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Abstract

Background SET domain-containing histone lysine methyltransferases (HKMTs) and JmjC domain-containing
histone demethylases (JHDMs) are essential for maintaining dynamic changes in histone methylation across parasite
development and infection. However, information on the HKMTs and JHDMs in human pathogenic piroplasms, such
as Babesia duncani and Babesia microti, and in veterinary important pathogens, including Babesia bigemina, Babesia
bovis, Theileria annulata and Theileria parva, is limited.

Results A total of 38 putative KMTs and eight JHDMs were identified using a comparative genomics approach.
Phylogenetic analysis revealed that the putative KMTs can be divided into eight subgroups, while the JHDMs belong
to the JARID subfamily, except for BdJmjC1 (BAWA1_000016) and TpJmjC1 (Tp Muguga_02g00471) which cluster
with JmjC domain only subfamily members. The motifs of SET and JmjC domains are highly conserved among piro-
plasm species. Interspecies collinearity analysis provided insight into the evolutionary duplication events of some
SET domain and JmjC domain gene families. Moreover, relative gene expression analysis by RT-gqPCR demonstrated
that the putative KMT and JHDM gene families were differentially expressed in different intraerythrocytic develop-
mental stages of B. duncani, suggesting their role in Apicomplexa parasite development.

Conclusions Our study provides a theoretical foundation and guidance for understanding the basic characteristics
of several important piroplasm KMT and JHDM families and their biological roles in parasite differentiation.
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Background

Piroplasmosis is a group of human and veterinary tick-
borne diseases caused mainly by parasites belonging to
two Apicomplexa genera, Babesia and Theileria [1]. Thei-
leria parasites, which can infect a number of domesti-
cated and wild ruminants around the world, kill millions
of cattle each year and cause enormous economic losses
to the livestock industry; of these, Theileria annulata
and Theileria parva are the most common pathogens,
while Babesia can infect a range of warm-blooded verte-
brates, including humans and wild and domestic animals
[2, 3]. Human babesiosis is a malaria-like disease caused
by a wide spectrum of Babesia species, such as Babesia
microti [4], Babesia duncani [5], Babesia divergens [6],
Babesia motasi, [7] Babesia crassa [8], Babesia bigemina
[9], Babesia venatorum [10] and Babesia bovis [11].
Among these species, B. microti is the most common
causative agent [12], while B. duncani is a highly virulent
zoonotic pathogen that can cause severe to fatal infec-
tions in laboratory mice and hamsters. In humans, symp-
toms of B. duncani infection range from asymptomatic to
mild flu-like illness, and even to fatal, particularly in the
elderly, post-splenectomy or immunocompromised indi-
viduals [13]. B. duncani and B. microti pose health threats
to humans, domestic and wild animals [14, 15]. B. dun-
cani has been found in bighorn sheep and mule deer [16].
Also, B. microti has been detected in domestic cats [17]
and dogs [18], and small mammals [19, 20] and baboons
[21]. Currently, there is a lack of specific drugs or vac-
cines to treat piroplasm infections, making it urgent to
develop effective therapeutic strategies to improve the
management of these parasites.

In Apicomplexa parasites, histone lysine methylation
levels are associated with parasite virulence [22], motil-
ity [23], stage transition [24] and host-parasite interac-
tions [25]. In addition, many key enzymes downstream
of histone lysine methylation pathways have been proven
to be ideal targets for cancer drug development [26—29].
Intriguingly, several studies have demonstrated that
methyltransferase inhibitors show promise as therapeu-
tic drugs for treating malaria parasites [30, 31], Trypano-
soma brucei [32, 33] and Leishmania [34]. Currently, SET
(Su(var)3-9, E(z), Trithorax) domain-containing histone
lysine methyltransferases (HKMTs) and JmjC (Jumonyji
C) domain-containing histone demethylases (JHDMs)
have been identified and characterized at the genome-
wide level in several Apicomplexa parasites, such as Plas-
modium falciparum [35], Cryptosporidium parvum [25]
and Toxoplasma gondii [36]. The SET domain, a sequence
of about 130 amino acid residues first discovered in the
Drosophila genome, is the enzymatic activity domain of
HKMTs and is highly evolutionarily conserved [37, 38],
while, the evolutionarily highly conserved JmjC domain

Page 2 of 13

is the functionally active region of the JHDM family [39].
Based on sequence similarity and substrate specificity,
SET domain-containing HKMTs can be classified into
several subfamilies: SETD1, SETD2, SUV3D9, SMYD,
SET7/9 and SETD8 [40], and JHDM can be divided into
JHDM1, PHF2/PHES, JARID, JHDM3/IJMJD2, UTX/
UTY, JHDM2 and JmjC domain only groups [41]. How-
ever, little is known about the classification, structural
and physical characteristics, and function of HKMTs and
JHDMs in human pathogenic babesia, including B. dun-
cani, B. microti, and in veterinary important pathogens,
such as B. bigemina, B. bovis, T. annulata and T. parva.

Here, we conducted systematic and comprehensive
research on putative KMT and JHDM genes in several
representative piroplasm genomes to disclose the infor-
mation focusing on their physicochemical properties,
chromosome distribution, phylogenetic classification
and interspecies collinearity. Furthermore, the expression
profiles of the retrieved genes at different developmen-
tal stages of B. duncani were determined by real-time
quantitative PCR. Our study will provide the scientific
community with new viewpoints and clues to better
understand HKMTs and JHDMs and pave the way for
research on the role of these methylation regulators in
the intraerythrocytic development of human pathogenic
and veterinary important piroplasm parasites.

Results

Identification and characterization of the putative KMTs
and JHDMs in B. duncani, B. bigemina, B. microti, B. bovis, T.
annulata and T. parva

By thoroughly searching the B. duncani, B. bigemina,
B. microti, B. bovis, T. annulata and T. parva reference
genomes with the SET domain sequences of several well-
studied HKMTs, 49 putative SET domain-containing
candidates were obtained. However, further structure ver-
ification analysis with SMART revealed that 11 hits (Gen-
Bank ID: KAK2185947, KAK2197250, XP_001610401,
BANG65725, XP_001611356, XP_012768058, XP_952658,
XP_954450, XP_955402, XP_061162069 and XP_765804)
did not possess any SET domain (data not shown). Con-
sequently, 38 putative KMTs were retrieved from the six
genomes. The physicochemical properties including the
length of the primary sequence, molecular weight, iso-
electric point and subcellular localization are listed in
Table 1. The molecular weights of the identified putative
KMTs varied from 11.03 kDa (BASET3) to 549.87 kDa
(BbSET1); while, the isoelectric points (PIs) of the 38
putative KMTs fluctuated between 4.43 and 9.04. This
finding suggested that the KMT family members of these
six species are quite different from each other. Moreover,
although the subcellular localization of these 38 putative
KMTs varied greatly, the same subfamilies had similar
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Table 1 Putative SET domain-containing lysine methyltransferases identified in Babesia duncani, Babesia microti, Babesia bigemina,

Babesia bovis, Theileria annulata and Theileria parva

Organism  Name Subfamily Locus tag ORF/bp GenBankID Length/aa MW/kDa PI Subcellular location

B.duncani  BASET1 SETD1 BdWA1_001603 8937 KAK2196360 2978 33946 878 N
BASET2 SETD2 BAWA1_001597 2859 KAK2196354 952 108.56 851 C&N
BASET3 SUV39 BAWA1_002813 297 KAK2196213 98 11.03 443 C&N&E
BASET4 LSMT BdWA1_002728 2508 KAK2196128 835 96.32 576 C&N
BASETS SMYD BAWA1_002381 1476 KAK2195787 491 55.77 499 C&N
BASET8 SETD8 BdAWA1_000254 2577 KAK2197255 858 97.86 648 N

B. microti BmSET1 SETD1 BmR1_04906700 6477 XP_021337754 2158 236.65 885 C&N
BmSET2 SETD2 BmR1_04g06675 3048 XP_012649939 1015 116.33 853 N
BmSET3 SUV39 BmR1_01G01675 2430 XP_021337406 809 9353 594 C&N
BmSET5 SMYD BmR1_03903600 1449 XP_021338726 482 5514 555 C
BmSET6 Other BmR1_03g02355 1788 XP_021338606 595 68.29 566 C&N
BmSET7 SET7/9 BmR1_01G02770 1143 XP_012647617 380 43.30 892 C
BmSET8 SETD8 BmR1_02g00765 2202 XP_021338053 733 83.78 620 N

B.bigemina  BbSET1 SETD1 BBBOND_0312510 14,961 XP_012769534 4986 549.87 588 N
BbSET2 SETD2 BBBOND_0312650 5502 XP_012769548 1833 197.88 894 C&N
BbSET3 SUV39 BBBOND_0404490 2511 XP_012770147 836 95.78 602 C&N
BbSET4 LSMT BBBOND_0405480 3069 XP_012770250 1022 113.09 560 C
BbSETS SMYD BBBOND_0108570 1461 XP_012766745 486 55.04 514 C
BbSET6 Other BBBOND_0308060 2658 XP_012769088 885 98.79 506 N
BbSET7 SET7/9 BBBOND_0302680 2412 XP_012768550 803 89.85 553 N
BbSET8 SETD8 BBBOND_0210330 2646 XP_012768066 881 98.94 537 N

B. bovis BBOVSET2  SETD2 BBOV_III009070 4362 XP_001612032 1453 162.29 724 N
BBOVSET3 ~ SUV39 BBOV_IV002320 2424 XP_001609397 807 91.94 584 C&N
BBOVSET4  LSMT BBOV_IVO01550 2580 XP_001609320 859 98.12 589 C
BBOVSETS  SMYD BBOV_IV010830 1476 XP_001611004 491 56.23 490 C
BBOVSET6  Other BBOV_II1006000 2865 XP_001611729 954 108.75 530 C&N
BBOVSET7  SET7/9 BBOV_IIIOO1355 1221 XP_051623774 406 46.85 512 C
BBOVSET8  SETDS8 BBOV_IV004680 2658 XP_001610397 885 100.89 9.04 N

T.annulata  TaSETup1 SMYD TA06820 1473 XP_954031 490 56.81 488 C
TaSETup2  SETD8 TA21435 2532 XP_954446 843 96.98 620 C&N
TaSETup3  SETD2 TA09850 3252 XP_953444 1083 122.38 653 N
TaSETup4  LSMT TA05190 4128 XP_955248 1375 159.46 552 C&N
TaSETup5  SETD1 TA09890 10,788 XP_953437 3595 41535 566 N

T parva TpSET1 SETD1 TpMuguga_04g02605 11,349 XP_061161906 3782 43448 643 N
TpSET2 SETD2 TpMuguga_04g02235 3597 XP_764449 1198 136.32 637 N
TpSET4 LSMT TpMuguga_03g00553 2205 XP_061161062 734 83.67 54  C&N
TpSETS SMYD ToMuguga_01g00746 1473 XP_061161629 490 56.77 49 C
TpSET8 SETD8 TpMuguga_01g00281 2535 XP_765808 844 97.56 569 C&N

ORF Open reading frame, Pl isoelectric point, C Cytoplasmic, E Extracellular, N Nuclear

subcellular localization, and most of them had nuclear
localization (Table 1).

Additionally, we identified eight putative JHDMs
through systematic BLASTp in the six piroplasm
genomes with a series of JmjC domain sequences from
representative human JHDMs. On the basis of prediction
analysis via the ExPASy website, the molecular weights of
these JHDMs vary from 33.86 kDa to 84.5 kDa; while, the

PIs of these six putative JHDMs are also different from
each other (the PI ranges between 5.48 and 8.29). All the
putative JHDMs have nuclear localization (Table 2).

Phylogenetic analysis

To analyze the phylogenetic relationships between
the putative KMTs of the six species and several
well-known HKMTs from Homo sapiens, Drosophila
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Table 2 Putative JmjC domain-containing histone demethylases identified in Babesia duncani, Babesia microti, Babesia bigemina,
Babesia bovis, Theileria annulata and Theileria parva

Organism  Name Subfamily Locus tag ORF/bp GenBankID Length/aa MW/kDa PI Subcellular
location
B. duncani BdJmjC1 JmjCdomainonly  BdWA1_000016 906 KAK2197022 301 33.86 641 N
BdJmjC2 JARID BAWA1_000055 1494 KAK2197060 497 56.06 636 N
B. microti BmJmjC1 JARID BMR1_02g02515 1884 XP_012648268 627 71.76 822 N
B.bigemina  BbJmjC1 JARID BBBOND_0403490 2232 XP_012770047 743 84.23 548 N
B. bovis BBOVJmjC1  JARID BBOV_IV000510 2229 XP_051623027 742 84.50 552 C&N
T.annulata  TalmjC2 JARID TA19925 2130 XP_954636 709 81.71 806 N
T parva TpJmjC1 JmjCdomainonly  TpMuguga_02g00471 975 XP_765037 324 36.99 6.07 N
TpJmjC2 JARID ToMuguga_01g02310 2127 XP_061161929 708 81.64 829 N

ORF Open reading frame, Pl isoelectric point, C Cytoplasmic, N Nuclear

melanogaster and other Apicomplexa species, a phy-
logenetic tree was constructed from the SET domain

a phylogenetic cladogram of the JmjC domain pro-
teins was also generated by MEGA 7.0 based on the

amino acid sequences of these proteins by the maxi-
mum likelihood ratio method using MEGA 7.0. As
shown in Fig. 1A, the 38 putative KMTs were divided
into eight KMT subfamilies. However, BmSET®6,
BdSET6 and BBOVSET6 clustered together to form
a new clade distinct from other known HKMTs, sug-
gesting that these three putative KMTs may be para-
site-specific enzymes involved in regulating some of
the parasite’s unique biological processes. Moreover,

maximum likelihood ratio algorithm with the JmjC
domain protein sequences of the JHDMs of H. sapi-
ens and T. gondii to examine the evolutionary history
of these proteins. Of note, the identified JHDMs were
divided into two main subfamilies on the basis of their
branching features and bootstrap values. As depicted in
Fig. 1B, BdJmjC1 and TpJmjC1 were classified into JmjC
domain only subgroup, while the remaining JHDMs
were assigned to the JARID subfamily.

(A)

Subfamily
- SETD1
SETD2
SUV39
SMYD
LSMT
SET79
SETDS
[
I Other

Subfamily

JmjC domain only
PHF2/PHF8
JARID
UTX/UTY
JHDM2

— HsJHDM3C
HSJHDM3 A
Hy,

HDM3B

Fig. 1 Phylogenetic trees of the SET domain sequences of the putative KMTs (A) and the JmjC domain sequences of the JHDMs (B). The

SET domain sequences of the KMTs and the JmjC domain sequences of the JHDMs were aligned by Clustal W algorithm, and phylogenetic

tree files were generated by MEGA 7.0 by the maximum-likelihood method and visualized by R software. The numbers at each branch point

on the evolutionary trees represent the bootstrap values. Hs, Homo sapiens; Dm, Drosophila melanogaster; Tg, Toxoplasma gondii; Pf, Plasmodium
falciparum; Sc, Saccharomyces cerevisiae; BESB, Besnoitia besnoiti; Bd, Babesia duncani; Bb, Babesia bigemina; BBOV, Babesia bovis; Bm, Babesia microti;
Ta, Theileria annulata; Tp, Theileria parva
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Chromosome distribution and interspecies collinearity
analysis of the identified putative KMTs and JHDMs
Chromosome distribution analysis of the screened puta-
tive KMTs and JHDMs in the six Piroplasm species based
on the GFF genome annotation files revealed that the
identified genes were mainly concentrated on three to
five chromosomes in each parasite’s genome (Fig. 2A-
F). The genes identified in B. duncani, B. bovis and T.
annulata were mainly distributed on 3 chromosomes, in
B. bigemina on 5 chromosomes and in B. microti and T.
parva on 4 chromosomes.

To further explore the synteny relationships of the
putative KMTs and the JHDMs among B. duncani, B.
bigemina, B. bovis, B. microti, T. annulata and T. parva,
we conducted an interspecies collinearity analysis. As
shown in Fig. 2G, B. duncani and B. bovis share six pairs
of collinear putative KMT genes and one pair of collinear
JHDM genes; two pairs of collinear putative KMT genes
were found between B. duncani and B. microti; seven
putative KMT and one JHDM homologous genes were
found between B. duncani and B. bigemina, whereas, B.
duncani and T. annulata share five putative KMT and
one JHDM homologous genes; besides, five putative
KMT and two JHDM homologous genes were identi-
fied between B. duncani and T. parva and T.parva and T.
annulata, respectively.

Conserved motif, gene architecture and domain analysis

of the identified putative KMTs and JHDMs

Based on the MEME search, the conserved motifs and
the corresponding distributions in the putative KMTs
and JHDMs were analyzed. A total of ten conserved
motifs were retrieved for the putative KMTs and JHDMs,
separately. Notably, the distribution and constitution of
the conserved motifs in the putative KMTs vary signifi-
cantly. Generally, proteins belonging to the same KMT
subfamily have similar motif constitutions and distribu-
tions. Noteworthily, all of the identified putative KMTs
have a motif 1 sequence that contains a core “ELxFDY’,
an AdoMet binding and catalytic site (Fig. 3A). Addition-
ally, motif 2, with a “RFINHSCxPN” core, and motif 3,
with “GxG” and “YxG” cores, were distributed on most
of the identified putative KMTs. “RFINHSCxPN’, “GxG”
and “YxG” are also canonical AdoMet catalytic motifs
present in the majority of HKMTs from different species
[25, 35, 40]. Another thing worth noting is that BdJmjC2,
BbJmjC1, BBOVJmjC1, BmJmjC1, TaJmjC2 and TpJmjC2
share a similar composition and distribution of con-
served motifs, however, BdJmjC1 has no common motifs
(Fig. 3B). What'’s more, JHDM motifs 1 and 2, which con-
tain “HxE/Ex,H” Fe (II) and “N and K” a-KG binding
sites, were highly conserved. The amino acid sequences
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of the conserved motifs essential for enzyme activity in
the identified putative KMTs and JHDMs are shown as
sequence logos (Fig. 4).

Gene structure exploration of the CDS, UTR and
intron in the SET domain and JmjC domain gene fami-
lies was carried out based on the genome annotation file
(GFF). According to the gene structure analysis results,
the number of exons in the SET gene family members
fluctuated considerably (Fig. 3A). For example, BBOV-
SET7 has 15 exons, while nine of the putative KMTs have
only one exon. Interestingly, UTRs were found in the six
putative KMT genes of B. bovis. For the JmjC gene fam-
ily, the exon number of each member also varied drasti-
cally, ranging between 4 (BdJmjC1) and 12 (TaJmjC2 and
TpJmjC2) (Fig. 3B).

The functional conserved domains of the identified
putative KMTs and JHDMs were obtained by a conserved
domain search in the NCBI-CDD database. As shown in
Fig. 3A, the domain constitutions in the same subfam-
ily are obviously conserved. Among these 38 putative
KMTs, with the exception of TaSETup3, additional con-
served domains were found only in SETD1 family mem-
bers, and all other subfamily members contained only
one conserved SET domain. On the other hand, except
for BAJmjC1 and TpJmjC1, all the identified JHDMs also
contain a JmjN domain in addition to a JmjC domain.
Moreover, a zf-C5HC2 domain was found to exist in
BmJmjC1 and TaJmjC2 (Fig. 3B).

Gene expression profile of the putative KMTs and JHDMs

in B. duncani

To figure out the gene expression patterns of the puta-
tive KMTs and JHDMs in B. duncani, we conducted
real-time qPCR to determine the relative expression
levels of these genes at different developmental stages.
All the amplification reactions were performed in par-
allel in three duplicates. The primers, reaction systems
and amplification conditions for RT-qPCR used in
our study are listed in Tables S3 and S4, respectively.
Meanwhile, the detailed information on the S1/52/S3
stage samples and the results of relative expression lev-
els as well as the statistical estimates are shown sepa-
rately in supplementary Table S5 and S6. According
to the heatmap of the relative gene expression levels
(Fig. 5A), the expression patterns of the putative KMTs
and the JHDMs varied significantly at different devel-
opmental stages. The majority of the putative KMT
and JHDM genes exhibited increased expression with
parasite development, with the exception of BASETI,
whose expression decreased as B. duncani parasites
developed from S1 to S2 and increased from S2 to S3.
These results imply that the identified putative KMT
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Fig. 3 Conserved motif (left), domain (middle) and gene structure (right) analysis of putative KMTs (A) and JHDMs (B) in Babesia duncani, Babesia
bigemina, Babesia bovis, Babesia microti, Theileria annulata and Theileria parva
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of Babesia duncani from Giemsa-stained thin blood smears

and JHDM genes may be involved in the intraerythro- Discussion
cytic development of B. duncani, especially BASET1

which may be a crucial regulator of stage transition.

Histone methylation plays an essential role in various
biological processes in Apicomplexa parasites, including
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transcriptional regulation, chromatin remodeling, para-
site-host interactions, parasite differentiation and path-
ogenicity [22, 25, 42, 43]. HKMTs and JHDMs are the
“writers” and “erasers” of histone methylation, respec-
tively, and are critical for maintaining dynamic changes in
histone methylation levels. The widely studied functions
and evolutionary history of the members of the HKMT
and JHDM families in several Apicomplexa parasites,
including P, falciparum [22, 35, 44, 45], T. gondii [36] and
C. parvum [25], have stimulated our interest in the iden-
tification and characterization of the SET domain-con-
taining or JmjC domain-containing gene families in the
human pathogenic genus Babesia, such as B. microti and
B. duncani, and in piroplasms of veterinary importance
such as B. bovis, B. bigemina, T. annulata and T. parva.
In the current study, we conducted genome-wide iden-
tification and characterization of SET domain-containing
KMTs and JHDMs in B. duncani, B. bovis, B. bigemina, B.
microti, T. annulata and T. parva. A total of 38 putative
KMT and eight JHDM genes were obtained, and SMART
confirmed the presence of the SET domain and JmjC
domain in each putative KMT and JHDM, respectively.
However, the number of putative KMTs and JHDMs
in the B. microti, B. duncani, B. bovis and B. bigemina
genomes is close to that in the P. falciparum [35] and C.
parvum [25] genomes, much less than that in H. sapiens
(HKMTs>50 and HKDMs >30) [46], which may be due
to the relatively compact size of the genome of Apicom-
plexa parasites (genome size of B. duncani 10.4 Mb, B.
bigemina 13.8 Mb, B. bovis 8.2 Mb, B. microti 6.4 Mb, T.
annulata 8.4 Mb, T. parva 8.3 Mb, P. falciparum 23.3 Mb
and C. parvum 9.1 Mb, whereas H. sapiens 3.1 Gb) and
demonstrates the importance of the HKMT and JHDM
gene families in Apicomplexa parasite evolution. The
phylogenetic tree revealed that the 38 putative KMTs
can be grouped into eight distinct subfamilies: SETD1,
SETD2, SETDS, SVU39, SET7/9, SMYD, LSMT and oth-
ers (a clade distinct from other known HKMT subfami-
lies). In T. gondii, TgAKMT can affect parasite motility,
invasion and parasite egress by methylating non-histone
proteins, and when TgAKMT is knocked out, parasite
motility is inhibited and invasion and parasite egress are
reduced [23, 36, 47]. Putative KMTs (BASET5, BBOV-
SET5, BbSET5, BmSET5, TaSETupl and TpSETS5) that
cluster with TgAKMT have been identified in each of
these six Apicomplexan piroplasm genomes, and these
genes are likely involved biological processes similar to
those of TSAKMT. Interestingly, in the study by Cheese-
man et al., TaSETupl showed the ability to methylate
H3K18 and may be involved in the regulation of stage dif-
ferentiation in T. annulata [42]. These findings indicate
that putative KMTs clustering with TgAKMT may be
able to catalyze both non-histone and histone substrates
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to exert effects on parasite behavior. Since AKMT (Api-
complexa lysine methyltransferase) is a methyltransferase
that does not exist in mammals but only in Apicompl-
exa parasites, investigating its mechanism in parasite
development and pathogenesis could help develop new
therapeutic strategies to control parasites. In addition,
in P falciparum, PISET2 regulates var gene expression
by modulating H3K36me3 levels on var genes, and in
the absence of PfSET?2, all var genes are expressed [22,
48, 49]. In this study, a SETD2 HKMT homologue was
found in the genomes of each of the six piroplasm spe-
cies. Future research to confirm whether these genes are
involved in modulating the expression of var antigens in
these six piroplasm strains, as they are in P. falciparum,
will provide some theoretical support for the develop-
ment of vaccines against these parasites. Moreover, we
did not observe any intraspecies collinearity between
these screened genes (data not shown), indicating that
no duplicate events of these methylation-related genes
occurred during evolution. Importantly, interspecies col-
linearity analysis of piroplasm species also unraveled the
significance of the HKMT and JHDM genes in species
evolution.

Due to the limited number of transcription factors
in Apicomplexa protozoan genomes, other epigenetic
regulatory mechanisms, such as histone lysine/arginine
methylation or acetylation may also contribute greatly
to protozoan development [43, 50, 51]. Previous stud-
ies have demonstrated that histone methylation levels
are involved in orchestrating the cell differentiation of
Apicomplexa parasites and their complex life cycle [25,
42, 52]. Accordingly, dynamic changes in histone lysine
methylation levels usually occur together with alterations
in gene expression throughout the parasite development
stages [44, 53-55]. Therefore, we analyzed the expres-
sion patterns of the putative KMTs and JHDMs in differ-
ent developmental stages of B. duncani. According to the
relative expression levels of the genes identified by RT-
qPCR (Fig. 5), the putative KMT and JHDM genes exhibit
distinct expression profiles in different intraerythrocytic
developmental stages. The expression level of BASET1
gradually decreased with parasite development from S1
to S2, and increased as B. duncani parasites developed
from S2 to S3. BASET1 is a SETD1 superfamily mem-
ber supported by a high bootstrap value according to the
phylogenetic tree constructed from well-studied HKMTs
(Fig. 1A). Furthermore, BASET1 possesses four additional
PHDs and one bromodomain, similar in domain number
and constitution to other SETD1 family members, such
as BmSET1, BbSET1 TaSETup5 and TpSET1 (Fig. 3A).
The PHD and bromodomain can bind to the H3K4 site
and are essential for the HKMT activity of SETD1 family
members [56—58]. Therefore, we speculate that BASET1
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may be able to catalyze H3K4 to form mono-, di- or tri-
methylated H3K4. Besides, H3K4 methylation is an active
marker of transcription and several studies have demon-
strated that the methylation level of H3K4 is associated
with parasite life cycle progression [58]. These findings
raise the possibility that BASET1 might be a critical regu-
lator of B. duncani parasite development. However, more
well-designed studies should be performed to support
this speculation.

Conclusions

In general, this study could help the scientific commu-
nity acquire more basic information on the HKMTs and
JHDMs of human pathogenic and veterinary important
Piroplasm parasites and lay a theoretical foundation
for future works on the mechanisms of histone lysine
methylation regulation in Apicomplexa babesia parasite
differentiation.

Materials and methods

Identification of putative KMTs and JHDMs

The SET motifs of several well-studied histone lysine
methyltransferases (shown in supplementary Table S1)
from different species, including human, Drosophila,
and Apicomplexa protozoans like Toxoplasma gondii
and Plasmodium falciparum [25], were used as queries
with BLASTp algorithm (https://blast.ncbi.nlm.nih.gov/)
to search for potential SET domain-containing KMTs
in B. duncani (accession number: GCA_028658345.1),
B. microti (GCF_000691945.2), B. bigemina
(GCE_000981445.1), B. bovis (GCE_000165395.2),
T  annulata (GCF_000003225.4) and T parva
(GCF_000165365.1) genomes. Parallelly, the amino acid
sequences of the JumonjiC (JmjC) domain of representa-
tive human histone lysine demethylases [41] (Table S2)
were also subjected to a search for putative JHDMs in
the same genome sets. Moreover, the presence of SET
domain in putative KMTs and the presence of JmjC
domain in putative JHDM:s of these six species were con-
firmed using the Simple Modular Architecture Research
Tool (SMART, http://smart.embl.de/). The basic charac-
teristics of the identified proteins, including molecular
weight (kDa) and isoelectric point (PI), were obtained
by the ExPASy website tool (https://prosite.expasy.org/).
Besides, Euk-mPLoc 2.0 online software [59] (http://
www.csbio.sjtu.edu.cn/bioinf/euk-multi-2/) was used to
predict the subcellular localization of the putative KMTs
and JHDMs.

Phylogenetic analysis

Multiple sequence alignment was performed using the
Megalign tool by the Clustal W algorithm imbedded in
MEGA 7 software (Molecular Evolutionary Genetics
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Analysis Version 7.0) to compare the conserved SET
domain or JmjC domain sequences of the identified pro-
teins with the representative HKMTs or JHDMs listed in
Tables S1 and S2, respectively. Subsequently, phyloge-
netic tree files for the SET domain or the JmjC domain
sequences of these proteins were generated using MEGA
7 with the maximum likelihood (ML) algorithm due to its
relatively higher accuracy and faster computing speed.
The reliability was evaluated by 1000 bootstrap replica-
tions. Thereafter, visualization and beautification of the
tree files were performed on the R-project platform using

” ¢

the “ggplot2’, “treeio” and “ggtree” packages [60, 61].

Chromosomal distribution and interspecies collinearity
analysis

The genome sequence (FASTA) and annotation (GFF)
files of the six piroplasm strains were downloaded from
GenBank. The chromosome length and gene distribution
information obtained from the genome annotation file
(GFF) and the gene IDs of the identified putative KMTs
and JHDMs were visualized with the “Gene Location
Visualize from GTF/GFF” program imbedded in TBtools
software. The interspecies collinearity relationships of the
putative KMT and JHDM genes among B. duncani, B.
bovis, B. microti, B. bigemina, T. annulata and T. parva
were evaluated via the Multiple Collinearity Scan toolkit
(MCScanX) (e-value threshold = 1e-10) and visualized via
the Multiple Synteny Plot program in TBtools [62].

Conserved motif, architecture and gene structure analysis
The conserved motifs of putative KMTs or JHDMs of the
six species were searched using the Multiple Em for Motif
Elicitation (MEME) online website tool (https://meme-
suite.org/meme/tools/meme) [63] with the parameters
set to a maximum number of motifs of 10 and an opti-
mal motif width of 6—50. The gene structure of putative
KMTs and JHDMs, including CDSs, introns and UTRs,
were predicted and visualized by TBtools using the cor-
responding genome annotation files of these species. The
conserved domains of all the identified proteins were
analyzed and searched with the NCBI Batch CD-search
Tool (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/
bwrpsb.cgi). Moreover, sequence logos for the conserved
motif of the identified proteins were generated through a
MEME search and visualized on the R-project platform
using the “ggplot2” and “ggseqlogo” packages [64].

In vivo parasite culture and collection of merozoites

at different developmental stages

A vial of B. duncani WA1 purchased from ATCC and
cryopreserved in liquid nitrogen at Vector and Vector-
Borne Diseases (VVBD) Laboratory, Lanzhou Veterinary
Research Institute (LVRI) (CAAS Lanzhou, China) was
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thawed quickly in a water bath at 37°C. Immediately, a
10-week-old female Golden Syrian hamster (Chales River
Laboratories, Beijing, China) was inoculated with the
whole vial of parasite via intraperitoneal injection. Para-
sitemia was monitored daily from day 5 post infection
(p.i.) by thin blood smears stained with Giemsa prepared
via lateral saphenous venipuncture through microscopic
examination with ax 1000 oil-immersion lens. When the
parasitemia increased to approximately 10%, the hamster
was anesthetized with isoflurane (Orbiepharm, Qing-
dao, China) in an ABS Rodent Gas Anesthesia System
(Yuyan Instruments Corporation, Shanghai) with con-
sumption of isoflurane set at 5 ml/hour. The hamsters
were then euthanized by collecting blood via cardiac
puncture. Fresh infected blood was diluted in RPMI-1640
medium. Immediately following dilution, six 10-week-
old female Golden Syrian hamsters (Chales River Labo-
ratories, Beijing, China) were inoculated with diluted
blood (2500 infected erythrocytes/500 uL/hamster). Thin
blood smears were prepared and stained with Giemsa
to monitor the parasite morphology daily after 5 dpi.
Based on the parasite morphology within erythrocytes
under microscopy and the intraerythrocytic cell division
cycle of Babesia spp. proposed by Rezvani, et al. [65], the
developmental stages of B. duncani could be artificially
divided into several phases. Distinct morphologies (e.g.
single-ring, double-ring and tetradic forms) could repre-
sent different developmental stages (named as S1/52/S3
stages, respectively). In the early stages of infection, sin-
gle-ring forms predominate (>90%), and as the infection
progresses, double-ring and tetradic forms progressively
increase, and when double-ring forms predominate over
tetradic forms, the developmental stage is assumed to be
S2, whereas when tetradic forms predominate over sin-
gle-ring forms, it can be considered to be S3. Hamsters
were anesthetized and euthanized as aforementioned,
and blood samples were collected in EDTA-K, anticoag-
ulant vacuum tubes. Immediately thereafter, B. duncani
merozoites were extracted from infected erythrocytes
and purified as previously described [66].

Total RNA extraction, cDNA library establishment

and real-time quantitative PCR (RT-qPCR)

For all merozoites at different developmental stages,
100 pl of purified merozoites was used to extract total
RNA using TRIzol Reagent (Life Technologies) accord-
ing to the manufacturer’s instructions. After removing
the potentially contaminating genomic DNA by a gDNA
eraser kit (Takara), 1 pg of total RNA was reverse tran-
scribed to establish a cDNA library using PrimScript™"
RT reagent kit (Takara) in a 20 ul reaction. RT-qPCR
was carried out on an Agilent Mx3005P instrument
(Agilent Technologies) to determine the relative gene
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expression levels using a TB Green® Kit (Takara Bio
USA, Inc.) in accordance with the manufacturer’s
instructions. A housekeeping gene of B. duncani HSP70
(BAWA1_003044) was used as the internal reference
gene [42] and the relative expression levels of the iden-
tified putative KMTs and JHDMs were calculated using
the 2724 method [67]. The average relative expression
of the putative KMT and JHDM genes at different devel-
opmental stages was visualized using the Heatmap Illus-
trator program embedded in TBtools software.
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