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Abstract

Background Haem is essential but toxic for metazoan organisms. Auxotrophic nematodes can acquire sufficient
haem from the environment or their hosts in the meanwhile eliminate or detoxify excessive haem through tightly
controlled machinery. In previous work, we reported a role of the unique transporter protein HRG-1 in the haem
acquisition and homeostasis of parasitic nematodes. However, little is known about the haem efflux and detoxifica-
tion via ABC transporters, particularly the multiple drug resistance proteins (MRPs).

Results Here, we further elucidate that a member of the mrp family (mrp-3) is involved in haem efflux and detoxi-
fication in a blood-feeding model gastrointestinal parasite, Haemonchus contortus. This gene is haem-responsive

and dominantly expressed in the intestine and inner membrane of the hypodermis of this parasite. RNA interference
of mrp-3 resulted in a disturbance of genes (e.g. hrg-1, hrg-2 and gst-1) that are known to be involved in haem homeo-
stasis and an increased formation of haemozoin in the treated larvae and lethality in vitro, particularly when exposed
to exogenous haem. Notably, the nuclear hormone receptor NHR-14 appears to be associated the regulation of mrp-3
expression for haem homeostasis and detoxification. Gene knockdown of nhr-14 and/or mrp-3 increases the sensitiv-
ity of treated larvae to exogenous haem and consequently a high death rate (>80%).

Conclusions These findings demonstrate that MRP-3 and the associated molecules are essential for haematopha-
gous nematodes, suggesting novel intervention targets for these pathogens in humans and animals.
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Background

Haem (iron-protoporphyrin IX) is a requisite for a range
of biological reactions, including oxygen transfer, oxida-
tive metabolism, photosynthesis, and signal transduction
[1, 2]. However, free haem is a potent pro-oxidant and

"DanniTong and Fei Wu contributed equally to this work.

*Correspondence:

Guangxu Ma

gxmal@zju.edu.cn

! Institute of Preventive Veterinary Medicine, Zhejiang Provincial Key
Laboratory of Preventive Veterinary Medicine, College of Animal Sciences,
Zhejiang University, Hangzhou 310058, Zhejiang, China

2 MOE Frontier Science Center for Brain Science and Brain-Machine
Integration, Zhejiang University, Hangzhou 311121, Zhejiang, China

B BMC

pro-inflammatory molecule [3], and as a hydrophobic
molecule, it can intercalate into the phospholipid bilayer
of cell membranes and bind to proteins, leading to bio-
molecular structure disruption [4]. Multiple haem detox-
ification mechanisms have been reported in all life forms,
including protozoa, fungi, arthropods, and mammals [3,
5-8], which usually involve haem sequestering [9-12]
and degradation [13, 14].

Roundworms (nematodes) are haem auxotrophs that
are entirely reliant on exogenous haem from the environ-
ment or host animals [15, 16]. It is interesting to know
how nematodes acquire exogenous haem and limit the
toxicity of haem [1]. Over the past 20 years, a growing
number of proteins involved in haem acquisition, traffick-
ing, and detoxification have been reported in a free-living
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nematode Caenorhabditis elegans, the best-studied meta-
zoan model organism [17-22]. In this free-living nema-
tode, a series of haem responsive genes (/rg) have been
identified to play roles in haem acquisition (e.g. hrg-4, -5,
and -6) from the environment, haem mobilising from the
intestine (e.g. hrg-1, -9, and -10) then to other tissues (e.g.
hrg-2 and hrg-3), and haem homeostasis (e.g. hrg-2 and
hrg-7) [17, 18, 20-25]. Although similar haem acquisition
and homeostasis machinery (e.g. haem responsive feature
for HRG-1) have been proposed in parasitic nematodes
[26, 27], little is known about the detailed mechanisms
underlying haem detoxification, except for haemozoin
formation, a crystallised form of oxidised haem [28, 29].

In addition to a negative feedback regulation of haem
acquisition [27], there might be complementary haem
efflux machinery in parasitic nematodes. ATP-binding
cassette (ABC) transporters, particularly the ABCC
family, also known as multiple drug resistance proteins
(MRPs), have been proposed to play a role in haem export
[19, 30, 31]. For instance, MRP-5 has been demonstrated
to transport haem across the basolateral membrane of
the intestine into the pseudocoelom of C. elegans [19],
and gene silencing of the mrp-5 homologue in Drosophila
melanogaster resulted in haem accumulation in the intes-
tine and lethality [31]. However, almost nothing is known
about haem exporter and its roles in haem detoxification
in parasitic nematodes, particularly blood-feeding spe-
cies, which ingest a great deal of host blood but are capa-
ble of coping with the free haem released from ruptured
red blood cells. Here, we screened members of the mrp
gene family that are haem-responsive and required for
haem efflux and detoxification in Haemonchus contor-
tus, a model gastrointestinal nematode [32], and demon-
strated how the key members work and are regulated in
this blood-feeding parasite.

Results

mrp-3 gene is more sensitive to exogenous haem

in a blood-feeding nematode

Genome-wide screening identified six genes (ie. HCON_
00189480, HCON_00009950, HCON_00175410, HCON_
00164880, HCON_00144960, and HCON_00110560)
coding for MRPs in H. contortus, a blood-feeding model
of gastrointestinal nematode, in which these genes were
predicted as orthologues to mrp-1/2, mrp-3, mrp-4, mrp-
5, mrp-6, and mrp-7 of the free-living model organism C.
elegans, respectively (Fig. 1a). The orthologue of mrp-8
was not predicted in H. contortus. A similar number of
mrp gene orthologues were also predicted in other para-
sitic nematodes, including Ancylostoma caninum, Angi-
ostrongylus cantonensis, and Nippostrongylus brasiliensis,
which are all blood-feeding worms (Additional file 1:
Table S1). By exploiting previous transcriptomic data
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sets available for H. contortus, we found that the tran-
scriptional levels of most mrp genes were low (fragments
per kilobase million, FPKM <100), but tightly regulated
during the life history (i.e. the egg, first larval stage L1,
second larval stage L2, third larval stage L3, fourth lar-
val stage L4, and adult), particularly during the transition
from free-living (i.e. the infective L3) to parasitic (L4)
stage (Fig. 1b).

By exposing the free-living second-stage larvae (L2s,
which feed on bacteria in the environment) and blood-
feeding adults (a mix of females and males) of H. con-
tortus to 10 uM of haemin chloride in vitro, we detected
transcriptional alterations of Hc-mrp-1/2, Hc-mrp-3, He-
mrp-4, He-mrp-5, He-mrp-6, and Hc-mrp-7 genes in the
treated worms, compared with untreated worms (Fig. 1c
and 1d). A higher initial concentration (100 puM) of hae-
min chloride even increased or decreased the transcrip-
tional alterations of these genes in either L2s or adults
of H. contortus (Fig. 1c and 1d). Notably, 10 or 100 uM
of haemin chloride treatment consistently resulted in
a significant downregulation of Hc-mrp-3 in both L2s
(P<0.01) and adults (P<0.001) of H. contortus, compared
with untreated control (Fig. 1c and 1d), in accord with
the haem response of hrg-1 in this nematode [27].

MRP-3 protein appears to play a role in haem export

in vitro and in vivo

By constructing a lentivirus-transduced mammalian cell
line (HEK 293 T) that stably expresses Hc-MRP-3-GFP,
this protein was found predominant in the cytoplasm
in cells (Additional file 2: Fig.S1, right panel), partially
co-localised with endosomes and lysosomes, and dis-
tributed on plasma membrane based on the location of
markers hRab5a, hRab7a, Lyso-Tracker, and Dil, respec-
tively (Fig. 2a). We also tested the role of Hc-MRP-3-
FLAG in haem transport using a fluorescence efflux assay
(Additional file 2: Fig.S1). Compared with wild-type and
irrelative (rhodamine 123, a fluorescent substrate of the
P-glycoprotein multidrug transporter) controls, a sig-
nificant (P<0.001) lower intensity of either calcein or
carboxyfluorescein (CF) fluorescence was detected in
the cells expressing Hc-MRP-3 (Fig. 2b). In contrast, the
increased fluorescence eftlux efficiency due to Hc-MRP-3
overexpression was significantly (P<0.001) suppressed
after treatment with the MRP inhibitor MK571 (Fig. 2c)
[33]. These results validate a fluorescent substrate efflux
cell line (i.e. Hc-MRP-3-expressing HEK 293 T cells). We
further incubated these cells with a fluorescent haem
analogue (zinc mesoporphyrin IX, ZnMP) [31, 34], in
which a significant (P<0.001) lower intensity of fluores-
cence was detected after 2 h of incubation, compared
with a wild-type control (Fig. 2d).
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Fig. 1 Screening of haem-responsive mrp genes in Haemonchus contortus. a Phylogenetic analysis of genome widely identified multiple drug
resistance proteins (MRP) inH. contortus and their homologues in Caenorhabditis elegans. Amino acid sequences are aligned using ClustalW

and the tree is generated using the Maximum Likelihood method and JTT matrix-based model in MEGA X. Human MRP3 (hMRP3) was used

as an outgroup. The scale and percentage of trees in which the associated taxa clustered together are shown. b Transcriptional profiles of mrp-1/2,
-3,-4,-5,-6 and -7 genes among egg, the first- (L1), second- (L2), third- (L3), fourth-larval (L4) and adult stages of H. contortus, and among L3,
exsheathed L3 (xL3), in vitro cultured L4 stages of this parasitic nematode. The data is presented as normalised transcripts per million. Transcription
of mrp-1/2,-3,-4,-5,-6 and -7 genes in L2 (c) and adult stages (d) of H. contortus when exposed to 0, 10 and 100 uM of haemin chloride in vitro.

A 9-B0CT
for statistical analyses. *P < 0.05, **P < 0.01, ***P< 0.001

We tested the potential role of Hc-MRP-3 in haem
export on a heml mutant of yeast (Aheml) [27], which
cannot synthesise §-aminolevulinic acid (ALA, the first
compound in haem synthesis) and consequently can-
not grow due to insufficient haem acquisition [35, 36].
By introducing Ce-hrg-4 (a membrane haem importer
coding gene from C. elegans) [20] into the Aheml, the
mutant grew well on the plate when provided with
an initial concertation of 1.0 uM of haemin chloride
(Fig. 3a). In contrast, heterologous expression of Hc-
MRP-3 did not rescue but increased the growth defect
of Ahem1, even though provided with exogenous haem
(Fig. 3a). Protein expression of Hc-MRP-3 in the AhemI
also compromised the growth of yeast on culture plate
and in culture medium supplemented with 250 uM of
ALA for endogenous haem biosynthesis in the yeast
(Fig. 3b and c), suggesting an efficient export of synthe-
sised haem. The heterologous expression of Ce-HRG-4

method is used for relative mRNA level calculation. Data are shown as mean =+ standard deviation (SD). Student's t test is performed

and Hc-MRP-3 in Aheml was confirmed using an indi-
rect immunofluorescent assay (Fig. 3d).

MRP-3 protein is dominant in nematode intestine

and hypodermal membrane

To further understand the role of MRP-3 in haem export
in nematodes, we first unveiled the tissue distribution of
this protein in the blood-feeding nematode H. contortus.
Using a polyclonal antibodies-based indirect immunoflu-
orescence assay, we found that Hc-MRP-3 was dominant
in the intestine and the inner hypodermal membrane of
adult worms, irrespective of sex (female and male; Addi-
tional file 2: Fig.S2a and S2b). This tissue expression
pattern of Hc-MRP-3 is like that of HRG-1 and HRG-2
proteins in H. contortus, which has been reported to play
distinct roles in haem homeostasis (haem acquisition
and possibly trafficking) of this blood-feeding parasite
(Additional file 2: Fig.S2c) [26, 27]. Although Hc-MRP-3
was also detected to be dominant in the germ cells of
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Fig. 2 The exporter activity of Hc-MRP-3 in mammalian cells. a Co-localisation analysis of Hc-MRP-3-green fluorescent protein (GFP) in Hela cells.
hRab5a is an early endosomes marker, hRab7a is a late endosomes marker. hRab5a and hRab7a are labeled by mCherry. Lyso-Tracker is a lysosomes
marker, and Dil is for plasma staining. DAPI is for nucleus staining. Scale bar, 10 um as indicated. b Calcein, carboxyfluorescein (CF), and Rho123
fluorescence-activated cell sorting (up subpanel) and efflux analyses of cells expressing Hc-MRP-3 (down subpanel). ¢ Mean fluorescence intensity
of calcein, CF and Rho123 in cells expressing Hc-MRP-3 after treatment with an MRP inhibitor MK571. d Uptake of zinc mesoporphyrin IX (ZnMP;

a fluorescent haem analogue) by HEK 293T cells (left subpanel), and fluorescence-activated sorting (middle subpanel) and efflux analysis of cells
expressing Hc-MRP-3 (right subpanel). Data are shown as mean + standard deviation (SD). Student’s t test is performed for statistical analyses. ***P <
0.001. MFI, mean fluorescence intensity
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Fig. 3 Haem export activity of Hc-MRP-3 in yeast cells. a Spotting assay of Ahem1 (vector control, which cannot synthesise 6-aminolevulinic acid
(ALA, the first compound of haem synthesis de novo), Ahem1 expressingCe-HRG-4 (positive control) or Hc-MRP-3 on plate, when supplemented
with 0.5, 1.0 or 2.5 uM haemin chloride. b Growth assay of Ahem1 (vector control), Ahem1 expressing Ce-HRG-4 (positive control) or Hc-MRP-3
in culture medium, when supplemented with 2.5 uM haemin chloride or 250 uM ALA. The growth of yeast is assessed by measuring
ODgqq0f the culture medium after 24 h of incubation. ¢ Spotting assay of Ahem1 and Ahem 1 expressing Ce-HRG-4 or Hc-MRP-3 on plate,
when supplemented with ALA. Neither ALA nor haemin chloride is supplemented in the negative control. Data are shown as mean + standard
deviation (SD). Student’s t test is performed for statistical analyses. **P < 0.01, ***P < 0.001. d Indirect immunofluorescence microscopy of Ahem1
yeast expressing Ce-HRG-4-Flag or Hc-MRP-3-Flag using an anti-Flag antibody. Scale bar, 2 um
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H. contortus adult females (Additional file 2: Fig.S2a),
suggesting a role of this haem exporter protein during
fertilisation and/or embryonation. However, due to tech-
nical limitations in exploring these in vivo processes, we
focused our study on the role of Hc-MRP-3 in the larval
and adult stages of H. contortus, which can be maintained
shortly in vitro.

RNAi(mrp-3) compromises the efflux of a fluorescent haem

analogue in the free-living larvae

By integrating RNA interference (RNAi)-mediated gene
knockdown and fluorescence efflux assays, we tested
the role of Hc-mrp-3 in the free-living larvae (e.g. Lls,
L2s, and L3s) of H. contortus, in which the transcrip-
tion of this gene was certainly detected using a quanti-
tative real-time polymerase chain reaction (Additional
file 2: Fig. S3a). After efficient gene knockdown of Hc-
mrp-3 (P<0.001; Additional file 2: Fig. S3b), a significant
(P<0.01) but not obvious decrease of Rho123 efflux was
observed in the treated larvae (Fig. 4c). By contrast, only a
punctate distribution in the intestine and regional distri-
bution of calcein and CF were observed in the pharynges
of RNAi(Hc-mrp-3)-treated larvae of H. contortus (Fig. 4a
and b), representing significantly decreased efflux rates of
calcein (by ~40%; P<0.001) and CF (by~40%; P<0.001),
compared with untreated and irrelative controls.

Using this RNAi(Hc-mrp-3)-treated larval model,
we tested the role of MRP-3 in haem export in H. con-
tortus. After supplementation with a fluorescent haem
analogue ZnMP for 4 h, we detected an accumulation
of red fluorescence in the intestine of RNAi(Hc-mrp-3)-
treated larvae, compared with untreated control (Fig. 4d).
However, the impact (a decrease of 25%; P<0.05) of
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RNAIi(Hc-mrp-3) on the efflux of ZnMP in treated larvae
was not as obvious as that of calcein and CF (a decrease
of ~40%) (Fig. 4a, b, and d).

mrp-3 gene is involved in haem homeostasis

in the free-living larvae

Indeed, compared with wildtype control, gene silenc-
ing of Hc-mrp-3 was linked to increased mRNA levels
of Hc-hrg-1 (P<0.001), Hc-hrg-2 (P<0.01), and Hc-gst-1
(P<0.001) in the treated larvae of H. contortus (Fig. 5a—
c), which all have been reported or proposed to be
involved in haem homeostasis [26, 27, 37]. Specifically,
when the RNAi-treated larvae were exposed to 0.1 uM
of haemin chloride, the transcriptional level of Hc-hrg-1
(P<0.001), Hc-hrg-2 (P<0.01), and Hc-gst-1 (P<0.001)
significantly decreased, compared with unexposed larvae
(Fig. 5d—f); when the RNAi-treated larvae were exposed
to a higher initial concentration (10 uM) of haemin chlo-
ride, the transcriptional levels of Hc-hrg-1 (P<0.001) and
Hc-gst-1 (P<0.001) consistently decreased while the tran-
scriptional level of Hc-hrg-2 (P<0.001) increased, com-
pared with unexposed larvae or larvae exposed to a lower
concentration (0.1 pM) of haem (Fig. 5g—i), indicating
a regulatory network of Hc-mrp-3 and genes involved
in haem homeostasis. In addition, an increased level of
haemozoin (a crystallisation complex of free haem usu-
ally formed during haem detoxification) [7] was detected
in the RNAi(Hc-mrp-3)-treated larvae of H. contortus,
particularly when supplemented with 10 pM (P<0.001),
100 uM (P<0.05), and 1000 uM of exogenous haem in
the culture medium after either 24, 48 or 72 h (Fig. 5j and
k). The relationship among Hc-mrp-3, exogenous haem
and haemozoin in the free-living larvae of H. contortus
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Fig. 4 RNA interference-mediated gene knockdown of Hc-mrp-3 results in dye accumulation in the gut and pharynx. a-d The influences

of RNAi(Hc-mrp-3) on the efflux of rhodamine 123 (Rho123), calcein, carboxyfluorescein (CF) and zinc mesoporphyrin IX (ZnMP; a fluorescent haem
analogue). Data are shown as mean + standard deviation (SD). Student’s t test is performed for statistical analyses. Scale bars, 10, or 20 or 50 um.
Data are shown as mean + standard deviation (SD). Student’s t test is performed for statistical analyses. *P< 0.05, ***P < 0.001
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demonstrating the involvement of Hc-mrp-3 in haem homeostasis under low and high concentrations of exogenous haem. In the condition

of insufficient exogenous haem, hrg-T1 is upregulated while mrp-3 is downregulated to facilitate efficient haem acquisition and utilisation;

by contrast, in the condition of excessive exogenous haem, hrg-1, hrg-2 and gst-1 are downregulated, mrp-3 is upregulated, and the formation

of haemozoin is increased for efficient haem efflux and detoxification

suggests a role of mrp-3 in dealing with extra, toxic free
haem at the blood-feeding stages of this parasite (Fig. 51).

mrp-3 gene is required for haem detoxification

in the blood-feeding larvae in vitro

Using a well-established culturing system [38], we
obtained L4s of H. contortus which usually feed on blood
within host animals, by activating and culturing the
infective larvae (L3s) in vitro for 4 days. In the in vitro
cultured L4s, gene silencing of Hc-mrp-3 was conducted
by soaking the activated L3s with liposome-encapsu-
lated small interfering RNAs for at least 4 days (Fig. 6a).
Compared with wildtype control, RNAi(Hc-mrp-3) did
not affect the larval development or mortality of treated
larvae (Fig. 6b and c), but stimulated the survival of L2s
(0.001-0.1 uM) as well as the development (0.1-1 uM)
and survival (0.1 pM) of in vitro cultured L4s when

supplemented with a low-concentration of haemin chlo-
ride (Fig. 6d, e and g). However, higher concentrations of
exogenous haem resulted in decreased larval develop-
ment (after 4 days of treatment with 10 or 100 pM haem)
and survival rate (after 6 days of treatment with 100 uM
haem) of RNAi(Hc-mrp-3)-treated larvae (Fig. 6d, f and
h), suggesting a toxic nature of excessive free haem and a
requirement of Hc-mrp-3 for haem efflux and detoxifica-
tion in the L4s of H. contortus.

Supplementing a toxic haem analogue (gallium proto-
porphyrin IX, GaPP IX) into the culture medium for 24 h
resulted in increased larval mortality of L2s (Fig. 6i) and
in vitro cultured L4s (after 72 h; Fig. 6j). The concentra-
tion of GaPP IX that killed 50% of wildtype L2s in vitro
(LCy,) was measured at 12.00 uM. Gene silencing of Hc-
mrp-3 significantly increased the sensitivity of treated
L4s to the toxic GaPP IX, with the LC,, measured at
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12.64 nM (Fig. 6i). The LCy, of GaPP IX for in vitro cul-
tured wildtype L4s and RNAi(Hc-mrp-3)-treated L4s was
measured at 55.35 and 1.18 uM (Fig. 6j), verifying the
detoxification role of MRP-3 in H. contortus. The efflux
role of Hc-MRP-3 was verified in the in vitro-cultured
L4s (Fig. 6k).

Gene transcription of mrp-3 in blood-feeding larvae

is activated but not uniquely regulated by NHR-14

Given the fact that no haem-responsive element
(HERE) [39] was identified for mrp-3 in H. contortus
and related species (Fig. S3d), we attempted to eluci-
date the mechanisms underlying its haem-responsive

feature and its connected regulatory network of genes
in haem homeostasis and detoxification.

By screening genes that are haem-responsive in the
L4s of H. contortus, a total of 184 genes (including 106
upregulated and 78 downregulated genes) were found
differentially transcribed in response to 1000 pM of
haem chloride in vitro (Fig. 7a), and 645 genes (includ-
ing 395 upregulated and 250 downregulated genes) in
response to 10% sterile defibrinated host blood in vitro
(Fig. 7b). Apart from immune-associated molecules,
these upregulated genes were functionally linked to
a range of pathways, including ABC transporters and
lysosomes both of which are closely related to haem
transport, as well as steroid hormone biosynthesis,
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which produces ligands for nuclear hormone receptors
(NHRs, a class of transcription factors) (Fig. 7c). This
information suggests that NHRs might play a role in
regulating the transcription of mrp-3 in H. contortus
during the blood-feeding stages.

Indeed, at least nine nhr genes were found to be upreg-
ulated or downregulated significantly in H. contortus in
response to haemin chloride or blood treatment (Fig. 7d
and Additional file 3: Table S2). Specifically, in RNAi(Hec-
mrp-3)-treated infective larvae of H. contortus, mRNA
levels of four mhr genes were significantly (P<0.01)
increased, with nhr-14 showing the most marked tran-
scriptional upregulation (Fig. 7e), suggesting a role of
NHR-14 (essentially a transcription factor) in regulat-
ing the transcription of Hc-mrp-3 in H. contortus. Using
a luciferase assay, we verified that Hc-NHR-14 activated
the transcription of Hc-mrp-3 in transfected HEK 293 T
cells, in a dose-dependent manner (R*>=0.9483; Fig. 7f).
Furthermore, with reference to control, gene knockdown

of Hc-nhr-14 (Fig. 7g) induced higher mRNA levels of
Hc-hrg-2 (P<0.001) and Hc-gst-1, while a lower mRNA
level of Hc-hrg-1 was found in the treated larvae of H.
contortus (Fig. 7h). Gene knockdown of Hc-nhr-14 did
not significantly influence the transcription of He-mrp-3
(P>0.05) (Fig. 7h). Simultaneous gene knockdown of Hc-
mrp-3 and Hc-nhr-14 resulted in higher mRNA levels of
Hc-hrg-1 (P<0.001), Hc-hrg-2 (P<0.001), and Hc-gst-1
(P<0.001) (Fig. 7i). These results suggest that NHR-14 is
unequivocally a regulator (but may not be the unique and
principal one) of Hc-mrp-3 gene transcription and is very
likely involved in haem homeostasis in H. contortus.

mrp-3 and nhr-14 are essential for the blood-feeding larvae
to cope with extra haem

In RNAi(Hc-mrp-3)-treated L4s of H. contortus, 10 uM
of haemin chloride (which resulted in increased haemo-
zoin and larval mortality; cf. Figures 5j and 6d) was
linked to an upregulation of Hc-nhr-14 (Fig. 8a); in
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RNAIi(Hc-nhr-14)-treated L4s, either 0.1 or 10 pM
of haemin chloride significantly (P<0.001) increased
the mRNA levels of Hc-mrp-3, Hc-hrg-1 and Hc-gst-1
(Fig. 8b); in RNAi(Hc-mrp-3 and Hc-nhr-14), both 0.1
and 10 pM of haemin chloride significantly (P<0.001)
decreased the mRNA levels of Hc-hrg-1, Hc-hrg-2 and
Hc-gst-1 (Fig. 8c), compared with the larvae that were
not exposed to exogenous haem. The transcriptional
relationships among genes Hc-nhr-14 and Hc-hrg-1, He-
hrg-2, Hc-gst-1 indicate the role of Hc-nhr-14 in haem
homeostasis.

Although RNAi(Hc-nhr-14) did not affect the sur-
vival of in vitro cultured L4s of H. contortus (Fig. 8d), it
increased the mortality of treated larvae when exposed
to 0.1-100 pM exogenous haem (Fig. 8e). The sensitivity
of RNAi(Hc-nhr-14)-treated larvae to exogenous haem
was even enhanced by simultaneously knocking down
Hc-mrp-3 in H. contortus (Fig. 8e and Additional file 2:
Fig. S3c). These results show that both Hc-mrp-3 and He-
nhr-14 are required for haem homeostasis and detoxifi-
cation in H. contortus L4s, representing target candidates
against the blood-feeding stages of this parasite within
host animals.

Discussion

Nematode parasites usually lose metabolic complexity
and rely on the host environment for nutrient provision,
causing immense harm to infected humans and animals
[40]. Understanding the fundamental biology of these
pathogens within host animals is efficient in screening the
“Achilles heel” for the development of novel intervention

targets, since there is a lack of vaccines for most parasitic
worms. For instance, parasitic nematodes cannot synthe-
sise haem de novo and must acquire this essential nutri-
ent from the environment or the host animals [15, 16],
thus the chokepoint of haem acquisition (i.e. only one
haem importer has been found in a wide range of para-
sitic nematodes) represents an intervention target for the
control of nematode infection [27, 30]. However, com-
pared with the “bright side” of haem in nematodes [15],
little is known about how nematodes survive from the
cytotoxicity of this molecule (the “dark side”), particu-
larly for haemophagous species in which red blood cells
are ruptured and release a large amount of free haem. In
the current work, we report a novel efflux machinery for
haem detoxification in a blood-feeding nematode.

The first key component of the haem efflux machinery
is MRP-3, a specific member of the multidrug resistance
protein (MRP) family known for their ABC transporter
activity and roles in anthelmintic resistance [41-44].
Although mrp-5 gene has been reported to play a role
in haem trafficking from the intestine to the pseudoc-
oelom in the free-living nematode C. elegans [19] and
haem-responsive in Brugia malayi, a causative agent of
lymphatic filariasis [30], mrp-3 gene appears to be more
sensitive to exogenous haem in the H. contortus, and
thus likely more important for this and related blood-
feeding nematodes. After systematic explorations, we
demonstrate that MRP-3 protein is dominant in the inner
membrane of hypodermis (which usually adheres to the
excretory column) and the intestine of adult H. contor-
tus, functions in haem analogue efflux, is involved in a
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gene network for haem homeostasis, and is required for
haem detoxification. In addition, stronger evidence is
that there is an increased level of haem pigment (known
as haemozoin, usually found in haem detoxification
processes) [7] in the RNAi(mrp-3)-treated larvae of H.
contortus, particularly in response to haem exposure.
Clearly, mrp-3 encodes an exporter of substrates and is
required for haem detoxification in blood-feeding nem-
atodes. Surprisingly, although the mrp-3 gene exhibits
a haem responsive feature and is tightly regulated for
haem homeostasis, the canonical responsive element
(i.e. HERE) [39] for haem responsive genes is not pre-
dicted in H. contortus and other related nematodes. A
better understanding of this mystery should provide
more biological details for MRP-3 in haem efflux and
detoxification.

Indeed, the nuclear hormone receptor NHR-14 is elu-
cidated to activate the transcription of mrp-3, represent-
ing a possible regulatory component of the haem efflux
machinery in H. contortus. NHR-14 is a member of the
protein superfamily characterised by a modular archi-
tecture of DNA-binding domain and ligand-binding
domain in multicellular organisms [45, 46], usually func-
tions as ligand-activated transcription factors in regu-
lating gene transcription in metazoans [47]. The most
famous nuclear hormone receptor in nematodes is DAF-
12, which controls the exit from the dauer stage of C.
elegans and the activation of infective larvae of parasitic
nematodes via regulating an intricate network of genes
and microRNAs [48-52]. In this work, using a transcrip-
tomic screening approach, we identified that NHR-14 is
related to the haem exposure and the regulation of mrp-
3, and tested that this protein is indeed involved in haem
homeostasis and required for haem detoxification in H.
contortus. Although NHR-14 has been reported to play
roles in DNA-damage-induced apoptosis and intestinal
iron uptake in C. elegans [53, 54], little is known about its
role in the haem detoxification of blood-feeding nema-
todes. Nonetheless, gene silencing of nhr-14, though not
sufficient, is linked to an increased sensitivity of treated
worms to exogenous haem; simultaneous gene knock-
down of both mrp-3 and nhr-14 can result in a higher
lethality of treated worms, verifying the crucial role of
NHR-14 in haem detoxification. However, nhr-14 RNAi
did not significantly influence the transcription of mrp-
3. The haem regulation of mrp-3 is likely a non-specific,
haemostasis-associated secondary effect, which can
be explained by the biological fact that MRP-3 is not a
haem-specific transporter. Apart from nhr-14, the role
of other nhr genes affected by mrp-3 RNAi also warrants
further investigations.

Molecules previously known to be involved in nema-
tode haem homeostasis are also major components of the
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haem efflux machinery in blood-feeding nematodes. In
H. contortus, we found that there is a clear relationship
between the genes involved in haem acquisition (e.g. /irg-
1), haem binding (e.g. srg-2 and gst-1) and haem export
(e.g. mrp-3): when there is sufficient haem in worms,
haem acquisition will be decreased while haem trans-
port and export increased; perturbation of mrp-3 (and
nhr-14 although not fully elucidated) involved in haem
efflux results in an accumulation of haem and death of
worms. Although there are some genetic and functional
discrepancies between free-living and parasitic nema-
todes, these molecules are well conserved in a wide range
of parasitic nematodes of humans and animals. Nuclear
hormone receptors and ABC transporters have already
been proposed as potential intervention targets for para-
sitic nematodes [55]. Our findings indicate that NHR-14
and MRP-3 are the most promising target candidates for
H. contortus and related parasites. Further investigations
of endogenous and exogenous ligands that activate NHR-
14 and whether the ligand-activated receptor regulates
the transcription of other haem-responsive genes should
provide more implications for the biological research of
blood-feeding nematodes.

Conclusions

In conclusion, we demonstrate that MRP-3 plays a role
in haem efflux and is required for haem detoxification
in a haematophagous nematode. The role of MRP-3 in
haem efflux is somehow associated with the nuclear hor-
mone receptor NHR-14, and gene silencing of MRP-3
and NHR-14-coding genes markedly compromised the
survival of worms exposed to exogenous haem. These
findings provide novel insights into the haem biology
of parasitic worms and indicate potential targets for the
intervention of parasitic diseases in humans and animals.

Methods

Cell line, yeast mutant and nematode

The human embryonic kidney (HEK) 293 T cell line was
purchased from IMMOCELL (Kunming, China) and
maintained according to the manufacturer’s instructions.
The Aheml mutant of yeast (Saccharomyces cerevisiae)
was constructed as described in our recent work [27]
and maintained in a 2% glucose synthetic complete (SC;
-LEU) medium supplemented with 250 pM 5-aminole-
vulinic acid (ALA; Sigma-Aldrich, USA) at 30 °C. The
eggs, first- (L1s), second- (L2s), third- (L3s), exsheathed
L3s (xL3s), and fourth-stage larvae (L4s; in vitro and
in vivo), and adults of H. contortus (Z] strain) were pro-
duced using well-established protocols as described pre-
viously [27, 56].
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Genome-wide identification

Genes coding for MRPs in H. contortus and other para-
sitic nematodes were predicted using the EnsemblCom-
para GeneTrees pipeline [57], with reference to the
mrp genes of C. elegans, the free-living model organ-
ism. Nucleotide acid sequences of mrp gene candidates
and deduced amino acid sequences were obtained from
the WormBase ParaSite database (version: WBPS17)
(https://parasite.wormbase.org/). To confirm sequence
integrity, a domain architecture analysis was performed
for the deduced amino acid sequences using InterProS-
can v.5.24.63 [58]. Full-length sequences were aligned,
and the likelihood of these sequences was calculated on
a maximum-parsimony guide tree for all relative homo-
logues using MEGA X v.10.1.8 [59].

Transcriptional profiling

RNA-seq data sets (SRP928055, SRP928056, SRP928057,
SRP928058, SRP928059, SRP928060, SRP928061, SRP928062,
SRP928063, SRP136037) publicly available for H. contortus
(Haecon-5 strain) were downloaded from the sequence read
archive (SRA) at the National Center for Biotechnology Infor-
mation [56, 60]. Clean reads were mapped to the reference
genome of H. contortus (BioProject PRJEB506; haemonchus
contortus MHCOB3ISE_4.0; [61]) using Bowtie v.2.1.0 within
the software package RSEM v.1.2.11 [62, 63]. The count of
reads that were mapped to gene models (including curated
mrp genes) was normalised as transcripts per million (TPM)
among the key developmental stages (i.e. egg, L1, L2, L3, L4,
and adult) of H. contortus or experimental conditions (e.g.
L3s, xL3s, and L4s), then visualised in heatmaps using pheat-
map v.1.0.12.

Haem response assay

The larvae (L2s) of H. contortus were washed in antibi-
otic—antimycotic solution (10 pg/ml amphotericin B,
100 U/ml streptomycin, 100 U/ml penicillin, 40 pg/ml
gentamycin and 100 pg/ml ampicillin) at room tempera-
ture. The adults (females and males mixed) of H. con-
tortus were extensively washed in a prewarmed (37 °C)
antibiotic—antimycotic solution. Sterilised worms were
then transferred to RPMI 1640 medium (25 mM HEPES,
5 mM glutamine, 1% FBS, 100 U/ml streptomycin, 100 U/
ml penicillin, and 2 pg/ml amphotericin B) supplemented
with 0, 10 or 100 uM haemin chloride (Sigma-Aldrich,
USA) and incubated at 28 °C or 10% CO,, 37 °C for 24 h.
After incubation, the worms were harvested by centrifu-
gation (1000 X g for larvae collection while flash for adult
collection) for 5 min, washed three times in PBS, snap
frozen in liquid nitrogen and stored at—80 °C until use.
The mRNA levels of Hc-mrp-3 in the larvae and adults in
response to haemin chloride exposure (0, 10 and 100 uM)
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were determined using quantitative real-time polymerase
chain reaction (qQRT-PCR) assays.

gRT-PCR
Total RNAs were extracted from each sample of the eggs,
larvae and adults, or treated or untreated larvae of H.
contortus using the TRIzol reagent (Invitrogen, USA),
following the manufacturer’s protocols. Complemen-
tary DNA (cDNA) was synthesised using a ReverTra Ace
qPCR RT Kit (Toyobo, Japan); then diluted cDNA was
used to amplify the sequence of mrp-1/2, mrp-3, mrp-4,
mrp-5, mrp-6, mrp-7, and related genes (e.g. Hc-hrg-1,
Hc-hrg-2, He-gst-1 and related nhr genes) employing an
SYBR Green real-time PCR master kit (Toyobo, Japan),
according to the manufacturer’s instructions, on a Light-
Cycle 480 system (Roche, Basel, Switzerland). At least
three biological or technical replicates of each sample
were assessed, with the small subunit of the nuclear ribo-
somal RNA gene (185 RNA) used as an internal control
[64]. A 2722CT method was used to analyse the transcrip-
tional changes of a specific gene [65]. The primer sets
used in this experiment are shown in Additional File 4:
Table S3. At least three technical replicates were included
for the data collection and analysis.

Lentivirus transduction

The coding sequence of Hc-mrp-3 was cloned into the
pLenti CMV GFP Puro vector (pLenti CMV GFP Puro
(658-5) was a gift from Eric Campeau & Paul Kaufman
(Addgene plasmid # 17,448; http://n2t.net/addgene:
17448; RRID: Addgene_17448) [66] via the Xbal 1 and
Sal 1 sites. The recombinant pLenti CMV GFP Puro-Hc-
mrp-3-Flag plasmids were introduced into HEK 293 T
cells with psPAX2 and pMD2.G after packing with lipo-
fectamine 2000 (Invitrogen, USA). Infectious lentivi-
rus particles were harvested from the DMEM culture
medium after 48 h by centrifugation at 800x g at 4 °C for
5 min, then filtered through a 0.45-pM-pore cellulose
acetate filter. The purified lentivirus particles (1.5 mL)
were added to the culture medium to transduce HEK
293 T cells in 6-well plates at 37 °C, 5% CO, for 24 h. The
transduced cells were treated with 0.5 pg/mL puromycin
for 3 generations and then screened for monoclonal cells
to obtain resistant or positive colonies.

Subcellular localisation

The subcellular localisation was conducted using a well-
established method [27]. In brief, the coding sequence
of Hc-mrp-3 was cloned into the pLenti CMV GFP/
FLAG Puro vector via the BamH I and Xba I site. The
recombinant plasmid was transiently transfected or co-
transfected with hRab5a or hRab7a recombinant plas-
mids into HEK 293 T or Hela cells in laser confocal Petri
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dishes using lipofectamine 2000 (Invitrogen, USA). The
transfected cells were stained in Lyso-Tracker Red (Beyo-
time, China) or Dil staining kit (Beyotime, China) using
the manufacturer’s protocols. Cell nuclei were stained
using DAPI (Beyotime, China). Subcellular localisation
was determined by confocal microscope (LSM880, Carl
Zeiss).

Flow cytometry

The fluorescence efflux assay was conducted using a
well-established method [20, 34, 67]. In brief, 2 uM of
Calcein-AM (Beyotime, China), 5 pM of 5(6)-carboxy-
fluorescein (Sigma-Aldrich, USA) or 20 pM of ZnMP
(Frontier Scientific, USA) were added into the culture
medium DMEM of resuspended HEK 293 T cells at
37 °C, 5% CO, for 30 min or 2 h (ZnMP); then, the cells
were washed with PBS and resuspended in fresh DMEM
and incubated at 37 °C, 5% CO, for 30 min. After wash-
ing in PBS, fluorescence-activated cell sorting analy-
sis was performed on a flow cytometer (BD Bioscience,
USA). Rhodamine 123 (2.5 pM) (Beyotime, China) was
used as a control [67]. An inhibitor for MRP-1 known as
MK571 (10 uM) [33] was used to inhibit the function of
Hc-MRP-3. The data were calculated as the ratios of the
mean fluorescence intensity of wild-type HEK293T cells
for the efflux assay.

Heterologous expression

The coding sequence of Ce-hrg-4 or Hc-mrp-3 was
inserted into the pYES2/CT vector (Thermo Fisher,
USA) via the Hind 1l and Kpn I sites. After sequencing,
the recombinant plasmids were transformed into the
Aheml yeast cells using a lithium acetate method [68,
69]. Transformed yeast was inoculated on a 2% glucose
synthetic complete (SC; -Ura/-LEU) plate supplemented
with 250 pM ALA, then streaked onto a 2% raffinose
SC (-Ura/-LEU) plate supplemented with 250 uM ALA.
Transformants were inoculated into a 2% raffinose SC
(-Ura/-LEU) liquid medium supplement with 0.4% galac-
tose and 250 uM ALA, collected at mid-log phase, and
fixed with 3.7% paraformaldehyde (PFA) for 1 h at room
temperature.

Yeast spotting and growth assays

A colony of transformed yeast was inoculated into
a 2% raffinose SC (-Ura/-LEU) medium and cul-
tured for 18 h to deplete haem, then diluted in water
(OD600=0.2). tenfold-serial dilution (5 pL) of trans-
formant was spotted onto a 2% raffinose SC (-Ura/-
LEU) plate supplemented with haemin chloride (0.5,
1 or 2.5 uM), 250 uM ALA (positive control) or water
(negative control), and 0.4% galactose, incubated at 30
°C for 3 days, and imaged. Growth curves of Aheml
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were determined by measuring the OD600 after cultur-
ing cells (OD600=0.1) in 2% raffinose SC (-Ura/-LEU)
liquid medium supplemented with 2.5 uM haem or
250 uM ALA and 0.4% galactose after 14, 16, 18, 20, 22
and 24 h.

Immunofluorescence assay

The HEK 293 T cells were cultured to 80-90% conflu-
ent in laser confocal a petri dish and fixed with cold
methanol at—20 °C for 15 min. The fixed cells were
blocked with 0.1% BSA at 37 °C for 1 h, incubated with
primary antibodies (rabbit anti-Flag; Cell Signaling
Technology, USA) at a 1:1000 dilution at 37 °C for 1 h,
then with a goat anti-rabbit IgG(H + L) Cross-Adsorbed
ReadyProbe Secondary Antibody, Alexa Fluo 488 (Inv-
itrogen, USA) at a 1:1000 dilution at 37 °C for 1 h. The
nuclei were stained with 0.5 pg/mL 4,6-diamidino-
2-phenylindole (DAPI) (Sigma-Aldrich, USA) at room
temperature for 30 min.

Immunofluorescence assay on yeast cells was per-
formed using a well-established method [68]. In brief,
yeast cells were cultured to mid-log phase and fixed with
3.7% w/v formaldehyde for 1 h at room temperature; the
fixed cells were washed with 100 mM potassium phos-
phate buffer, pH 6.5, then digested with sorbitol phos-
phate-citrate buffer (SPC) containing 10% glusulase and
0.01% zymolyase 20 T for 90 min at 30 °C; the digested
cells were washed and added onto poly-L-lysine-coated
slides at room temperature for 5 min then with cold
methanol for 5 min, and blocked with PBS containing
2% milk and 0.1% Tween-20 at room temperature for
5 min. The blocked cells were incubated with the primary
antibodies (rabbit anti-Flag; Cell Signaling Technology,
USA) at a 1:1000 dilution at 37 °C for 1 h, then with a goat
anti-rabbit IgG(H+L) Cross-Adsorbed ReadyProbe Sec-
ondary Antibody, Alexa Fluo 488 (Invitrogen, USA) at a
1:1000 dilution at 37 °C for 1 h.

For the immunofluorescence assay on H. contortus,
adult worms (females and males) were fixed in 4% para-
formaldehyde for 48 h, embedded in paraffin and pro-
cessed for 5-um tissue sections. Worm sections were
bathed in 100 °C citrate antigen retrieval solution (pH
6.0) for 20 min, blocked in 10% donkey serum (Absin,
Shanghai, China) at 4 °C overnight. Blocked sections
were incubated with a primary antibody (mouse anti-
Hc-MRP-3 polyclonal antibodies, prepared internally) at
a 1:200 dilution, followed by a donkey anti-mouse IgG
(H+L) ReadyProbe Secondary Antibody, Alexa Fluo 488
(Invitrogen, USA) at a 1:1000 dilution, then stained with
0.5 pg/mL 4;6-diamidino-2-phenylindole (DAPI) (Sigma-
Aldrich, USA) for 30 min. Images were taken using an
LSM880 confocal microscope (Zeiss, Germany).
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dsRNA-mediated RNAi in L2s

A feeding method was used to conduct gene silencing
of Hc-mrp-3 in the free-living stages of H. contortus as
described previously [27, 70]. In brief, a fragment of Hc-
mrp-3 coding sequence was cloned and inserted into the
L4440 vector via the Hind 111 and Kpn 1 sites. Escherichia
coli HT115 transformed with the recombinant plasmids
was used to feed the newly hatched larvae of H. contor-
tus. The larvae were incubated at 28 °C with 80% relative
humidity for 6-10 days. The phenotypes of treated lar-
vae were monitored in aspects of development, motility,
and death every day. Bt-crylAc from Bacillus thuringien-
sis (GenBank accession no. GU322939.1) was used as an
irrelevant control [71]. The mRNA levels of Hc-mrp-3 in
treated and untreated larvae were determined using qRT-
PCR and analysed using the 2724¢T method. Primer sets
are shown in Additional File 4: Table S3.

Nematode fluorescence efflux assay

A fluorescence efflux assay was performed on the early
stages of H. contortus using a method modified from a
previous work [72]. In brief, about 1000 RNAi(Hc-mrp-
3)-treated L2s were collected, washed thoroughly in ster-
ile water and centrifuged at 1000x g for 5 min. Purified
larvae were incubated with 4 uM of calcein-AM, 4 uM
of 5(6)-CFDA, 1.5 pM of Rho123, or 50 uM of ZnMP
in sterile water at 28 °C with shaking for 60 min (for
calcein-AM and 5(6)-CFDA), or 15 min (Rho123) or 4 h
(ZnMP), respectively, then washed three times; the lar-
vae were resuspended in sterile water at 28 ‘C with shak-
ing for 30 min (for calcein-AM and 5(6)-CFDA), 15 min
(Rho123) or 1 h (ZnMP), respectively. After centrifu-
gation at 1000x g for 5 min, the larvae were examined
under an LSM880 confocal microscope (Zeiss, Ger-
many), whereas the supernatant was analysed using a
Synergy H1 microplate reader (Biotek, USA). Untreated
larvae were used as a control.

siRNA-mediated RNAi in L4s

Small interfering RNA (siRNA) was used to knock down
Hc-mrp-3 in the L4 stage of H. contortus in vitro, using
a soaking method modified from previous publications
[73, 74]. Briefly, specific siRNAs targeting the coding
sequence of Hc-mrp-3 were designed using an online
server DSIR (http://biodev.extra.cea.fr/DSIR/DSIR.html),
then synthesised and packed with a Lipofectamine
RNAIMAX reagent (Thermo Fisher, USA). The infec-
tive larvae were exsheathed in 0.15% hypochlorite with
shaking at 37 °C for 20 min, washed three times in sterile
physiological saline, transferred to prewarmed DMEM
(~6000 larvae per mL) containing 1% Antibiotic—Anti-
mycotic (Fdbio Science, China), and cultured at 38 C,
10% CO, for 96 h. The packed siRNAs (2 pmol) were
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added into the culture medium and incubated at 38 °C,
10% CO, for 48 h. siRNA from Bt-crylAc was used as
an irrelevant control. The mRNA levels of Hc-mrp-3 in
treated and untreated larvae were determined using qRT-
PCR and analysed using the 27*4¢T method. Primer sets
are shown in Additional File 4: Table S3.

Haemozoin analysis

The isolation and quantification of haemozoin in H. con-
tortus were performed as described previously [29, 75].
In brief, about 600 H. contortus L4s were treated with
siRNAs targeting Hc-mrp-3 or Bt-crylAc and exposed
to 0, 10, 100 and 1000 pM haemin chloride for 24 h
in vitro. Treated worms were washed three times with
sterile physiological saline, then homogenised and centri-
fuged at 1500 g for 30 s. The consequent supernatant was
centrifuged at 12,000 g for 15 min, and the pellets were
washed three times with sterile physiological saline and
dissolved in a 0.1 M NaOH solution. The absorbance of
the prepared sample was determined at 400 nm wave-
length using a Synergy H1 microplate reader (Bio Tek,
USA).

Larval development and mortality assays

The development and death rate of treated larvae of H.
contortus in vitro were determined as described previ-
ously [27, 76]. In brief, RNAi(Hc-mrp-3)- or RNAi(Bt-
crylAc)-treated larvae were exposed to 0, 0.1, 1, 10 or
100 uM haemin chloride in RPMI culture medium and
incubated at 38 °‘C, 10% CO,. The numbers of developed
L4s and dead larvae were calculated every 24 h, and the
larval development rate and mortality rate were calcu-
lated with reference to the blank or irrelevant control at
each time point. At least three biological replicates were
included for the data collection and analysis.

RNA-seq

The in vitro cultured L4s (# ~ 10,000) of H. contortus
were exposed to sterile physiological saline, 1000 puM
of haemin chloride or 10% sterile defibrinated blood at
38 °C, 10% CO, for 24 h. Total RNA was extracted from
three replicates of each treatment using the TRIzol rea-
gent (Invitrogen, USA). High-quality mRNA was iso-
lated using magnetic beads with Oligo(dT), cleaved into
short fragments about 300 bp in length, and subjected
to complementary DNA synthesis and library construc-
tion. Libraries were evaluated using the Agilent 2100
Bioanalyzer (Agilent, USA), then sequenced on the
[llumina Novaseq 6000 platform. After data filtration,
clean reads were mapped to the reference gene models
of H. contortus (BioProject PRJEB506) [61]. Read count
normalisation, difference expression analysis, enrich-
ment analysis and clustering analysis were performed as
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described previously [56]. Fold change>2 and adjusted
P value <0.05 were used as thresholds for differentially
transcribed genes.

Luciferase reporter assay

A dual-luciferase reporter assay was performed using
a well-established method [77]. In brief, 0.2 pg of
pcDNA3.1-nhr-14, 0.1 pg pcDNA3.1-nhr-14 and 0.1 pg
vector, 0.05 pg pcDNA3.1-nhr-14 and 0.15 pg vector,
or 0.2 pg vector were co-transfected with pGL4.20-Hc-
mrp-3-Promoter and pRL-SV40 into HEK 293 T cells in
a 24-well plate. Cells were harvested at 24 h after trans-
fection, and luciferase activity was measured using a
Dual-Lumi II Luciferase Assay Kit (Beyotime, China) fol-
lowing the manufacturer’s instructions. Luminescence
was measured with a Synergy H1 microplate reader (Bio
Tek, USA).

Statistical analysis

More than three biological (data presented as mean + stand-
ard error of the mean) or technical replicates (data pre-
sented as mean + standard deviation) were included in each
assay. Statistical analysis was performed using the Student
t test, one-way ANOVA or two-way ANOVA in GraphPad
Prism 9 (San Diego, CA, USA). P<0.05 was considered sta-
tistically significant unless specified.
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Additional file 1: Table S1. List of multiple drug resistance protein family
orthologues identified in 26 parasitic nematodes of animals or humans.

Additional file 2: Fig. S1. A schematic diagram demonstrating lentivirus-
mediated stable cell line construction and the fluorescence efflux assay.
The diagram shows lentivirus-mediated heterologous expression ofHc-
MRP-3 with Flag tag in the human embryonated kidney (HEK 293T) cell
line and the fluorescence efflux assay. The protein expression of Hc-MRP-
3-Flag in HEK 293T cells is confirmed by an indirect immunofluorescence
assay using anti-Flag antibodies (right subpanel). Scale bar, 2 um or 5 um
as indicated. Fig. S2. Indirect immunofluorescence assay of MRP-3 in the
adults of Haemonchus contortus. Tissue localization (green) of MRP-3 pro-
tein in the female (a) and male (b) adults of H. contortus is indicated using
inner-prepared polyclonal antibodies against Hc-MRP-3. The nuclei are
stained with 4/6-diamidino-2-phenylindole (DAPI) and indicated in blue.
Scale bar, 50 pm, 20 pm or 10 um. (c) A schematic diagram illustrates the
tissue expression patterns of Hc-HRG-1, Hc-HRG-2 and Hc-MRP-3 (created
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in Biorender). The tissue expression pattern of Hc-MRP-3 is partially over-
lapped with that of Hc-HRG-2 in H. contortus. Fig. S3. Mechanism underly-
ing the haem responsive feature for mrp-3 in Haemonchus contortus. (a)
Relative mRNA level of Hc-mrp-3 in the egg, first- (L1s), second- (L2s), third-
(L3s) and fourth-stage larvae (L4s), and adults of H. contortus. Hc-185s RNA is
used as an internal control. One-way ANOVA is used for statistical analyses.
A different letter among the data indicates a significant difference. Rela-
tive mRNA levels of Hc-mrp-3 (b) in RNA interference (Hc-mrp-3)-treated
L2s and Hc-mrp-3 and He-nhr-14 (c) in irrelevant and RNA interference
(Hc-mrp-3 and He-nhr-14)-treated exsheathed L3s after 24 h. Hc-18s RNA is
used as an internal control. A 27T method is used for relative transcrip-
tional data normalisation. Data are shown as mean + standard deviation
(SD). Student t-test is performed for statistical analyses. ***P < 0.001. (d)
Prediction of haem responsive element (HERE) for Hc-mrp-3 and its ortho-
logues, as well as Hc-mrp-1/2 and Hc-mrrp-5 in blood-feeding nematodes,
with information from Caenorhabditis elegans.

Additional file 3: Table S2. Nuclear hormone receptors that are significantly
regulated in response to haem or blood.

Additional file 4: Table S3. Primer sets used in PCR for molecular cloning,
heterologous expression, quantitative real-time PCR and RNA interference.

Additional file 5: Table S4. Detailed information for data values used for
diagrams.
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