealed that the genes that differ the 
most are those that are involved in the regulation of pro-
teasomal protein catabolic process, sperm midpiece, and 
ubiquitin protein ligase binding, corresponding to the 
biological process, cellular component, and molecular 
function (Fig.  6b). Sperm midpieces may be associated 

Fig. 3  Construction and identification of NcAP2XII-4 KO parasites. a Schematic diagram of NcAP2XII-4 KO parasite construction. b Gene 
identification of NcAP2XII-4 KO parasites. c Analysis of IFA results. The vacuole formation of Nc1 parasites with the signal of AP2XII-4 (red) 
was normal, whereas NcAP2XII-4 KO parasites without the signal of AP2XII-4 were abnormal. d Plaque assay comparing growth of Nc1 
and NcAP2XII-4 KO parasites. e The plaque areas were counted by randomly choosing 30 plaques and using the pixel point; the data were compiled 
from three independent experiments. “Pi” indicates pixels of each plaque
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with proliferation. KEGG is a database containing infor-
mation on biochemical reactions, signaling pathways, 
metabolic pathways, and biological processes. KEGG 
pathway enrichment analysis was performed on the dif-
ferentially expressed genes, and the results showed that 
the significantly differentially expressed genes were 
mainly enriched in the pathways of AGE-RAGE signaling 
pathway in diabetic complications, proteasome, aminoa-
cyl-tRNA biosynthesis, purine metabolism, and oxidative 
phosphorylation (Fig. 6c, d).

NcAP2XII‑4 binding ROP5 promoter in N. caninum
Previous studies showed that the expression of 
NcAP2XII-4 is abnormal after deletion of ROP5 [27], sug-
gesting a potential interaction between NcAP2XII-4 and 
ROP5. Analysis of DAP-seq data revealed that regulation 
of the ROP5 promoter was found among the NcAP2XII-4 
regulatory factors, indicating that NcAP2XII-4 might 
bind to a motif in the ROP5 promoter. To verify this, 
we prepared a biotin-labeled ROP5 probe and two 
NcAP2XII-4 proteins containing the AP2 domain, 
AP2XII-4-D1 (Fig. 7a), and AP2XII-4-D2 (Fig. 7c), which 
was successfully verified by WB, respectively (Fig. 7b, d), 
to perform EMSA experiments. The results showed that 

the target bands appeared as expected in the lanes of 
probe + AP2XII-4-D1 and probe + AP2XII-4-D2 but were 
negative in the lanes of probe (cold) + AP2XII-4-D1 and 
probe (cold) + AP2XII-4-D2, suggesting the specificity 
of the probe (Fig. 7e). In other words, the probe specifi-
cally combined AP2XII-4-D1 and AP2XII-4-D2 proteins, 
and there was competition between the probe and the 
cold probe, implying that NcAP2XII-4 could bind to the 
ROP5 promoter and regulate the function of ROP5 in N. 
caninum.

Discussion
Neospora caninum is a protozoan that parasitizes ani-
mal cells and poses a significant threat to dairy cattle. 
Despite its importance, there are few reports on the tran-
scriptional regulation of N. caninum. One notable report 
indicated that the deletion of ROP5, a key virulence fac-
tor of N. caninum, increases the transcription level of 
NcAP2XII-4 [27]. Building on this, our study successfully 
identified N. caninum NcAP2XII-4 at the gene, protein, 
and cell levels. We confirmed its transcriptional regula-
tion function and described it as an essential gene of the 
parasite.

Fig. 4  Gene library and pDAP-AP2XII–4 expression vector. a Genomic DNA extraction. b Fragmentation of genomic DNA. c Amplification 
of NcAP2XII-4 gene. d Construction map of the expression vector. The green region represents the APXII-4 insertion gene. e Western blot analysis 
of the protein expression vector. M: Marker; 1: target protein
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The AP2/ERF family of transcription factors is related 
to biological development and stress resistance. The N. 
caninum NcAP2XII-4 gene (NCLIV_063920) was dis-
covered in the ToxoDB database during this study. Struc-
tural predictive analysis revealed two domains similar 
to PF14-0633. However, the predicted protein size of 
approximately 410 KDa presents a challenge to express-
ing the full-length protein and preparing the antibody. 
After numerous experiments, a polypeptide antibody 
against NcAP2XII-4 was successfully prepared and 
employed to the detect NcAP2XII-4 in N. caninum. His-
torically, in most cases, the full-length protein or frag-
ment was selected as an antigen for as long as feasible. 
The fusion of numerous peptides could be utilized to 

prepare antibodies according to the results of this study. 
This method provides convenience in preparing antibod-
ies against difficult antigens, such as those with complex 
structures, large molecular weights, and low codon usage 
frequencies.

In recent years, the interaction between proteins and 
DNA has been widely used to study transcriptional reg-
ulation in model organisms. Previously, the combina-
tion of ChIP-seq and RNA-seq was utilized to explore 
the interaction. However, this technology necessitates 
high-quality antibodies, which presents a challenge 
when studying proteins with large molecular weights and 
obtaining high-quality antibodies. DAP-seq not only has 
the advantages of ChIP-seq and RNA-seq but also does 

Fig. 5  DAP-seq data analysis. a Venn diagram showing the number of peaks identified in Replicate 1 and Replicate 2. b Sequences enriched 
around the summits of AP2XII-4 peaks. c Distribution of peaks near the transcription start sites. d Annotation statistics of peaks in the genomic 
region. Pie chart showing the functional categories of target genes (123 genes in total). Hypothetical protein-encoding genes are not shown. The 
number of members in each group is shown in the chart. e Distribution of peaks on chromosomes, with the height indicating the relative mass 
of the peaks
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not require the preparation of high-quality antibodies 
and even has higher sensitivity than ChIP-seq and RNA-
seq. DAP-seq is particularly well suited for studying the 
interactions between DNA and proteins that are difficult 
to obtain. Currently, DAP-seq is widely used in the study 
of protein and DNA interactions in model plants, such as 

maize and arabidopsis [32]. Ning Lihua et al. [33] applied 
DAP-seq technology to detect 317 maize transcription 
factors that combined with target genes and played a 
role in transcription regulation. Among them, 97 target 
genes were detected and reported by ChIP-seq, and 220 
target genes were detected by DAP-seq. The results are 

Fig. 6  GO and KEGG analyses of peak-associated genes. a Bar chart analysis of the GO of peak-associated genes. b Bubble chart analysis of the GO 
enrichment of the top 20 peak-associated genes corresponding to the promoter. c Bar chart of the KEGG analysis of peak-associated genes. d 
Bubble chart analysis of the KEGG enrichment of the top 20 peak-associated genes corresponding to the promoter
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highly reliable. He et  al. [34] investigated the transcrip-
tional regulation function of abscisic acid and synthetic 
auxin 1-naphthyl acetic acid (NAA) on grape norisopre-
noid. They combined weighted gene co-expression net-
work analysis (WGCNA) and DAP-seq and identified 
regulatory factors of norisoprenoid production. Zhu et al. 
[35] identified 52 key direct targets of OsbZIP09 using 
RNA-seq and DAP-seq analyses, including OsLOX2 and 
late embryogenesis-rich (LEA) family genes involved in 
controlling seed germination in rice. D’Inca et  al. [36] 
explored the transcriptional regulatory mechanism of 
grape VviNAC33 in terminating photosynthetic activity 
and organ growth using the DAP-seq method.

DAP-seq has been extensively applied to investigate 
transcription factors in maize, Arabidopsis thaliana, pop-
lar, strain, Chinese pine, and human, with maize and rice 
being the most prominent examples. Furthermore, DNA-
seq technology has been employed to investigate the 
function of bacterial proteins. Trouillon et al. [37] identi-
fied 39 genes that are mainly involved in the metabolism 
of Pseudomonas aeruginosa and are regulated by eight 
transcription factors using DAP-seq technology. The suc-
cess rate of the DAP-seq experiment is also related to the 
type of transcription factor; for example, the success rate 
of bZIP and NAC transcription factor families is obvi-
ously higher than that of bHLH and MADs-box families 
[35, 38]. ChIP-seq and RNA-seq have been widely used 
in parasite research in the past. Although DAP-seq tech-
nology has many advantages, it has not been applied 
to research on the protein function of parasites. In this 
study, we investigated the transcriptional regulation 

of NcAP2XII-4 by using DAP-Seq. Notably, the motif 
of NcAP2XII-4 has been successfully identified with 
good conservation and high reliability, thus confirming 
the feasibility of the DAP-seq technique in the study of 
transcription factors of N. caninum. This has provided a 
reference method for the study of transcriptional regula-
tion of N. caninum and other apicomplexans. The motif 
obtained from the above analysis was analyzed, and its 
binding protein contained rhoptry protein family factors. 
Previous studies have shown that the deletion of ROP5, 
which is a key virulence factor of N. caninum, causes an 
increase in the transcription level of NcAP2XII-4. Thus, 
we have prepared a protein containing the AP2 domain 
in N. caninum NcAP2XII-4 and conducted the EMSA 
test with a ROP5 biotin-labeled probe. The results indi-
cate that NcAP2XII-4 is capable of binding to the pro-
moter of ROP5 and exerting its transcriptional activity. 
This not only demonstrates the reliability of the results 
of the DAP-seq technique but also further demonstrates 
the feasibility of the technique in the field of parasites. 
This study has filled a significant gap in the research field 
of transcription regulation factors of the ApiAP2 family 
of N. caninum. It has laid a foundation for the research 
on the transcription regulation function of N. caninum 
and provided new candidate factors for the research and 
development of N. caninum vaccine.

Conclusion
The transcription factors of N. caninum were identified 
at the gene, protein, and cell levels of NcAP2XII-4, and 
it was determined that the gene is an essential gene for 

Fig. 7  NcAP2XII-4 binding to the ROP5 promoter using EMSA assay. a Analysis of the AP2-D1 protein by SDS-PAGE. b Analysis of AP2-D1 protein 
by WB. c Analysis of the AP2-D2 protein by SDS-PAGE. d Analysis of AP2-D2 protein by WB. M: Marker. e EMSA assay. 1: Positive probe; 2: positive 
probe + positive protein; 3: probe; 4: probe + protein AP2XII-4-D1; 5: probe + protein AP2XII-4-D1 + probe (cold); 6: probe 1 + protein AP2XII-4-D2; 7: 
probe + protein AP2XII-4-D2 + probe (cold); 8: protein AP2XII-4-D1; 9: protein AP2XII-4-D2; 10: probe + HaloTag-labeled protein. *Binding protein
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N. caninum to complete its life cycle. The gene primarily 
functions in transcription regulation in N. caninum and 
regulates the activity of ROP5.
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