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TEHEIZNRET, FIRT—AT 7 F ORI
it hoiz.

BRE: 79 YV 0EE 11 HEBICHEAL, B
o7 EIRHICEKREZZ L.

FRFTR - N8 0 401C, EFIEH, K= : 635kg,
W B - Y L, R EE TS, EER
FRAERE 72 L.

BT R - M HEROHER/PCR: ZHET F
D7 EdR (EREAER01%), i Table 2. HH.

BB A7OF Y (BE1250mgiEEE) THREMR
Ma L, ZSEGEEEEE (FCT : Fever clearance time) :
22 B, BB (PCT ; Parasite clearance
time) : 33MFEICEEB L. A7 X UEERTO6H
Bhs, TIVNEBERTHo T2 END T )T F
v 15mg /B (14 BfE) OF#Es TRIGHEEZ I
7L, ez CEEL.

T F U ERT M BRI, BUOBKAL, £5
FHICUEZES L. MEEREROHE R E PCR
2T, ZHEHTS Y T ORE (RREFEAE 006%)
LWL, AT70F Y (BE1250mgiEE) THIE
$EL, FCT:12M R, PCT: 96 TR L 720 A
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Table 1 Demographic features and clinical course of those treated with primaquine (n=18).

Body ia Parasitemia i -
Case Age Gender weight Contracted Malaria Schizonto

Time between

Duration
completion of acute Adverse

prima- of prima- G6PD  effect of

SO s pecks (u) po o Diasefherbyand Gl e i e Rl
therapy (days) (mg/day) (days) quine
1. 24 M 60  Uganda P.ovale 690 0.02 cloroquine 4 15 14 N.D. (=) (—)
2. 3 M 53  Papua New P.vivax 8700 02 cloroquine -2 30 14 ND. (=) (—)
Guinea
3. 3 M 59  Indonesia P.vivax 9080 02  mefloquine 7 30 14 Normal  (-) (=)
4. 21 F 51 Malaysia  P. vivax 240 0.005 cloroquine -2 30 14 Normal (-) (-)
5. 28 M 86  Brazil P. vivax 32000 0.74 cloroguine 1 15 14 Normal (=) (=)
6. 21 M 38  Uganda P. ovale 50 0.0009 atovaguone/ 05 15 14 Normal  (-) ()
proguanil
7. 20 M N.D. India P.vivax 3190 0.06 cloroquine 1 15 14 Normal (—) (-)
8. 29 M 84  India P.vivax 19920 04 cloroquine 2 30 14 Normal (—) (—)
9. 25 M 55  Papua New P.vivax 4980 0.1 artemether/ 2 30 14 Normal (—) (—)
Guinea lumefantrine
10. 22 F 46 India P.vivax 2260 0.06 cloroquine 47 30 14 Normal (-) (=)
1. 22 F 61  Ghana P.ovale 3150 008 cloroguine 35 15 14 Normal (—) (=)
12. 62 M 70 French P.vivax 15700 0.34 cloroguine 35 15 14 Normal (—) (-)
Guiana
13. 36 M 75  Uganda P. ovale 170 0.0035 mefloquine 25 15 14 Normal () (-)
14 23 F N.D. Ghana P.ovale 470 001 mefloquine 3 15 14 Normal (—) (=)
15, 25 M 635 Brazil P.vivax 5260 0.1 mefloquine 6 15 14 Normal (—) (+)
15%. 26 M 60  Brazil P.vivax 2920 006 mefloquine 2 30 14 Normal (-) (-)
16. 30 M 67.7 Indonesia P.vivax 4260 009 mefloguine 25 30 14 Normal (-) (=)
17 20 M 65 India P.vivax 14,780 033 mefloquine 6.5 30 14 Normal (=) (—)
8. 36 M 80  Papua New P.vivax 930 002 mefloguine 225 30 14 Normal (—) (—)

Guinea

N.D.: No data; *Relapse

Table 2 Laboratory data on relapsed case

admission
WBC 9,920 /uL LDH 537 1U/L
RBC 526 x10* /uL ALP 352 TU/L
Hb 159 g/dL BUN 6.0 mg/dL
Hct 42.8 % Cr 0.84 mg/dL
Plt 79%10% /uL Na 137 mEq/L
T-Bil 1.7 mg/dL K 36 mEq/L
AST 124 1G/L BS 101 mg/dL
ALT 193 IU/L CRP 3.76 mg/dL

7OF VRERT2HEL,S, T F 2 0me EE
/B (14 BH) OBEHECRBEEZBITLL. 20
%127 B, BREEIED TRV,
z =

TIVNMIBITEST Y TORERIZI0HF6TFA
(2009 4E) & &M B, 998% DIEFIETT <V I
THEAEL, 1960 ERUED 7 <V Y IIFE~DOB R
WL )=o) 7OBRERIIEMER I H L. <7
UT7EBDIT% #ZHEHT) 7AED, 163%
REFBR< I TAED, WA S ) 7 HRICHRE
ENnsY.

ZHETZ)T, BIUIRE~I ) 7ORGEREL
LT, HAEEEEL SN TWE 7Y YF Y I5mg s
/B % 14 HE#5 7 2 Fiki, S s o 1952 4F

CKEE#RAESE (FDA ; Food and Drug Admini-
stration) 7%, EI@FEERRO=ZHE#A~ T ) THEHEI
SEBAEMEEL, T7)ARKEANISCEED S H
EEDOGPD ERERB BT AR+ EICHET
LbDTHAH". 20Kk, KBTIV TRNRNTTZa—
FoT7REDFTETZTOZABMTT )T T, EEE
DTN F VB BEOBREMNIS CRES N, &S
BT I L THREENT A LD, FHIRT
BYELZZHH~ ) 7TICH LTI, BHED 30mg
WHE/H% 4 HERS T2 TEI RSN TELY #
DHBEFTIL, A VY RRTIHZRS Y, TN,
aureyF, YIUT, TFFETREHRRT, E
BEOTI)F VE2ES LABICERT LEANRE
SNTHBE

Tk, TR L BWEEEL T DR WK T
D=ZHE~Z) 7TOBREFIHMIBICL->TELRS, 4
Y FTIE9~19%, &4 Tid63%, 7T =a—F=
7 @ Chesson #£ Tl 99% &, ZOHIHEIT K X WY,
ZLT, TR F BERELET LBEOBEERIC
HHIMENDH Y, £~ FTIE0~53%, ¥4 Tik 18%,
T T =2 —F =7 ® Chesson #ix 27~79% & #iE
ENTWAE®PY FLC, REFOBRRELE-TS TN
TiZ 65~14% LFHESN TV B,
BREEICEETAIRNTELELT, 0L 2&HIET

BYIEFHRE B8TE B1F
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B s BEREOBERERSL T v F VIESHEOMIC

UV#/&%E?EE%Eﬁ,E%WE&t#ﬁ%
nTWb, KEREMIE, AERSLEFRBRILEZ &0
+ EREOETF, $hbb, BRELLZHHBETIY
FTEREOT) T F MRBRZUEPSELLLERELTY
5.

—flz, TIRFVEBRERSTAI L TZHE
<5 TOBRRIRIT A0, #EIETIIIYIR
HEOMBICBIIAZAHKI) TR LT, BHE
OTFYF USRI NDL L) oY B, Ot
RREHEE (WHO ; World Health Organization) 13,
HET7T VT EA LTI TOZARTIUTICEREY
E‘f?_”sf L, #ofoBo=B#H~<5") 7 LB I Y

[CIEEE AL T AT A E OB RIS
ﬁnﬂ#ﬁ&btf%é&ﬁ%%mﬁ@%ﬂ% ET
(2010 ) #B701 M I2BVWTH, BHEDO 7YY
FUMHREINLIOWER, EETVTENTTZa—F
7 THEELAZZHBTI ) TOATHY, TOMD
ﬂﬁf@%bt25%7707kW%7507@ﬁ%
BRI, EEEFERESTWAEY., FRIIHL,
HEEMREF (HPA ; Health Protection Agency) 1,
ETORMBOEHEATS ) 7ICH L TCEHE 2 #ESE
L, B~ 7 LI BEE 2 R L TP
KERRE @t/&~<am Centers for Disease
Control and Prevention) &, & THOHMIBNO=HE#T
5U7k%%7907tﬁbf%%i%%ﬁbfm
29 Fi TUFr Rz IIA VY EOHA
T, 22—V AFAMROBEICSFEH SN D25,
15~30mg/H % 2l HE &, SHEZ LY RIIES
THATAHI EMHRENTND".

TR F VIC L BERRIER & Vo i LERROE]
ERITEEREGRETH L. TVTFVILBERDOSRE
fE 1%, 15mg/H TO0%, 30mg/H T4%, 60mg/H
€ 33%, 120mg/HT100% LHME SN TWET. Z
o OWLERERITAEZRNRIZ L VB L, 30me/H
TCRARTREESNTVES, SHETLIVEERE
MEVE% 3AET 5 GEPD BREEEF X, HAATIE
01~05% LIEBIIHTHY, HRASNILLTLE
EE-AHEETHLIEFMOENTVEY. SHOD
LEp<Z ) THEICBARETL, BHEDOTY
<% ERBL &0, BER*EL2B8FERONE
o7z,

RRECTOREEINLIC, GHEZIIF VD

EIfER I, HAARBVWTREHTHLLEEZDLR
oo EHEBEHEOMICEARY ) TOEER
WA EEDI0, 7)< F MREZ RO S AT K
T EREA BB THRE SN TWARREZET A &
HARIZBWTY, JRoMERICEL T, EMEICED

P25 1 A20H

LTEHEDT )T U/ DBHERINERNELERD.
—J, TV F VEERBEABICERELLIET S
THEEOHREIHTH Y, SEHOMETD ﬁ’%’%%

Bonhhos. R~ 7ORGBEEL —#K

WCHEBREN TV LERETTHEER 6%@%“‘%

ARENCBITAEFBIIRONTED, HARAIZ
JAEHEOT) v VERMAOREL LN L 73\
5, KFICBTBEFOERL ZENELZERD
RESHBLMETHLENDH 5.

B <) TOWE - BEEEBL TV
B EREETE Y v ¥ -~ T - BRRSE
s oA LB, BAMET, REMZHEEICEE
LE3. KEFRIE, EE5EHRSEEHB S (BN
FRARFEDOMHD FOLATFR - FEREORBELD
ARSI OME T (H22-B 3R 81 3E—#%-003) ] DB =
Firi.
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Clinical Experience of Primaquine Use for Treatment of Vivax and Ovale Malaria in Japanese Travelers

Taiichiro KOBAYASHI", Yasuyuki KATO", Yuko YAMAUCHI", Mugen UJIIE”, Nozomi TAKESHITA",
Yasutaka MIZUNQO"*, Shuzo KANAGAWA?", Shigeyuki KANO” & Norio OHMAGARI"
"Disease Control and Prevention Center, National Center for Global Health and Medicine,
“Department of Tropical Medicine and Malaria, Research Institute, National Center for Global Health and Medicine,
*Present Affiliation : Department of Infection Control and Prevention, Tokyo Medical University Hospital

Primaquine phosphate has been used to prevent relapse as a radical cure after the acute-phase treat-
ment of vivax and ovale malaria however. Many vivax malaria relapses have been reported following a stan-
dard dose of primaquine (15mg/day for 14 days). A higher dose of primaquine (30mg/day for 14 days) de-
creases the relapse rate, and the concomitant risk of gastrointestinal side effects tends to disappear when
the drug is administered with food. G6PD deficiency is rare in the Japanese population. Although the re-
lapsed phenomenon is reported globally, the higher dose of primaquine is currently recommended in Japan
only for those returning from Southeast Asia or Papua New Guinea.

Cases of 18 Japanese, including 13 vivax malaria and 5 ovale malaria, prescribed primaquine at a refer-
ral center in Japan, were analyzed retrospectively from 2007-2011. Data on diagnosis, treatment, and out-
come were extracted from medical records. Of the 18, 10 with vivax malaria were administered the higher
dose of primaquine. We found that only one suffered relapse-a vivax malarial case returning from Brazil and
treated with the standard dose of primaquine. No ovale malarial case suffered relapse. None, including the
10 prescribed the higher primaquine dose, experienced any adverse side effects.

Based on our findings, we recommend a higher dose of primaquine be used to prevent relapse when
treating Japanese suffering from vivax malaria.
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Emerging parasitic diseases.
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Health and Medicine, Japan and 3 Department of Infectious Diseases, Tokyo Metropolitan Bokutoh General Hospital, Japan.
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1. BILYSYUTFESR Plasmodium knowlesi Kk
MBEFRIEARG (B EREENE L~ ¥ —BF5EAT)

T 12 BT 5N~ 5 T 1 (Anopheles leuco-
sphyrus group) (2 X DS EN B, v MEFIO
METLBEE SN TWeh, <Lb—37 - KL
F 7T 2000~2002 FICERTE 2= 5 ) T 208
Bl 120 B CTPCRIEIZ & D P. knowlesihSFath T
HolaZ EA2004 EIZHEFE SN, EHEZRD S
Ikt FDHK, L= T RHLI,
A, VUHR—=N, T4YE L,
REFL, AR TREPLBEPALIN
5. BIETIE, WET V7 OHRMHE ITTHIEE
DI B FRATHE DIEF) S DI LA 5 #HdE S el
THY, BPETDH 1HIHRETDH 5.
2006~2008 FEiZ,T T, =L — 7 - KT 7
7 MNDIFEEIZABE L7~ ) 7 152 FEBI D
R, &RD70% (2372 % 107 BIA5P. knowlesi
2k 2dbDThHod FE, B, EEEIE
BRI Z EOERRLIM/IMUBA 3 2 E L%
RO E Vo 2 MERAERT AL, ok b
IV TERRIZEAZEUETIVTOENRE K
L7z, 10 BIASHERIRERBEAIC L 2 EERE~ T U 7
DEHEZR T L7228, EHEEFRAE &K D
%<, BRA~T IV TIZEVRT T Y 7TOFRR
EERD N odz. BIRERE & RBIMBIHEAR
B E T 2 R HEFERDFERE T 5 DI B B

Ix v —,
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AREHORIMERPIIEIEE I 24 BRI CH B T &
P TH Y, BEIEHRDOON A, = HE, -
IR~ o) 7TIERBEO X 9 2N TOIRIEA
WAL 2V, REIMBIHRERIZBIT 5 AREH
OB RFBMRIIETTE~ T ) 7R HOEIRMAKIZ
PTEBY, BHRBARINEEZ~S Y 7HED
Fhuzs (1), Zok, $SEETIEES
TEOENVBEHE L WD, BTN EEL 2
5. BN EREENSEE ¥ — W 3epr g R -
< 5 ) THIZEER 2 & CTlE, PCRIEIZ X A2 WA
HRETH 5.

RIEDIRERLFREICE R 2Pt~ o) 7HEIIAR

Bz EbH 50, MOEREICIEZTS YT L
FIFHRICEZ TL WV, BPETEREINTWS X

7u¥y, FL—RIERTHL. EEHTIX
BT 5 ) T DFNICEE U IRENLE I,
B, FHETIE, BEEITERFUTFEE W) &l 2
TORIREEN RO ] BREHAEREICEBNA T2 Z
EAITED. EMBEBFRET V7 TIIUTIZ
BETAHZILIE—RIIDRL BT VEDHNH
IRZZDS, AU IR L 7RICHEE T &2 L
TBRETIIAREZLEY, BB & BED
EIiIns.

2. BRICE->-THFHFIPUKTEI v—H
2R

VX —=HAIR(T AV A MY NV —ThE) T
HFRECRICEET AERI V- Y28 v —=
(Trypanosoma cruzi) DBERIIETH 5. Hr
KoOZE R Mg Z I HEFR T 1,000 5 ADBEHD
W5 [BEA LN WETR (Neglected Tropical
Diseases) |D—2T&H 5. RIMEHTH ZH 4
ADEMBHRIZE TN D ARFE R LR REE A
SIBY AT NERET L. BEIIIRE,

1) o8
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SE% X729 70, e L7z Byt BTy
NELIY B, Z0%, BEILTHEELRET,
#130% DRERGE I DEEE ((REREE, JLIRE
LDHE) BRALNE X HICkA. LERMLE, A
Mooy s L EHE 70y 7 2 FEFIZEED S
ONEHE END. BEREE BEXEBRE
DHELEREEIL, H15% OREZIZALRN, T
~ VRIS R E T ORELNIL .

REROEFEM TIE, HEARMNEOLER L
&0, BESRIGEFERBISHKD L7228 2000
FELRE, Bk EOIFEEMTING OFEM
EDRBEIZY ¥ — H AR BRI N B EEEHS
W2 T &7 2006 SEDWF T, WAEHD S B
L7z RBEHRORBRGE I RENZ 30 TN, AL
26 HN, BOEICHETAVS LHEESIATY
. TNZHbET, FEEMTDEFREGES
Byl - AR L B RREHEF D ME I ND L
N7z,

HREKD S ORISR, H5H5WVIIRITET, O
JEEEE, BEXREE - #BoEbhs BEN Vi
i, AEEEES . MiEZWE, HIRA s
FEATRRYGEMNTER (B - =WATR, EILSB
) BREIRET A ESTE L, BHICE
AR —<EORIZHAS T w»
2%, 50 LA OFER] TLIREE2SEE T Wi
BRI HERI N TS, RPETIE, E
A S B AL ST 58 B e B T BV IR A P SR SR BT
XY, =7V FEY I APREZIN TV S,
3. il RBRRENTFTERE

1) BBLN—EBICEHEL 27 2 75ERE

w8, BE, FE, A FATT7, XM FA
T, VI AFEBEEETHLEMSLE (Taenia
saginata) \Z & {725l (5 L) H5, K
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EETADPOBREES A Z LA H LT Wz,
ZDOFEMIL, EEOGFEWFERIMIEIZED
MG LR IZD, IEEEZONET VT
G (T gsiatica) EFFEEINB LD Tk o7,
7y RRREEEE T 5 ES5H (T, solium) &1
BRERFHICRECERY, 7UTHRRIEE b
ZTOHRIF2ZBEL THEBIEIL S-S 20,

2010 FELIRE, FDSENIZINFEF THIEL W E
ERZONTWT7 V7 SBRAENERMTT = F.0
ICHERRE N D K 91272 572, 2011 4E 2 A £ TIZ
15 IR 2T W 528, BFE DL AZEME
W, MUN—DEERENH DI L5,
EROBEREPREESNT WS, 7¥ 2 lEE
ETBHETRUZZA, AedchoLhH (FHR) D3
BAWNICEHEET HDICHL, TV T&RROZN
EEICHFEANICEFET 5.

BEIIILFD 5 D REPEE 2 FFRITkEE L,
JEIE R TR 2 EOEALSERIIFICA O v
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5 IH 70N (10~20 mg/kg) ZHEMEHT S
(K 2).
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SEERIEAEH 5 IR Ch o 72, FERIZ THIAS
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(196%) ThH o7z, THOEEIZ3IHI RS S
o723, 22 HORER S H o7z FRIZBEIFT,
% OE, 24 B LUAIZHEEL. BRED
WL BERBEICL DITbNL LAY, BEIN:
b T AR EEOE, HHOPCRKRA, JEM
FRA DS BN TIThiL 5.
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TREZBIDZZWI EPL, BEMEHDHE
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Abstract

Heme is an essential molecule for vast majority of organisms serving as a prosthetic group for various hemoproteins.
Although most organisms synthesize heme from 5-aminolevulinic acid through a conserved heme biosynthetic pathway
composed of seven consecutive enzymatic reactions, nematodes are known to be natural heme auxotrophs. The
completely sequenced Caenorhabditis elegans genome, for example, lacks all seven genes for heme biosynthesis. However,
genome/transcriptome sequencing of Strongyloides venezuelensis, an important model nematode species for studying
human strongyloidiasis, indicated the presence of a gene for ferrochelatase (FeCH), which catalyzes the terminal step of
heme biosynthesis, whereas the other six heme biosynthesis genes are apparently missing. Phylogenetic analyses indicated
that nematode FeCH genes, including that of S. venezuelensis (SvFeCH) have a. fundamentally different evolutionally origin
from the FeCH genes of non-nematode metazoa. Although all non-nematode metazoan FeCH genes appear to be inherited
vertically from an ancestral opisthokont, nematode FeCH may have been acquired from an alpha-proteobacterium,
horizontally. The identified SvFeCH sequence was found to function as FeCH as expected based on both in vitro chelatase
assays using recombinant SvFeCH and in vivo complementation experiments using an FeCH-deficient strain of Escherichia
coli. Messenger RNA expression levels during the S. venezuelensis lifecycle were examined: by real-time RT-PCR. SvFeCH
mRNA was expressed at all the stages examined with a marked reduction at the infective third-stage larvae. Our study
demonstrates the presence of a bacteria-like FeCH gene in the S. venezuelensis genome. It appeared that S. venezuelensis
and some other animal parasitic nematodes reacquired the once-lost FeCH gene. Although the underlying evolutionary
pressures that necessitated this reacquisition remain to be investigated, it is interesting that the presence of FeCH genes in
the absence of other heme biosynthesis genes has been reported only for animal pathogens, and this finding may be
related to nutritional availability in animal hosts.
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Leishmania spp. possess the genes for the last three steps which were
horizontally acquired from a gamma—proteobacterium [3]. Insect
trypanosomatid species (Blastocrithidia culicis and Crithidia oncopelts)
cannot synthesize heme by themselves but harbor bacterial
endosymbionts that generate and donate heme or heme precursors
to the host (trypanosomatid) cells [4,8]. More peculiar is the case of
Phytomonas serpens, a plant kinetoplastid [9]. This organism lacks
most of the known hemoproteins including respiratory cyto-
chromes and does not require heme for viability despite its

Introduction

Heme is essential for the vast majority of life serving as
a prosthetic group for many hemoproteins such as catalase,
cytochrome, hemoglobin, myoglobin, and peroxidase [1]. Al-
though most acrobic organisms possess a complete biosynthetic
pathway for this compound [2], certain organisms are deficient in
heme biosynthesis, lacking some or all genes for the hemebiosyn-
thetic pathway. Some anaerobic protists, such as Giardia intestinalis,

Trichomonas vaginalis, Entamoeba histolytica, Cryplosporidium  paroum,
Blastogystis hominis, and Encephalitozoon cuniculi do not possess any
heme biosynthetic genes [3]. Members of the family Trypanoso-
matidae lost some or the entire set of heme biosynthesis genes.
They acquire heme or heme precursors {from their diet [3,4]. In
Trypanosomatidae, members of the genus Trypanosoma lack all the
heme biosynthesis genes [3,5,6,7], whereas other members such as
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dependence on oxidative metabolism [9]. The draft genome of P.
serpens does not appear to contain heme biosynthesis genes other
than ferrochelatase (FeCH, EC 4.99.1.1) [9].

Another important and interesting group of organisms that lack
the ability to synthesize heme is the nematodes. Nematodes, or
roundworms, are typically small, diverse, and highly abundant
metazoan organisms [10]. Although free-living species are found
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Figure 1. Genomic DNA and cDNA sequences of the Strongy-
loides venezuelensis FeCH gene. Both sequences were identical
excluding the intronic region, which existed only in the genomic DNA,
and a nucleotide at the 54th codon (single-underlined), which was
cytosine in the cDNA sequence but was thymidine in the genomic DNA
sequences (silent mutation). The deduced amino acid sequence is
shown below the nucleotide sequence. In-frame stop codons are
indicated by asterisks. 5'- and 3'-splice junction sites that obey the GT-
AG rule of eukaryotic introns are indicated by double lines.
doi:10.1371/journal.pone.0058458.g001

in nearly all habitats (marine, freshwater, and soil), nematodes are
also parasites of vertebrate and invertebrate animals as well as
plants. Molecular phylogenetics have defined five major nematode
clades (I through V), within which parasitism has arisen multiple
times [11]. The genome of Caenorhabditis elegans, which was the first
metazoan genome to be completely sequenced [12], appears to
lack all seven genes necessary to synthesize heme from 5-
aminolevulinic acid [13].

Some hemoproteins of animal parasitic nematodes are partic-
ularly well studied because of the interests in their roles in low-
oxygen environment (host intestine). One such protein is
perienteric hemoglobin of Ascaris lumbricoides (parasitic nematode
of humans), which has an extraordinary high oxygen affinity,
approximately 10,000-fold higher than that of the host’s globin
[14]. The proposed functions of this oxygen-avid hemoglobin
include oxygen detoxification by a reaction driven by nitric oxide
[15] and maintenance of body wall O, tension by creating an
inward-decreasing O, gradient that is considered important for
oxygen unloading from body wall myoglobin, another heme-

PLOS ONE | www.plosone.org

Bacteria-Like Ferrochelatase in Nematode

containing protein [16]. Another example of well-studied nema-
tode hemoproteins is cytochrome 4 in the mitochondrial re-
spiratory complex II of Ascaris suum (swine parasitic nematode). 4.
suum larvae utilize classic mammalian-type respiration, expressing
a small subunit of larval cytochrome & (CybS") [17]. In contrast,
adult worms live in the host small intestine, where oxygen tension
is low and utilize an anaerobic NADH-fumarate reductase system
expressing a different small subunit of cytochrome & (CybS")
instead of CybS™ [17]. Given the important roles played by the
hemoproteins in animal parasitic nematodes, it is interesting to
know how heme molecules are synthesized or acquired from the
animal hosts.

Strongylotdes is a genus of obligate gastrointestinal parasites of
vertebrates that belong to nematode clade IV [18]. Among more
than 50 documented species, two are known to cause human
infections, namely Strongyloides stercoralis and Strongyloides fuelleborni
[18]. It is estimated that 30-100 million individuals are infected
with Strongyloides worldwide primarily in tropic and subtropic
regions [19]. Symptoms are usually absent or mild in immuno-
competent hosts. However, in impaired host immunity, severe
manifestations can develop, and fatalities may ensue [20].

To study strongyloidiasis, Strongyloides venezuelensts, which is
native to rats but can also infect mice, has been widely used as
a model [21]. In a transcriptome scquencing project of this
Strongyloides species, we identified a partial cDNA sequence that
most likely encodes a gene for FeCH [22]. FeCH catalyzes the
terminal step of heme biosynthesis [23]. The existence of FeCH
sequences was noticed in the genomes of Brugia malayi (another
animal parasitic nematode belonging to nematode clade III) and
its bacterial endosymbiont, (Wolbachia). However, further analysis
was conducted only on the FeCH gene in the endosymbiont
genome [24,25].

In the present study, we cloned the entire cDNA sequence of the
FeCH gene from S. venezuelensis (SvFeCH). Our BLAST search on
publically available databases revealed that only a fraction of
nematode species possesses the FeCH gene. Interestingly, all these
species were parasites of mammals. Surprisingly, in our phyloge-
netic analysis, nematode FeCH formed a distinctive clade, and it
was placed distantly from the clade that contains non-nematode
metazoan FeCH, suggesting that the origin of nematode FeCH
genes are different from those of non-nematode metazoan FeCH.
The chelatase activity of the SoFeCH was confirmed by an in vitro
assay using recombinant protein and a gene complementation
assay using an FeCH-deficient Escherichia. coli.

Nematode genes for heme biosynthesis have not been cloned or
characterized to date, essentially because of the nonexistence of
these genes in species commonly used in laboratories such as C.
elegans. Thus, the present study represents the first report of
a cloned active FeCH from organisms in the phylum Nematoda.

Although the biological significance of carrying only the FeCH
gene among other heme biosynthesis genes is unclear, the presence
of this gene only in animal parasites suggests a possible role for this
gene in nutritional adaptation to the animal host environment.

Materials and Methods

Ethics Statement

S. venezuelensis has been maintained over serial passages in male
Wistar rats purchased from Kyudo Co. Ltd. (Kumamoto, Japan).
The animals were housed and handled in the Division of
Parasitology, Department of Infectious Diseases, University of
Miyazaki [26]. All animal studies were conducted under the
applicable laws and guidelines for the care and use of laboratory
animals in the University of Miyazaki and approved by the Animal
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Figure 2. Multiple sequence alignment of FeCH sequences. The FeCH sequences were taken from the NCBI protein database together with
the S. venezuelensis sequence (this study); Homo sapiens (CAB65962), Drosophila melanogaster (AAC26225), Saccharomyces cerevisiae (EDV10759),
Brugia malayi 1 (ADI33748), Brugia malayi 2 (ADI33749), Acanthocheilonema viteae (ADI33750), Dirofilaria immitis (ADI33752), Onchocerca volvulus
(ADI33751), Escherichia coli (AP_001124), and Bacillus subtilis (NP_388894). The sequences were computationally aligned by the ClustalX program [55].
The catalytic core and the C-terminal extension are boxed by red and green dotted lines, respectively. A histidine residue reported to be critical for
metal substrate binding (H263, human sequence numbering) is indicated by an inverted triangle. A cluster of three acidic residues are marked with
asterisks. Two residues at the active site that were reported to be identical in all known FeCH sequences (Y276 and W310) [56] are indicated by

number (#) marks.
doi:10.1371/journal.pone.0058458.9g002

Experiment Committee of the University, as specified in the
Fundamental Guidelines for Proper Conduct of Animal Experi-
ment and Related Activities in Academic Research Institutions
under the jurisdiction of the Ministry of Education, Culture,
Sports, Science and Technology, Japan, 2006.

5'- and 3'-rapid Ampilification of cDNA Ends (RACE)

To determine the sequences of the 3'- and 5'-ends of FeCH
cDNA, RACE experiments were performed [27,28]. The priming
sites used for these experiments were based on a contig sequence
obtained from our . venezuelensis transcriptome sequencing project
[22]. For 3'-RACE, a PrimeScript RT-PCR kit (Takara, Japan)
was used with oligo(dT) adaptor primers to synthesize cDNA from
total RNA prepared from parasitic adult worms. Using this 3'-
RACE-ready ¢cDNA as a template, hemi-nested PCR was
performed first with primer pairs ENMO059/ENMO008, followed
by ENMO060/ENMO008. The primer sequences used in this study
are summarized in Table S1. The resultant PCR products were
cloned into pCR2.1 TOPO (Invitrogen, Carlsbad, CA, USA) for
DNA sequencing.

For 5'-RACE, a gene specific-primer (reverse) ENMO70 was
used to synthesize cDNA from total RNA prepared from adult
worms. The addition of a homopolymeric A-tail to the 3'-end of
the synthesized first-strand cDNA was performed using dATP and
terminal transferase. The dA-tailed cDNA was used as a template
for heminested PCR first with primers ENMS5_6_7, and
ENMO08/ENMO71, then with primers ENMO008/ENMO072.
The resultant PCR products were cloned into pCR2.1 TOPO
for DNA sequencing.

Based on the sequence information obtained from the 5'- and
3'-RACE experiments, a PCR primer pair (ENM073/ENMO074)
was designed to amplify the entire ORF of the SuFFeCH gene. The
PCR products obtained using an adult-stage ¢DNA sample as
a template were cloned into pCR2.1 TOPO vectors to determine
the sequence. The resultant full-length ORF sequence was
deposited into DNA Data Bank of Japan under the accession
number AB710465, which can be accessed through GenBank
(http:/ /www.ncbinlm.nih.gov/genbank/), and used to deduce the
amino acid sequence of the StFeCH.

BLAST Homology Search

To search for heme biosynthesis genes, BLAST homology
searches [29] were performed against predicted protein sequence
data from published nematode genome projects (Caenorhabditis
briggsae (nematode clade V) [30], C. elegans (V) [12], Pristionchus
pacificus (V) [31], Meloidogyne incognita (IV) [31], Mecloidogyne
hapla (IV) [32], Bursaphelenchus xylophilus (IV) [33], B. malayi (III)
[25], Ascaris suum (III) [34], and Trichinella spiralis (I) [35]) and
nematode expressed sequence tags (ESTs) from NEMBASE4 [36],
and S. wvenezuelensis genome (obtained by the Roche-454 pyrose-
quencing platform [37] with an estimated coverage of more than
20, unpublished), and transcriptome [22] datasets, using human
sequences as queries with cutoff value of 1x107*, For the FeCH
gene, the S. venezuelensis protein sequence, deduced from the cDNA
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sequence, was also used as a query to search for potential orthologs
against the aforementioned set of nematode genome and EST
datasets, as well as the NCBI nonredundant protein database.
Similarly, nematode heme biosynthesis gene sequences identified
during these database scarches were used as queries, instead of the
human sequences, to scarch for potential orthologs in our S.
venezuelensis genome and transcriptome datasets.

Phylogenetic Analyses

We retrieved the gene sequences encoding FeCH of 71 bacterial
and 65 eukaryotic species from the GENBANK nonredundant
protein database (note that some eukaryotes possess more than two
FeCH homologs). These amino acid sequences and those of the .
venezuelensis homolog were firstly aligned using MAFFT [38], and
the resultant alignment was edited manually. After the exclusion of
ambiguously aligned positions, the final FeCH alignment contain-
ing 71 eukaryotic and 71 bacterial homologs with 177 amino acid
positions was subjected to phylogenetic analyses, as described
below. Taxonomic affiliation and accession numbers for the
sequences considered in our FeCH alignment are listed in Table
S2.

Maximum likelihood (ML) phylogenetic analyses were per-
formed using RAXML 7.2.8 [39]. The substitution model used was
the LG model incorporating the among-site rate variation
approximated with a discrete gamma distribution with four
categories (LG+T). This particular substitution model was selected
as the most appropriate model for the FeCH alignment using
Aminosan [40]. The ML tree was selected from heuristic tree
search initiated from 20 distinctive parsimonious trees. In ML
bootstrap analysis (with 100 replicates), a single tree search was
performed per replicate.

Bayesian analysis based on the LG+I" model was also conducted
using MrBayes 3.2.1 [41]. Four parallel Metropolis-coupled
Markov chain Monte Carlo runs, each consisting of one cold
and seven heated chains with a chain temperature of 0.1, were run
for 5,000,000 generations. Log-likelihood scores and trees with
branch lengths were sampled every 1000 generations. The first
1,250,000 generations were excluded as burn-in, and the
remaining trees were summarized to obtain Bayesian posterior
probabilities.

Bacterial Expression of Recombinant SvFeCH and
Measurement of Porphyrin-metal Chelatase Activity

A cDNA sequence corresponding to the entire catalytic core
region of SyFeCH (amino acid positions 29-373) was obtained by
PCR using the primer pair TKT001/TKT002. The PCR product
was cloned into pET-21a (+), an E. coli expression vector (Merck,
Darmstadt, Germany), and the plasmid obtained was transferred
to E. coli BL21. The bacteria were grown in LB medium for 16 h,
and then the culture medium was diluted by 10-fold in fresh LB
medium. The enzyme was expressed with 0.3 mM isopropyl-B-p-
thiogalactopyranoside (IPTG) at 30°C for 2 h.

The cells were harvested by centrifugation and suspended in
20 mM Tris-HCl (pH 8.0), 10% glycerol, 1 mM DTT, 0.1%

March 2013 | Volume 8 | Issue 3 | 58458



