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Abstract

Background: Plasmodium malariae is a widely spread but neglected human malaria parasite, which causes chronic
infections. Studies on genetic polymorphisms of anti-malarial drug target genes in 2. malariae are limited. Previous
reports have shown polymorphisms in the P malariae dihydrofolate reductase gene associated with pyrimethamine
resistance and linked to pyrimethamine drug pressure. This study investigated polymorphisms of the P malariae
homologous genes, chloroquine resistant transporter and multidrug resistant 1, associated with chloroquine and meflo-
quine resistance in Plasmodium falciparum.

Methods: The orthologous P malariae crt and mdri genes were studied in 95 patients with P malariae infection
between 2002 and 2016 from Thailand (N=51) and Myanmar (N =44). Gene sequences were analysed using BioEdit,
MEGAY7, and DnaSP programs. Mutations and gene amplifications were compared with P, falciparum and Plasmodium
vivax orthologous genes. Protein topology models derived from the observed pmcrt and pmmdr1 haplotypes were
constructed and analysed using Phyre2, SWISS MODEL and Discovery Studio Visualization V 17.2.

Results: Two non-synonymous mutations were observed in exon 2 (H53P, 40%) and exon 8 (E278D, 44%) of pmcrt.
The topology model indicated that H53P and E278D were located outside of the transmembrane domain and were
unlikely to affect protein function. Pmmdr1 was more diverse than pmcrt, with 10 non-synonymous and 3 synony-
mous mutations observed. Non-synonymous mutations were located in the parasite cytoplasmic site, transmem-
brane 11 and nucleotide binding domains 1 and 2. Polymorphisms conferring amino acid changes in the transmem-
brane and nucleotide binding domains were predicted to have some effect on PmMDR1 conformation, but were
unlikely to affect protein function. All P malariae parasites in this study contained a single copy of the mdr1 gene.

Conclusions: The observed polymorphisms in pmcrt and pmmdr1 genes are unlikely to affect protein function and
unlikely related to chloroquine drug pressure. Similarly, the absence of pmmdri copy number variation suggests
limited mefloquine drug pressure on the P malariae parasite population, despite its long time use in Thailand for the
treatment of falciparum malaria.
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Background
Plasmodium malariae is one of the five important human
Plasmodium species, but its genome sequence has just
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is higher than previously assumed [3]. There is limited
information on the biology and molecular genetics of P
malariae as well as on anti-malarial drug resistance in
this species for which long-term in vitro culture meth-
ods are lacking. Small scale in vitro drug susceptibility
testing and clinical efficacy [4] showed that P malariae
in Thailand responds well to pyronaridine [5] and artesu-
nate [6] but that fever clearance time was delayed after
treatment with chloroquine [7]. However, P malariae
exhibits a 72-hour erythrocytic stage, which suggests that
it may require a longer time to clear parasites after treat-
ment. Therefore, the extended clearance time may not be
an indicator for chloroquine resistance in P. malariae [8].
In vitro drug testing in P. malariae is further complicated
by the low parasitaemias present in patients and the high
proportion of mixed infections with other Plasmodium
species. An alternative approach for monitoring anti-
malarial drug resistance in P. malariae is the assessment
of polymorphisms in anti-malarial drug target genes.
Since the molecular markers for drug resistance are not
well characterized in P. malariae, the orthologous gene
markers associated with drug resistance in Plasmodium
falciparum and Plasmodium vivax were considered in P
malariae. Earlier studies have reported polymorphisms
in the P malariae dhps, dhfr and kelch orthologues,
which relate to sulfadoxine, pyrimethamine and arte-
misinin resistance, respectively.

Plasmodium malariae infection rate is generally under-
estimated and overlooked because it is often asympto-
matic and mostly mixed with other Plasmodium species.
Drug-resistant P falciparum and P vivax have been
reported in many regions, including Thailand [9, 10] and
Myanmar [11, 12]. Chloroquine-resistant P. falciparum
was first documented in 1957 in Thailand which is now
widely spread around the globe [13]. Polymorphisms of
pfert and pfimdrl genes have been linked to chloroquine
resistance with the key determinant of K76 T mutation in
pfert gene [10]. Several studies of pfindrl supported that
amplification and polymorphism were useful for predic-
tion of chloroquine and mefloquine resistance [14—16].
The pvmdrl Y976F mutation has been found to corre-
late with reduced susceptibility to chloroquine [17, 18].
An increased copy number of pvmdrl has been found in
Thailand [17, 18], suggesting that there is a relationship
between pvmdrl copy number and mefloquine pressure.
In the Greater Mekong Sub-region, previous drug pres-
sure from chloroquine and mefloquine on the P malariae
parasite population is expected to be considerable, since
these drugs have been used widely for the treatment of
vivax and falciparum malaria, respectively. The current
study focuses on the P. malariae crt and mdrl orthologue
genes, which in P, falciparum are involved in chloroquine
and mefloquine resistance. These genes were evaluated in
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P. malariae isolated of patients from Thailand and Myan-
mar between 2002 and 2016.

Methods

DNA extraction

Whole blood samples were collected from 95 P. malar-
iae-infected patients from Thailand (51 samples) and
Myanmar (44 samples) between 2002 and 2016 (Table 1).
DNA was extracted using QIAamp DNA Mini Kit (Qia-
gen, Germany) and stored at —80 °C until use. Plas-
modium species was confirmed by polymerase chain
reaction based on 18 small-subunit ribosomal RNA [19,
20].

Amplification of orthologous crt and mdr1 genes

from Plasmodium malariae

Specific primers for amplification of pmcrt and pmmdrl
were designed based on the reference sequences (acces-
sion number LT594622.1 and LT594631.1). The prim-
ers and conditions used for amplification of pmcrt and
pmmdrl are listed in Additional files 1 and 2. Semi-
nested and nested PCR were carried out in 20 pl, 2 mM
of MgCl,, 250 uM of dNTPs, 250 nM of both forward and
reverse primers, 0.5U BIOTAQ DNA polymerase (Bio-
line, UK), and 2.0 pl of DNA template. The approximated
concentration of DNA templates were 80 to 150 ng/pl
The primary PCR products were used as a template in the
secondary PCR. Cycling conditions were: initial denatur-
ation at 94 °C for 5 min then denaturation at 94 °C for
1 min, annealing for 1 min, and extension at 72 °C for
1 min plus 30 s, using 30 cycles during the first round
and 35 cycles during the second round, follow by a final
extension of 72 °C for 10 min. The positive PCR prod-
ucts were purified and submitted for DNA sequencing in
South Korea (Macrogen Inc., Korea).

DNA sequences analysis of pmcrt and pmmdr1 genes

DNA sequences were analysed using Clustal software
in the Bioedit package [21] together with reference
sequences of P malariae accession numbers LT594622.1
(pmcrt) and LT594631.1 (pmmdrl). DNA sequence

Table 1 The samples used in the study

Country Location Year Sample (N)  Total (N)
Thailand Tak 2003-2008, 44 51
2012-2016
Kanchanaburi  2002-2004 6
Cheangmai 2003 1
Myanmar  Myanmar 2009 44 44
Total 95
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polymorphisms and haplotypes patterns were analysed
using DnaSP version 6.10.04 [22] and MEGA?7 [23].

Detection of pmmdr1 copy number variation

To assess pmmdrl copy number variations, relative
quantitative PCR was performed on the Applied Bio-
systems StepOnePlus (Applied Biosystems, USA). The
primers for pmmdrl and pmpB—tubulin were pmmdrIF
(5'- CAGATGTGGGAAACGACAATG-3'), pmmdriR
(5'-TAGAAGCTCCCTCCCCGTTT-3'), pmp-tubulinF
(5'-TGAAGCAACTGGAGGAAGGT-3/), and pmfp-
tubulinR (5'-GGACCTGCTCGGACACTATC-3'). Sso-
Fast" EvaGreen® Supermixes (Biorad, USA) was used
as medium, and the thermal cycler profile was prepared
according to the manufacturer’s instruction. As calibra-
tor, a single copy control was constructed from a plas-
mid by insertion of pmmdrl (nucleotides [nt] 1102 to
1993) and pmf—tubulin (nucleotides [nt] 1132 to 1215)
fragments in a ratio of 1:1 into pGEM®-T Easy Vector
(Promega, USA). In addition, the two-copy pmmadrl con-
trol was constructed by insertion of pmmdrl and pmfS—
tubulin fragments in a ratio of 2:1 into the pGEM®-T
Easy Vector (Promega, USA). Both of the control plas-
mids were confirmed their insertions by DNA sequenc-
ing. The pmp—tubulin served as an internal control to
calculate the relative amount of pmmdrl gene by com-
paring the C, readings. Copy numbers were calculated
as 2724Ct Al reactions were performed in triplicate.
Samples with a copy number more than 1.5 were classi-
fied as multiple copies. Reactions were repeated at least
twice in case the samples contained AAC, spread>1.5, a
C, value > 35, or a pmmdrl copy number higher than 1.3.

Homology modelling of PmCRT and PmMDR1 proteins

The topology structure of PmCRT and PmMDR1 were
predicted using Phyre2 [24] and SWISS-MODEL [25].
Homologous sequences of PmCRT and PmMDR1 pro-
teins derived from different haplotypes were searched
with PSI-Blast [26]. The secondary structure of PmCRT
and PmMDR1 was predicted using Psi-pred 2.5 [27] and
Disopred 2.4 softwares [28]. The membrane-spanning
domains of PmCRT and PmMDRI1 were predicted using
Memsat_SVM program [29]. A multi-template approach
was selected for prediction of the structural model of
PmCRT and PmMDR1 proteins using SWISS-MODEL
[25]. The model was evaluated with the VADAR tool and
was visualized by Discovery Studio Visualizer V 17.2 [30].

Results

Genetic analysis of pmcrt

Purified PCR products covering the 14 exons of the pmcrt
gene from all 95 P malariae samples were sequenced
and analysed. The assembled sequence covered the
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complete pmcrt coding sequence, with a size of 1272
nucleotides, encoding a protein of 423 amino acids. The
multiple sequence alignments showed 9 nucleotide poly-
morphisms in exons 2, 8, 9, 10 and 12 at nucleotide posi-
tions A363C (40%), C346T (18.94%), C353T (53.68%),
C394G (4.21%), A403T (28.42%), A2120T (44.2%),
T2483T (2.10%), T2637A (1.05%), and A3151T (6.31%).
There were 2 non-synonymous mutations in exons 2 and
8 at codons 53 (H53P) and 278 (E278D). The samples col-
lected from Thailand showed more frequent mutations
than samples collected from Myanmar. In Thailand, the
prevalence of mutations in exons 2 (H53P) and 8 (E278D)
were 66.66 and 60.78%, respectively, compared to Myan-
mar 9.09 and 25%, respectively (Table 2).

Four haplotypes were characterized from 95 PmCRT
sequences (Table 3). All 4 haplotypes were presented
in samples from both Thailand and Myanmar. Hap-
lotype 1 (H53P+E278D) was the most prevalent in
Thailand (41.18%), whereas in Myanmar haplotype 4
(H53+E278) was the most prevalent (68.18%). Haplo-
type 2 (H53E+E278) was observed in higher frequency
in Thailand (25.49%, 13/51) than in Myanmar (6.82%,
3/44). There were ten samples (19.61% for Thailand and
22.73% for Myanmar) from both countries showing hap-
lotype 3 (H53+E278D).

For comparison, PmCRT haplotypes obtained from
this study were aligned with the orthologous genes from
human Plasmodium spp. The two-point mutations, H53P
and E278D, found in P. malariae samples were not cor-
responded to the point mutations associated with chlo-
roquine resistance described in P. falciparum. To predict
the effect of these two-point mutations on PmCRT
function, a topology model of PmCRT was constructed
and then compared to PfCRT and PvCRT (Fig. 1). This
showed that both H53P and E278D mutations are located
outside the transmembrane domain (Fig. la), and are
thus less likely to affect PmCRT function.

Genetic analysis of pmmdr1

DNA sequence analysis of P. malariae mdr1 gene (n=95)
revealed a single open reading frame of 4386 nucleo-
tides, encoding a protein of 1461 amino acids. Results
from multiple sequence alignments showed 13 single
nucleotide polymorphisms. Of these, three were synon-
ymous mutations at codons S77 (8.42%), S463 (42.10%),
and L615 (31.57%). The most common polymorphism in
pmmdrl was in codon 1389 (S463), prevalent of 39.21%
in the samples collected from Thailand and of 45.45%
in the samples from Myanmar. The identified 10 non-
synonymous mutations and their prevalence included
N6l (2.10%), Y7C (5.26%), L4901 (4.21%), L1063F
(16.84%), N12481 (5.26%), T1266S (12.63%), R1361S
(3.15%), T1406S (4.21%), A1460S (4.21%), and A1460T
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Table 3 Haplotype patterns of PmCRT in Thailand and Myanmar
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Haplotypes H53P E278D Thailand % (N) Myanmar % (N) Frequency % (N)
1 P D 41.18% (21/51) 2.27% (1/44) 23.15% (22/95)

2 p E 25.49% (13/51) 6.82% (3/44) 0.16% (16/95)

3 H D 19.61% (10/51) 22.73% (10/44) 21.05% (20/95)

4 H E 13.73% (7/51) 68.18% (30/44) 38.94% (37/95)
Total 51 44 95

Accession number of reference sequence: LT594622.1

(2.10%) (Table 4). For comparison, the non-synony-
mous mutations observed in pmmdrl gene were aligned
to sequences of the orthologous pfimdrl and pvmdrl
genes. This showed that the observed point mutations
in pmmdrl were not corresponded to the pfindrl or
pvmdrl mutations associated with drug resistance (Addi-
tional file 3).

The PmMDR1 sequences showed 16 haplotypes pat-
terns (Table 5). Samples from Myanmar were classified
into 13 haplotypes while the samples collected from
Thailand were classified into 6 haplotypes. Fifty-five sam-
ples, 30 from Thailand and 25 from Myanmar, were wild
type (haplotype 16). Haplotypes 3 (NCLLNTRTAA) and
4 (NYLLNSRTAA) were found in both countries. A total
of 10 haplotypes (haplotypes 5-7 and 9-15) were only
identified in Myanmar, whereas three other haplotypes
(haplotypes 1, 2, and 8), were identified only in Thailand
(Table 5).

A topology model of PmMDRI1 was constructed and
compared to the models of PfMDR1 and PvMDRI1
(Fig. 2). PmMDRI1 contains two nucleotide-binding
domains (NBD1 and NBD2), facing the cytoplasm.
Ten PmMDRI1 substitution residues were identified:
Neél, Y7C, L4901, L1063F, N1248I, T1266S, R1361S,
T1406S, A1460S, and A1460T. Among the 10 muta-
tions, N6I, Y7C were located on the cytoplasmic side,
L490I located in nucleotide binding domain 1, L1063F
located in transmembrane domain 11, N1248I, T1266S,
R1361S, T1406S, A1460S, and A1460T located in NBD2.
Although the mutations observed in P. malariae were not
corresponding to residues associated with drug resist-
ance reported previously in P falciparum, the residues
located in TMD11 and NBD might have an effect on
PmMDRI1 function. For this, structural models for each
haplotype carrying mutations in TMD11 and NBD were
constructed and analysed. The structural models repre-
senting these haplotypes showed similar characteristics
and the mutated residues were predicted to have only a
moderate effect on the PmMDR1 structure (Fig. 3).

Predicted changes in the physicochemical properties
of each mutation were also addressed. For the L1063F
mutant found in TMDI11, leucine and phenylalanine

share similar physicochemical properties, from which it
can be inferred that this mutation has limited effect on
the protein three-dimensional structure and function. A
similar approach was followed for the four-point muta-
tion identified in NBD, including L490I in NBD1 and
T1266S, R1361S and A1460T/S in NBD2. To predict
whether these point mutations affect the NBD structure
and potentially its function, a structural model was con-
structed and residues involved in interactions between
NBD and ATP were identified. For this, the highest con-
served protein PGP1 from human was used as a template.
Structural analysis of PmMDRI1 model indicated that 20
and 19 residues are involved in ATP1 and ATP2 binding,
respectively. Residue L4901 was located outside of the
ATP binding sites in NBD1. Residue T1266S, R1361S and
A1460T/S in NBD2, were also located outside of the ATP
binding sites.

A total of 95 P malariae isolates were assessed for
pmmdrl gene amplification. The pmmdrl copy number
in all samples ranged from 0.75 to 1.25 (Fig. 4), which
represent a single copy of the pmmdrl gene.

Discussion

In this study, the anti-malarial drug target genes, pmcrt
and pmmdrl, were characterized in P. malariae samples
collected from Thailand and Myanmar and were com-
pared to the orthologous mutations in pfcrt and pfimdrl
because polymorphisms in P. falciparum are well char-
acterized for their association with chloroquine and
mefloquine resistance [14—16, 31]. Since chloroquine
and mefloquine have been used widely in the treatment
of vivax and falciparum malaria in Thailand and Myan-
mar, it can be assumed that the P malariae parasite
population in these countries has also been exposed to
these drugs, given the frequent co-infection with other
human Plasmodium species in patients with P. malariae
infection.

Nine nucleotide polymorphisms were identified in 5
out of the 14 exons of the pmcrt gene, with 2 non-syn-
onymous mutations found in exon 2 (H53P) and exon 8
(E278D), both were not corresponding to the ortholo-
gous mutations in P, falciparum involved in chloroquine



Pimpat etal. MalarJ ~ (2020) 19:315 Page 6 of 13

a

Food vacuole

MET 1
N- Terminal

Parasite cytoplasm

b
Food vacuole
R371 /T
1356T/L/V
NTSE/DIK A144F/T L /
@ L1481  L160Y ®,
S o 1194T() A220S

)| Transmembrane
~| domains

N- Terminal

Parasite cytoplasm

c

Food vacuole

PaEL, Y390C

OOOOO®  C- Terminal

HIS 424
Parasite cytoplasm
Fig. 1 Topology model of CRT from different Plasmodium spp a PmCRT. b. PfCRT and ¢ PvCRT. The mutated amino acid residues of PmCRT are
highlighted in red circle. The previous reported mutatations found in PfCRT and PvCRT are labelled in black




Page 7 of 13

315

(2020) 19:

Pimpat et al. Malar J

L LEIYH6SLT :9duanbas 9DURI9Ja1 JO Jaquinu UOISSaddy

600Cp ‘9107~ 10T PUB 800Z-£00T; ‘€004 ‘Y00Z—~C00T, :U011I3]|0D JO Jedp

(56/0€) (S6/0%) (s6/¢l) (S6/91) S6=N
%LS'LE %0L'Ty  (56/8) %Tr'8  (S6/0)%0L'T  (S6/7) WLTYy  (S6/%) %Ly  (S6/€) %SLE %EITL  (S6/5) %IT'S %r89L  (S6/%) %LTY (S6/S) %9TS  (S6/7) %OL'T  JewuueAy pue puejiey] ul[elo)
(r/91) (¥/02) (¥/3)
%9€°9€ %SY'SY (W7/0) %0 (W7/0) %rSy  (Wh/¥) %606 (P17/0) %Sy (Wr/1) %LTT  (Pr/LL) %ST %9¢€L L (F7/0) %0 (P7/¥) %606 (#7/€) %189 (¥¥/0) %0 ¥ plelol TewueAW
(Ls/71) (15/02) (15/9) (15/91)
%S LT %LT6E %89°GL (15/0) %0 (15/00%0 (15/0) %c6's  (15/2) %e6'e  (LS/1) %96'L (15/0) %0 %LELE (16/0)%0 (15/0) %C6'€  (15/0) %T6'E LS laatelt
(Wr/LL) (/L) (71/9) (/1)
%S %18l %318l (#7/0) %0 (/00 %0 (/1) %LTT  (P7/1) %LTT (/1) %LTT (#7/0) %0 %LTLT (/0 %0 (F0/Q) WrSy  (0/0) %rSy ¥ el
(/1) (/1) (1/0) (1/0) (1/0) (1/0) (1/0) (1/0) (1/0) (1/0) (1/0) (1/0) (1/0)
%001 %001 %0 %0 %0 %0 %0 %0 %0 %0 %0 %0 %0 L glewbueayd
/0 (9/9) (9/0) (9/0) (9/0) /1) ©/1) (9/0) (9/0) /%) (9/0) (9/0) (9/0) plngeueyd
%EE %EEES %0 %0 %0 %S0 %501 %0 %0 %99'99 %0 %0 %0 9 -uey| puejieyL
15191 SEIYS SLLS 10971V S09vLY S90vLL SL9€LY S99Z1L1 I8YCLN 4€9011 106%1 JLA I9N
VLL<DLl 1DY<DOV  IDI<DDL DDV<DDD DDL<DDD IDI<IDV I9V<VYDV  VDL<VIVY DIV<DVY DLI<VLIL LIV<1lD I19L<IVL DIV<DVV
Sv8L AN 68€L IN LEZIN 8LEV IN 8LV IN 9LTY IN €80% LN 96.€ IN €VLE IN 68LE IN 89tL LN 0T IN LLIN
uopenw snowAuouAs uonenw snowAuouks-uoN N sealy  saujuno)

wsiydiowAjod Lipwwid yo 3dusjeAdId

Jewuefy pue puejiey] ui swsiydiowAjod auab Lipwwd jo Arewwns § s|qel



Page 8 of 13

(2020) 19:315

Pimpat et al. Malar J

1'LE9Y651T :90uanbas 9dURJ94al JO Jaquinu UOISSaddy

(S6) %001 44 LS [e10L.
(S6/55) %685 (P¥/S0) %89S (16/0€) %2885 v v L Y L N 1 1 A N 9l
(s6/1)
%501 (/1) %LTC (15/0) %0 v v L S 1 N 1 1 A N Sl
(S6/1)
%501 (/1) %LTT (15/0) %0 1 % 1 Y 1 N 1 1 A N 7l
(S6/1)
%S0'L (/1) %LTT (15/0) %0 v S S Y 1 N 1 1 A N €l
(S6/1)
%S0'L (FPh/1) %LTT (15/0) %0 v S S Y S I 1 1 A N 4!
(S6/€)
%LS°€ (¥/€) %89 (15/0) %0 v v 1 Y S [ 1 1 A N Ll
(S6/1)
%S0'L (/1) %LTT (15/0) %0 v v 1 Y 1 , 1 1 A N ol
(S6/€)
%/S'€ (71/€) %89 (15/0) %0 v v L Y L N 1 [ A N 6
(56/2)
%01°C (#1/0) %0 (1S/0) %e6'e v v S S L N E| 1 A N 8
(s6/1)
%501 (/1) %LTT (15/0) %0 v S L Y S N 1 1 A N i
(s6/1) /1) (15/0)
%S0'L %L %0 v S 1 Y S N 1 1 D N 9
(s6/1)
%S0'L (/1) %LTT (15/0) %0 1 v 1 Y S N 1 [ D N S
(56/9)
%9C'S (/¥) %0L'6 (15/1) %L6'L v v 1 Y S N 1 1 A N 14
(S6/€)
%LSE (I¥/1) %LTC (15/0) %e6'e v v 1 Y 1 N 1 1 B N €
(S6/0)
%01'C (¥/0) %0 (15/2) %6'e v v 1 Y 1 N 1 1 A _ 14
(S6/71) BEL YL (#1/0) %0 (LS/71) %S LT v v L Y L N E| 1 A N |
109vLY  S09%LY  S90vLL  SL9ELY S99ZL1  IS¥CLN 4€9011 10641 JDLA I9N sadfjo|dey
apIs
S1wsejdoyf>
(N) % £ouanbaiy (N) % sewuelpy (N) % puejreyy zasnN LLAWL LaaN a)seled 2Innis

Jewuef|\ pue puejieyl ul LYydNwd jo usaned adfiojdey s ajqel



Pimpat etal. MalarJ  (2020) 19:315 Page 9 of 13

a

Food vacuole

L1063F

MET 1

D
N- Terminal

Y7C N61 N1248I, T1266S.
R13618S, T1406S

Parasite cytoplasm

Q
AL460S, AIGOT ———+00 1 111

b

Food vacuole

N1042D

OO 00000

[o]e)

Parasite cytoplasm

C
Food vacuole

Parasite cytoplasm

C- Terminal %@ pys &) 1464

Fig. 2 Topology model of MDR1 from different Plasmodium spp a PmMDRT1, b PIMDR1 and ¢ PvMDR1. The mutated amino acid residues of
PmMDRT are highlight in red circle. The previous reported mutation found in PIMDR1 and PvMDR1 are labelled in black




Pimpat et al. Malar J (2020) 19:315

Page 10 of 13

T1406S

<

TMD1 TMD2 TMD3 TMD 11

R1361S

T1266S

TMD 12

Fig. 3 Three-dimensional structural model of PMMDR1 Transmembrane domains 1-12 are indicated as TMD1-TMD12. Two nucleotide binding
domains are NBD1 and NBD2. Mutated residues in TMD11, NBD1, and NBD?2 are labelled in red

Distribution of pmmdr! CNV

Copy number
(=]
o0
o
°
°

0 10 20 30 40

Fig. 4 Distribution of pmmdr1 copy number in Thailand and Myanmar

® Thailand ® Myanmar

50 60 70 80 90 100

resistance. In P falciparum, the majority of polymor-
phisms in PfCRT lay on exon 2, and mutations in PfCRT
positions 72, 74, 75, and 76 are the main contributors
to chloroquine resistance [32, 33]. The in silico topol-
ogy model of PmCRT revealed that H53P and E278D are
located in cytoplasmic region and food vacuole, which
are outside of the transmembrane domain, and are thus

considered unlikely to affect PmCRT function. Genetic
polymorphisms in the pmcrt gene in both Thailand and
Myanmar samples were limited, similar to previous stud-
ies describing very limited polymorphisms in the pvcrt
gene in P, vivax populations in Thailand [34].

The number of polymorphisms in this study was higher
in the pmmdrl gene. There were 13 SNPs, including 10
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non-synonymous and 3 synonymous mutations, and
none of these showed an equivalent position in pfimdri
associated with anti-malarial drug resistance in P fal-
ciparum. Some of the P malariae studied here were
mixed infections with other species, which might have an
impact on polymorphisms of pmcrt and pmmadri. There
were 12 and 11 mixed infections found in the samples
from Thailand and Myanmar, respectively. The patterns
of nucleotide polymorphisms in pmcrt and pmmdri
between single and mixed infections were compared. The
proportion of mixed infected samples carrying muta-
tions in Thailand and Myanmar was accounted for 14.29-
22.72% (Additional file 4), suggesting that the mixed
infections are unlikely to affect pmcrt and pmmdrl muta-
tions in this study.

The mutations in pmmdrl codons L490I and L1063F
correspond to the previously reported mutations in P
vivax at pvmdrl codons L493L and F1076L [17, 35]. In
P vivax, these polymorphisms have not been clearly
linked to chloroquine resistance [36, 37]. The observed
polymorphisms in pmmdrl were translated into a topol-
ogy model of PmMDRI1, showing that the mutations
resulted in predicted protein changes located in the
parasite cytoplasmic side of the protein, in nucleotide
binding domains and one change in TMD11. In P, falci-
parum, residues in TMD11 were suggested as part of an
anti-malarial binding pocket [38—40]. An in silico homol-
ogy model of PmMDRI1 was constructed and analysed
to predict the effect of amino acid changes in TMD11
and NBD, which showed that the observed mutations
were unlikely to affect the tertiary structure of the pro-
tein. Additionally, structural analysis of PmMDR1 poly-
morphisms found in NBD1 and NBD2 suggested that the
mutations (L4901 and L1063F) had only a moderate effect
on the conformation of these domains, unlikely to affect
the NBD function. Overall, the described polymorphisms
were predicted to have insignificant impact on PmMDR1
protein morphology and function.

The samples used in this study were from Thai-
land and Myanmar collected at different periods of
time, which may potentially affect the pattern of gene
mutations [34]. The samples from Myanmar were col-
lected in year 2009 in which artemether-lumefantrine
was used as the first line treatment for uncomplicated
malaria [41]. For Thailand, P. malariae were collected
from two periods of time, year 2002-2008 and year
2012-2016. During those time periods, artesunate-
mefloquine was used as the first-line treatment before
it was changed to dihydroartemisinin-piperaquine in
2015 [41]. The pmcrt in Thailand showed more muta-
tions (haplotypes 1-3, 81.48-91.67%) when compared
to Myanmar (31.82%) (Additional file 5). There was
no difference in mutation pattern of pmmdrl in both
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countries (Additional file 5). Although H53P and
E278D mutations found in PmCRT were predicted that
they were unlikely to have an impact on PmCRT func-
tion, the high proportion of those point mutations in
Thailand might refer to geographical characteristics of
the parasites. This will need to be confirmed in a larger
sample size collected from different areas.

In P. falciparum, amplification of the pfindrl gene is
strongly associated with mefloquine resistance [14—16].
Despite the presumed long-term mefloquine drug pres-
sure on the P. malariae parasite population in the study
areas, none of P malariae samples carried amplifica-
tion of pmmdrl. Possible explanations include firstly,
that pmmdr1 amplification is not involved in mefloquine
resistance in P. malariae and thus is not a good marker,
and that there might be an alternative mechanism con-
ferring mefloquine resistance in P malariae other than
mdrl amplification. Secondly, the parasite loads during
infection of P malariae is rarely exceed 1000 parasites
per ul of blood. Thus, the number of parasites under
selective pressure would be low for P. malariae and the
likelihood of selecting resistant is lower. However, some
of the potential drug resistance markers that have been
studied in P. malariae might be under selective pressure
such as pmdhfr (42, 43], pmdhps [44], and pmkelch [45].
Thirdly, although clinical P. malariae infection often pre-
sents as co-infection with other human Plasmodium spe-
cies, there might be a large P. malariae reservoir outside
of these patients with co-infection or a reservoir in non-
human primates, so that overall P malariae population
has been limited to the selective pressure. The study of
chloroquine-resistant P vivax revealed that increased
expression of pvcrt and pvmdrl are associated with chlo-
roquine resistance [46, 47]. Moreover, the gene copy
number of pvcrt was significantly higher in chloroquine-
resistant P vivax [48]. In addition to this study, expres-
sion level of pmcrt and pmmdri, and the copy number
variation of pmcrt should be evaluated.

Conclusions

Polymorphisms in pmmdrl were more frequently
observed than in pmcrt. The non-synonymous muta-
tions found in both pmcrt and pmmdrl were unlikely to
affect protein function. No amplification of pmmdrl was
observed in this study. If the orthologous resistance genes
in P malariae are indeed associated with anti-malarial
drug resistance in this Plasmodium species, the findings
suggest limited chloroquine and mefloquine drug pres-
sure on the P. malariae populations in the study regions.
Alternatively, anti-malarial drug resistance in P. malariae
could differ from that described in P falciparum and P
vivax, which will require further investigation.
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