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Abstract: In the present study, a portion of the 18S and 28S ribosomal DNA (rDNA) sequences of 35
Schistosoma japonicum isolates representing three geographical strains from mainland China, the Philippines
and Japan were amplified and compared and phylogenetic relationships were also reconstructed by Unweighted
Pair-Group Method with Arithmetic averages (UPGMA) using combined 183 and 283 rDNA sequences as well
as the corresponding sequences of other species belonging to the Schistosoma genus available in the public
database. The results indicated that the partial 18S and 28S rDNA sequences of all S. japonicum isolates were
745 and 618 bp, respectively and displayed low genetic variation among S. japonicum strains and isolates.
Phylogenetic analysis revealed that the combined 185 and 28S rDNA sequences were not able to distinguish
S. japonicum isolates from three geographical origins but provided an effective molecular marker for the
inter-species phylogenetic analysis and differential identification of different Schistosoma species.

Key words: Schistosoma japonicum, 18S rDNA, 28S rDNA, phylogenetic analysis, mainland China,

Philippines, Japan

INTRODUCTION

Schistosomiasis caused by trematodes of the genus
Schistosoma is a parasitic disease of medical and
yeterinary importance in a number of countries with an
estimated approximately 200 million people being infected
and approximately 200,000 deaths per year (Chitsulo et al.,
2004; Taylor, 2008; Huyse et al., 2009). Among six human
schistosomes (Schistosoma japonicum, Schistosoma
haematobium, Schistosoma mansoni  (Schistosoma
intercalatum = S. guineensis), Schistosoma mekongi
and Schistosoma malayensis), three main species
(S. japonicum, S. haematobium and S. mansoni) are
reported to have significant human health and social-
economic impact (Zhao et al., 2009a). Schistosomiasis
japonica, one of the most serious schistosomiasis caused

by S. japonicum was mainly distributed in China, Japan,
the Philippines and parts of Indonesia and caused various
degrees of morbidity and mortality (Zhou et al., 2005;
Zhao et al, 2009a, b). In addition to the six human
schistosomes, other 13 Schistosoma species have been
identified as parasites in animals. S. hippopotami and S.
edwardiense are found in hippopotamus (Morgan et al.,
2003), S. mattheei, S. bovis, S. leiperi, S. margrebowiei,
S. curassoni, S. indicum, S. spindale and S. nasale found
in ruminant animals such as cattle, buffalo, sheep, goat
and lechwe (De Bont ef al., 1994, Vercruysse et al., 2003;
Singh et al, 2004; Vercruysse and Gabriel, 2005;
Littlewood et al., 2006; Sato et al., 2008) and S. rodhaini,
S. incognitum, S. sinensium mainly inhabited in rodents
and carnivores (Bunnag et al., 1983, Walker et al., 1989,
Zhang et al., 2001).

Corresponding Author: G.H. Zhao, Department of Veterinary Immunology, College of Veterinary Medicine,
Northwest A and F University, 712100 Yangling, Shaanxi Province, The People’s Republic of China
2010
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Ribosomal DNA (fDNA) forms a tandem array of
repeat sequences and each repeat includes 188, 5.8S and
28S subunits separated by spacers (Zhao et al, 2011).
The 18S and 28S rDNA sequences have been identified as
good genetic markers for identification and phylogenetic
studies of members of the genus Schistosoma
(Johnston et al., 1993, Barker and Rlair, 1996;
Attwood et al., 2002; Lockyer et al., 2003; Webster et al.,
2006). Recent studies also have demonstrated that
different S. japonicum strains from mainland China and
the Philippines has extensive homology in 18S rDNA
sequences and 28S rDNA-D2 domain was also relatively
stable among species (Yu et al.,, 2000, Li et al, 2008).
But sequence variation in 18 and 28S rDNA among
S. japonicum strains from mainland China, the Philippines
and Japan have not been investigated comprehensively.

The objectives of the present study were to examine
sequence variation in the 185 and 283 rDNA among
S. japonicum isolates from different endemic regions in
mainland China, the Philippines and Japan and to
reconstruct the phylogenetic relationships among
members of the Schistosoma genus using the combined
partial 18S and 28S rDNA sequences.

MATERIALS AND METHODS

Parasites and isolation of gemomic DNA: The 35
S. japonicum isolates were collected from the endemic
areas in mainland China, the Philippines and Japan with
sample codes, geographical origin and gender shown in
Table 1. The male and female adult parasites were fixed in
70% molecular grade ethanol and stored at -20°C before

Table 1: Information of Schistosoma samples used in the present study

extraction of genomic DNA. Total genomic DNA was
extracted from individual parasites by SDS/proteinase K
treatment, column-purified (Wizard® SV Genomic DNA
Purification System, Promega) and eluted into 60 uL H,O
according to the manufacturer's recommendations.

Enzymatic amplification and sequencing: A portion ofthe
18S (p18S) and 28S tDNA were amplified with primers
18Su and 183d, 28Su and 283d, respectively (Table 2).
PCR reactions (25 pL. ) were performed in 2 mM of MgCl,,
2.5 pM of each primer, 2.5 pL 10xrTaq buffer, 0.2 mM of
each dNTPs, 1.25 U of rTaq DNA polymerase (Takara)
and 1 pL of DNA sample in a thermocycler (Biometra)
under the following conditions: after an initial
denaturation at 94°C for 5 min then 94°C for 1 min
(denaturation); 45°C for 30 sec (annealing), 72°C for 1 min
(extension) for 35 cycles followed by a final extension at
72°C for 10 min. These optimized cycling conditions for
the specific and efficient amplification of both rDNA
fragments were obtained after adjusting annealing
temperatures. Each amplicon (4 pl) was examined by
agarose (1%) gel electrophoresis to validate amplification
efficiency. The p18S and p28S amplicons of 35 samples
were sequenced by BGI-Guangzhou company from both
directions using the same primers as used in primary
amplification.

Sequences alignment and analysis: Sequences of the
p18S and p28S rDNA were separately aligned using the
computer program Clustal X 1.81 (Thompson et al., 1997).
Meanwhile, Megalign procedure within the DNA Star 5.0
(Burland, 2000) was also used to analyze sequence
similarity and to calculate transition and transversion.

GenBank accession number

Species/sample codes Geographical strains Geographical origin Gender p18S rDNA p28S rDNA
Schistosoma japonicum/SjYeF55 Mainland China Yunnan (Eryuan) Femal JF721330 JF721363
S, japonicumiSjYeMS5 Mainland China Yunnan (Eryuan) Male JF721331 JF721364
S, japonicum/SiHyF54 Mainland China Hunan (Yueyang) Femal JF721328 JF721361
S. japonicum/SjHyM54 Mainland China Hunan (Yueyang) Male JF721329 JF721362
S. japonicumiSjZjF60 Mainland China Zhejiang Femal JF721326 JF721365
S, japonicumiSjZ;M60 Mainland China Zhejiang Male IF721327 IF721366
S. japonicum/SjLeF1 The Philippines Letye Femal JF721338 JF721373
S. japonicum/SjLeF2 The Philippines Letye Femal JF721339 JF721374
S. japonicum/SjLeF4 The Philippines Letye Femal JF721340 JE721375
S. japonicumiSjl.eM1 The Philippines Letye Male JF721341 JF721376
S. japonicum{SjLeM2 The Philippines Letye Male JF721342 JE721377
S. japonicum/Sjl.eM4 The Philippines Letye Male JF721343 JF721378
S. japonicum/SjMiF1 The Philippines Mindoro Femal JF721349 JF721384
S. japonicum/SjMiF2 The Philippines Mindoro Femal JF721350 JF721385
S. japonicum/SjMiF4 The Philippines Mindoro Femal JF721351 JF721386
S. japonicum/SMiIM1 The Philippines Mindoro Male JF721352 JF721387
S. japonicum/SjiMiIM2 The Philippines Mindoro Male JF721353 JF721388
S. japonicumn/SiMiM3 The Philippines Mindoro Male JF721354 JF721389
2011
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Table 1: Continue

GenBank accession number
Species/sample codes Geographical strains Geographical origin Gender pl8S rDNA p28S rtDNA
S. japonicumiSjSoF2 The Philippines Sorsogor Femal JF721344 JE721379
S. japonicumn/SjSoF3 The Philippines Sorsogor Femal JF721345 JF721380
S. japoricum/SjSoM1 The Philippines Sorsogor Male JF721346 JF721381
S. japonicum/SjSoM3 The Philippines Sorsogor Male JF721347 JF721382
S. japonicum/SjSoM4 The Philippines Sorsogor Male JF721348 JF721383
8. japonicum/SjAsF1 The Philippines Asuncium Femal JF721332 JF721367
S. japonicum/SjAsF3 The Philippines Asuncium Femal JF721333 JF721368
8. japonicum/SjAsF4 The Philippines Asuncium Femal JF721334 JF721369
S. japonicum/SjAsM1 The Philippines Asuncium Male JF721335 JF721370
S. japonicumiSjAsM2 The Philippines Asuncium Male JF721336 JF721371
S. japonicum/{SjAsM4 The Philippines Asuncium Male JF721337 JF721372
S. japonicum/SjY YF1 Japan Yamanashi Femal JF721355 JF721350
S. japonicum/SjYYF2 Japan Yamanashi Femal JF721356 JF721391
S. japonicurn/SjY YF4 Japan Yamanashi Femal JF721357 JF721392
S. japonicum/SjYYM2 Japan Yamanashi Male JF721358 JF721393
8. japonicumiSjYYM3 Japan Yamanashi Male JF721359 JF721354
S. japonicum/SjYYM4 Japan Yamanashi Male JF721360 JF721395
S. intercalatum - - - AY157235 AY157262
S. rodhaini - - - AY157230 AY157256
S. spindale - - - 211979 ZA6505
S bovis - - - AY157238 AY157266
S, edwardiense - - - AY197344 AY197344
S, haematobium - - - 211976 ZA6521
S, hippopotcon - - - AY197343 AY197343
S. incognitum - - - AY157229 AY157255
S. japonicum - - - AY157226 ZA6504
S leiperi - - - AY157234 AY157261
S. malayensis - - - AY157227 AY157252
S. mattheei - - - AY157237 AY157265
S. mekongi - - - AY157228 AY157253
S nasale - - - AY157232 AY157259
S. sinensim - - - AY157225 AY157251
S. mansoni - - - M62652 ZA6503
S, indicum - - - AY157231 AY157258

Table 2: Sequences of primers used to amplify a portion of the 18S and 28S
ribosomal DNA from Schistosoma japoricum isolates from
mainland China, the Philippines and Japan

Name of primer Sequence (5'-3) Product length
For 18SrDNA - 745 bp
18Su (forward) CTTATGCTGTGCCTGTTACATT -

185d (reverse)  TTACTTCGGATCCGAAAACCAAC -

For 288 rDNA - 618 bp

28Sul (forward) GGGTATGTGTAGACGTTCTTAT -
283d (reverse)  AACACAAGGTCGCATGTCTACGT -

These sequences were used for phylogenetic
analyses. The sequences of the two rRNA genes were
concatenated into single alignments. The Unweighted
Pair-Group Method based on Arithmetic averages
(UPGMA) (Sneath and Sokal, 1973) in MEGA v. 40
(Tamura et al., 2007) was carried out to examine the
genetic relationship, starting from a distance matrix based
on the Kimura 2-parameter index (Kimura, 1980). The
consensus tree was obtained after bootstrap analysis with
1, 000 replications. The pairwise comparisons were made
of the level of sequence differences (Chilton et al., 1995).
To study the phylogenetic relationships of Schistosoma,
the corresponding sequences of other Schistosoma
speciesfisolates namely, S. intercalatum, S. rodhaini,
S. spindale, S. bovis, S. edwardiense, S. haematobium,
S. hippopotam, S. incognitum, S. indicum, S. japonicum,

S. leiperi, S. malayensis, S. mattheei, S. mekongi, S.
nasale, S. sinensium and S. mansoni cbtained from
GenBank were also used for phylogenetic analyses. The
phylograms were drawn using the Tree View program
version 1.65 (Page, 1996).

RESULTS AND DISCUSSION

Genomic DNA was prepared from 35 individual adult
trematodes (including male and female S. japonicun)
representing three geographical strains from mainland
China, the Philippines and Japan. Amplicons of p18S and
p28S 1DNA (~750 and 620 bp, respectively) were
amplified. For each tDNA fragment, no size variation was
detected on 1% agarose gel among any of the amplicons
examined in dicating that the PCR primers and reactions of
this study had good specificity (Fig. 1).

To examine sequence variations in the two rDNA
fragments among three geographical strains, amplicons of
pl8S and p28S DNA were subjected to direct
sequencing. The sequences of p18S and p28S rDNA were
745 and 618 bp in length, respectively. One variable
nucleotide position was identified i the sequences of
p18S and three in p28S :DNA with intra-specific variation
of 0.14% (1/704) and 0.51% (3/586) for p18S and p28S
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Fig. 1: Representative PCR products for a portion of the 18S (upper) and 28S (bottom) ribosomal DNA of Schistosoma
Japonicum isolates in mainland China, the Philippines and Japan. Lanes 1-18 represent samples SjYeM55,
SjHyMS54, SjZjF60, SjLeMl, SjLeM4, SjLeF1, SMiM1, SjMiF1, SjMiF4, SjSoM3, SjSoM4, SjSoF2, SjAsM1,
SjAsM2, SjAsE3, §)YYM2, SjYYM3, SjYYF1, respectively (of. Table 1). Lane 19 represents no-DNA control. M
represents a DNA size marker (ordinate values in bp)

g{ﬁfﬂ rDNA, respectively. There were one transitions (A<->G)
g Qs]f_:dsé with intra-specific variation for p18S and two (A<->G) and
Do one (C<->T) transitions for p28S rDNA. It appeared that
Siasts the main transition was A<->G and there was no
SIMIF1 transversion within these two fragments. The low
§§;‘;‘ﬂ variations between the pl8S and p28S rDNA were
233%35 consistent with previous reports (Yu et al, 2000;
SjHyM54 Lietal., 2008).
St The combined sequences of p18S and p28S rDNA
. 222;52 were aligned over a consensus length of 1,290 bp. The
[ SjHyF54 phylogenetic relationships among the individual S.
gls‘g;}? Japonicum isolates were constructed by UPGMA
3%1%3 analyses (Fig. 2). The phylogenetic tree consisted of two
J5oMi large clades.
SSoM3 All of the S. japonicum isolates from mainland China,
100} |SjAsM2 the Philippines and Japan clustered in the S. japonicum
333%6" clade, grouped with S. malayensis and S. mekongi and
SjSoM4 sistered to S. sinensium. All of the other Schistosoma
SJASF] . . . .
99 SjYYF! species grouped in the other large clade with high
g— “;f;'l}? bootstrap values.
gf,.inpmgcum The combined sequences of p18S and p28S rDNA
g7 s}yyfv@ allowed the unequivocal differentiation of all the
_17)'6[:‘% ;Zgig’fg]”.m Schistosoma species examined in the present study which
00 S sinensium is consistent with previous studies (Johnston et al., 1993;
--—-~—L‘.:§; 7;‘,;}‘,,‘;;5‘2‘;;’5,‘3, Littlewood and Johnston, 1995, Attwood et al, 2002;
$. incognitum Morgan et al., 2003; Webster et al., 2006).
S. rodhaini
S. mansoni
S s CONCLUSION
S. spindale
S. leiperi .. .
Lz}zmrllzeei” The present study revealed low level variation in
S ,,i‘,ii’;f,’,?,,,’},‘;" p18S and p28S rDNA sequences among 35 S. japonicum
8, bovis isolates from mainland China, the Philippines and Japan.

The combined pl8S and p28S rDNA sequences were
) . ) highly conserved and could not distinguish S. japonicum
Fig. 2: Phylogenetic relationships of =~ Schistosoma  isolates from three geographical origins by phylogenetic
species/isolates inferred by UPGMA analysis  gpalysis but could differentiate species in the
using the combined sequences of partial 183 and  Schistosoma genus suggesting that the p18S and p28S
Pp28S ribosomal DNA. Numbers at nodes indicate ~ rDNA sequences were not suitable markers for studying
‘bootstrap values (%) resulting from UPGMA tree  population relationships among S. japonicum isolates but

0.030 0.025 0.020 0.015 0.010 0005 0.000
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is an effective genetic marker for inter-species
phylogenetic analysis of Schistosoma and identification
of schistosomes.
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ARTICLE INFO ABSTRACT

The accurate characterization of Schistosoma japonicum has important implications for analyzing genetic
variation and would provide basic data for disease control. Previous studies using proteins, coding sequences, and
especially antigen-coding genes showed lower genetic variation among $. japonicum isolates from mainland
China. Therefore, the present study focused on variations in intron sequences of housekeeping and antigen-
coding genes, which may be more informative for genetic analysis. We compared sequence variation between
introns of two housekeeping genes and two antigen-coding genes. All 4 genes were polymorphic among all the 5.
Jjaponicum isolates in mainland China, with 103, 158, 47, and 19 polymorphic (segregating) sites per kilobase in
intron sequences of Actin, FBPA, 22.6 kDa antigen and GST-26, respectively. Introns of housekeeping genes were
slightly more polymorphic than coding and non-coding regions of antigen-coding genes examined in the present
study within or among lake/marshland and mountainous types. Phylogenetic analysis based on sequences of
single gene or combined sequences of muitiple genes showed no specific clustering comprising parasites from
single geographical or endemic regions. These results demoenstrated that introns of housekeeping and antigen-
coding genes were polymorphic, but the intron sequences examined in the present study were not suitable
markers for examining genetic relationship among different isolates from endemic regions in mainland China.
© 2011 Elsevier Ireland Ltd. All rights reserved.
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The accurate characterization of parasites at different taxonomic
levels has important implications for analyzing genetic variation and
would provide basic data for disease control. Previous studies using
some portions of mitochondrial DNA (mtDNA) [3,6,7] and coding
regions of antigen-coding genes {8] showed limited genetic variation
among Schistosoma japonicum isolates from different countries and
between or within two endemic types.

Many eukaryotic genes have their coding regions interrupted by
intervening sequences or introns [9]. The presence, absence, and
mutation of these introns present us with an opportunity to examine
intron transfer events, and the evolutionary history of introns and
species or subspecies within the same or different genera. Intron
sequences have been successfully used to study the genetic variation and
phylogenetic relationships of Toxoplasma gondii {10,11], Metarhizium

1. Introduction

Schistosomiasis japonica has been documented for more than two
millennia and most probably was known as a specific disease in
historic times in China [1]. After approximately 50 years of continued
control efforts, schistosomiasis has been eliminated in five of the 12
previously endemic provinces, and the prevalence of schistosomiasis
also dropped significantly in the remaining seven endemic provinces
{1-3], which were divided into two main endemic types (mountain-
ous and lake/marshland types) based on geographical, water-snail
distribution, epidemiological information and some molecular mar-
kers [3-6].
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[12], chicken and turkey [13], non-human primates {14], the family
Cyprinidae {15}, and some plants [9,16].

In the present study, we compared sequence variability in introns of
two housekeeping genes (Actin and fructose-1,6-bisphosphate aldolase
genes) and in non-coding regions of two antigen-coding genes (22.6-kDa
tegument membrane-associated antigen and 26 kDa glutathiones-
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transferase genes) of S. japonicum isolates from different geographical
origins in mainland China. The results showed that all the intron
sequences of four selected representative genés showed variability, and
introns of housekeeping genes were slightly more polymorphic than
non-coding and coding regions of the examined antigen genes, but the
variations were neither associated with geographical origins, nor related
to the two classical types of endemicity.

2. Materials and methods
2.1. Parasites and isolation of genomic DNA

A total of 32 S. juponicum samples (including male and female
parasites), collected from 10 geographical origins in eight endemic
provinces in mainland China (Table 1), was used. All the S. japonicum
samples were prepared as previously described {3,5,6,17], except for
S. japonicum samples from Hunan and Yunnan provinces. Briefly,
Oncomelania hupensis snails infected with S. japonicum were collected
from one village per province, and transported to the laboratory. For
each isolate, 50 infected snails were shed under light for 3 h, cercariae
were pooled, and each of two male adult rabbits was infected
percutaneously with 1,000 cercariae and housed in separate cages.
After 45 days, adult schistosomes were perfused from the mesenteric
veins of infected rabbits using 0.15 mM NaCl and 25 mM sodium citrate,
washed extensively in physiological saline, fixed in 90% molecular grade
ethanol, and stored at —20 °C. For isolates from Yunnan (Eryuan)
province and Hunan (Changsha city, Junshan county, and Yueyanglou
district) province, three infected snails were collected, and two male
adult rabbits were infected as mentioned above. After 60 days, adult
schistosomes were obtained and fixed in 70% molecular grade ethanol
and stored at — 20 °C.

Total genomic DNA was extracted from a single adult parasite (male
or female representing each of the S. japonicum isolates (Table 1) by SDS/

Table 1~
Schistosorna japonicum samples used in the present study.

proteinase K treatment. Then the genomic DNA was column-purified by
the Wizard® SV Genomic DNA Purification System (Promega) and
eluted into 60 1 H,0 according to the manufacturer's recommendations

i3}
2.2. Genetic markers

Four single-copy genes were chosen for sequencing (Tables 1
and 2; Fig. 1), including two housekeeping genes and two antigen-
coding genes. The group named "housekeeping genes” encodes
proteins that are unlikely to play a role in protective immunity {11]
and were selected on the basis of the presence of an intron at least
250 bp long. It includes actin [18], and fructose-1, 6-bisphosphate
aldolase (FBPA) [18,19] genes. FBPA is a ubiquitous enzyme essential
for glycolysis, gluconeogenesis and the Calvin cycle, which has been
demonstrated to induce immune responses and to be useful in the
immunodiagnosis of schistosomiasis japanica of water buffaloes {19}
and humans [20]. The group named "antigen-coding genes" encodes
proteins that probably plays a role in protective immunity, which
includes 22.6 kDa tegumental membrane-associated antigen (22.6 kDa
antigen){21] and 26 kDa glutathione S-transferase (GST-26) [22], whose
intron at least 400 bp long was selected. All unique sequences were
submitted to GenBank (accession numbers: GUS67821~GU567948).

2.3. Enzymatic amplification and sequencing

External and internal sets of primers (Table 2) were designed for
each gene, except Actin gene, on the basis of the published sequences
and S. japonicum genome contigs. PCR reactions (25 p) were performed
in 2 mM of MgCl,, 0.4 pM of each primer, 2.5 pl 10 x rTag buffer, 0.2 mM
of each dNTPs, 1.25 U of rTag DNA polymerase (TAKARA), and 14l of
DNA sample in a thermocycler (Biometra) under the following
conditions: after an initial denaturation at 94 °C for 5 min, then 94 °C

Endemic type Province Geographical origin Sample codes Gender GenBank accession nnumber
Actin FBPA 22.6 kDa GST-26
Lake/marshland type Hunan Changsha city SJHCM4 Male GU567917 GU567885 GU567821 GUS567853
SJHCM33 GU567918 GU567886 GU567822 CU567854
SJHCM34 GU567919 GUS567887 GU567823 GUS567855
SJHCF25 Female GUS67920 GU567888 GUS567824 GUS567856
Junshan county SIHYM23 Male GU567921 GUS67889 GU567825 GU567857
SIHYM24 GU567922 GU567890 GU567826 GU567858
SJHYF23 Female GU567923 GU567891 GU567827 GU567859
Yueyanglou district SJHLM23 Male GUS67924 GU567892 GU567828 GU567860
SJHLM25 GU567925 GU567893 GU567829 GU567861
SJHLF2 Female GU567926 GU567894 GUS567830 GU567862
SJHLF3 GUS67927 GU567895 GU567831 GU567863
Hubei Wauhan city SIHWM31 Male GU567928 GU567896 GU567832 GUS67864
SJHWEFS Fernale GU567929 GU567897 GU567833 GU567865
SJHWF? GU567930 GU567898 GU567834 GU567866
Anhui Guichi county SJIAGM1 Male GU567931 GU567899 GU567835 GU567867
SJAGF24 Female GU567932 GU567900 GU567836 GU567868
Jiangxi Yongxiu county SIIYM5 Male GU567933 GU567901 GU5S67837 GU567869
SIYM24 GU567934 GU567902 GU567838 GU567870
SIJYF21 Femnale GU567935 GU567903 GU567839 GU567871
SIIYF43 GU567936 GU567904 GU567840 GU567872
Jiangsu Wuxi city SIWM25 Male GU567937 GU567905 GUS67841 GU567873
SWM35 GU567938 GU567906 GU567842 GUS567874
Zhejiang Jiashan county SjZJM21 Male GUS567946 GU567914 GU567850 GUS567882
SjZimM25 GU567947 GU567915 GU567851 GU567883
SJZJF1 Female GUS567948 GU567916 GU567852 GU567884
Mountainous type Sichuan Tianquan county SJST™M7 Male GUS567939 GU567907 GUS567843 GUS67875
SJSTM10 GU567940 GU567908 GUS567844 GU567876
SISTM11 GU567941 GU567909 GU567845 GUS67877
Yunnan Eryuan county SJYEIMS7 Male GUS567942 GU567910 GlI567846 GU567878
SJYEIIM58 GU567943 GU567911 GU567847 GU567879
SJYEHM59 GU567944 CU567912 GlI567848 GU567880
SJYENF57 Female GU567945 GU567913 GU567849 GU567881
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Table 2
Primers used for each gene and corresponding PCR annealing temperature.

Gene Primer location  GenBank™ accession no. and Expected PCR product size  Annealing temperature  Primer name  Sequence (5°-3")
Reference sequence (bp) Q)
Actin External AF223400, genome sequences [18] 797 56 ActinU1 AAGAAGTCCAAGCCCTTGTTG
ActinD1 GGCAGAGCATAACCTTCGTAG
FBPA External DQ497791, genome sequences [18] 1487 52 FBPAul GAGACAACGACTCAGGGTCTC
FBPAd1 TCCTTCCAAGTAAACATGGTG
Internal 1293 52 N-FBPAu1 CGTGCTTGCACGCTACGCCTC
N-FBPAd1 AACTTCCTCTGTAACTCTCTG
22.6kDa External U75510, genome sequences {18} 651 52 22.6ul ATATGTTTTCCAGCCATGGATTG
22.6d1 TATTGCTTAGCTTTTGACATGG
Internal 521 52 N-22.6ul TITTGTCGTGGATTCGGTCT
N-22.6d1 TTGCCITCCTTGTCTCTCIT
GST-26 External AF044411, genome sequences [18] 1018 51 sj26ul GGTAACTTGGTCATGTCCCCT
5i26d1 TITTTGTITCGCCATTTATCACCTT
Internal 956 47 N1-Sj26u CTATACTAGGTTATTGGAAAATT
N1-5j26d GCTCTTCATATTTTICTTCAAGA

for 1.5 min (denaturation); 52 °C (or as specified in Table 2} for 30s
(annealing); 72 °C for 1.5 min (extension) for 35 cycles, followed by a
final extension at 72 °C for 10 min. These optimized cycling conditions
for the specific and efficient amplification of individual gene fragments
were obtained after varying annealing temperatures. Samples without
genomic DNA (no-DNA controls) were included in each amplification
run, and in no case were amplicons detected in the no-DNA controls
(not shown). Each amplicon (51) was examined by agarose gel
electrophoresis to validate amplification efficiency.

Positive amplicons were selected, purified and sequenced using
an ABI 377 automated DNA sequencer (using BigDye Terminator
Chemistry) employing the same primers (individually) as used in the
PCR. The intron sequences of each gene are available from DDB]J,

EMBL, and GenBank™ under the accession numbers shown in Table 1.

2.4. Molecular genetic analysis

Intron sequences of four genes were separately aligned using the
computer program Clustal X 1.81 [23] using default settings.
Alignments were checked by eye and modifications made as required.
Measures of polymorphism including the number of segregating sites,
nucleotide diversity (1), and haplotype diversity were computed for
intron regions of the genes using DNASP 3.0 [24]. Because isolates
belong to a single species, the p-distance (the proportion of polymorphic
sites between 2 sequences) was used to calculate genetic distance and
all substitutions were assigned the same weight [25]. Meanwhile,
the pairwise comparisons of open reading frame (ORF) of housekeeping
and antigen-coding gene sequences for S. japonicum, Schistosoma
bovis, and Schistosoma mansoni were made of the level of sequence
differences using Megalign procedure within the DNAStar 5.0 software
(DNASTAR Inc.) using sequences published previously (GenBank™

Astin W
Ext Ext

Accession numbers EU595760, DQ497790, DQ497791, XM_002575518,
EU595757, AF223400, and U19945).

Four methods, namely unweighted pair-group method with
arithmetic averages (UPGMA), neighbor joining (NJ), maximum
likelihood (ML) and maximum parsimony (MP), were used for
phylogenetic re-constructions using the combined dataset (the intron
sequences of Actin+ FBPA + 22.6 kDa -+ GST-26) [17]. UPGMA, NJ and
MP analysis were carried out using PAUP 4.0 Beta 10 program [26],
PHYLIP package3.64 [27], and MEGA 4.0 [28], and ML analyses were
performed using PUZZLE 4.1 (28] and MrBayes 3.1{30] under the default
setting. Phylograms were drawn using the Tree View program version
1,65 [31].

3. Results and discussion

Genomic DNA was prepared from 32 individual adult trematodes
(including male and female S. japonicum) representing two epidemic
types (mountainous and lake/marshland types) from eight endemic
provinces in mainland China (Table 1). Amplicons of introns in
housekeeping genes (Actin, FBPA) and antigen genes (22.6 kDa antigen,
GST-26) were amplified individually and subjected to agarose gel
electrophoresis. The PCR products for introns in housekeeping genes
were variable in length, but for antigen genes, no size variation was
detected on agarose gel among any of the amplicons examined (Fig. 2).

Sequencing of housekeeping and antigen genes showed that intron
sequences of Actin, FBPA, 22.6 kDa antigen and GST-26 were 263~
301 bp, 1157-1190 bp, 426 bp and 907 bp in length, respectively. All 4
genes were polymorphic (Table 3) among all the isolates of S. japonicum
in mainland China, with 103, 158,47, and 19 polymorphic {segregating)
sites per kilobase in intron sequences of Actin, FBPA, 22.6 kDa antigen
and GST-26, respectively. In addition to 256 polymorphic sites, a total of

FBPA M—@——&:
Exti Int Tat Ext

22.6kDa. N\

et

iﬁxtTIm ot g
GST-26 _,@———%M
Exelint In Ext

D Flanking Sequence

— Intron

“ Coding Sequence

External Prmer
Int Internal Primer

Fig. 1. Diagrams showing organization of each gene and placement of the primers. Sequences are not drawn to scale.
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Fig. 2. Representative PCR products for a portion of Actin (A}, FBPA (B}, 22.6 kDa antigen
{C)}, and GST-26 genes (D) of Schistosoma japonicum isolates in mainland China. Lanes 1-16
represent samples SJYMS, SIJYM25, SJWM35, SJZIM21, SJZTM10, SJYEIIMS9, SJYEIIM57,
SJHCM34, SJHCF25, SJHYM23. SJHYF3, SJHIM23, SJHLF2, SJHWFS, SJAGF24, SJAGM1,
respectively. Lane 17 represents no-DNA control. M represents a DNA size marker (ordinate
values in bp). Refer to Table 1 for sample information.

105 gaps (insertions/ deletions) in housekeeping genes were found. The
overall levels of polymorphism () were 0.02743 and 0.00881 for
housekeeping and antigen genes, respectively. And introns of the
housekeeping genes appeared to be only slightly more polymorphic
than non-coding regions of the antigen-coding genes within or among 2
endemic types (lake/marshland and mountainous types) (Table 3).

Gene trees and bootstrap tests among different S. japonicum samples,
re-constructed by NJ, MP, ML, and UPGMA analyses based on single gene
or combined gene sequences using different methods and models,
showed no specific clustering comprising parasites from single
geographical or endemic regions. As shown in Fig. 3, the phylogenetic
tree was consisted of two large clades. Isolates from Sichuan, Hunan,
Hubei and Jiangsu provinces were located in bath clusters, and some
samples from different geographical locations (except Yunnan province)
were clustered together. As a consequence, parasites from the same
endemic regions were scattered in different clusters.

Previous studies showed that the genetic differences in the open
reading frame (ORF) of 22.6 kDa antigen cDNA for S. japonicum were
lower than 1%, through comparing parasite samples from Japan, China
and Philippine [8]. In the present study, we also analyzed the genetic
differences in ORF of Actin and FBPA sequences for S. japonicum,
S. bovis, and S. mansoni. The genetic differences in ORF sequences of
Actin genes were lower than 8% among S. japonicum and S. bovis

Table 3
Polymorphism in intron region for different genes of Schistosoma japonicum isolates.

SJHCM33
SJHCM34
SIAGF24
SJIYF21
SJHCF25
SUHLF2
SJHCM4

5 SUHLF3
F[:__ SLIWM25
SJAGM1
SJZIM21
SUHYF23

45 SJZimz2s

ﬁ_ -‘[::‘——- SJHYM24
it SJIHWM31

SJYEINFS57

g 5 SJIYEIMSS
55— SJYEIMS7
76~ SUYEIMSS

SJZIF1

= r SUSTMT
72 SISTMI

SJHLM23

= SHIYME
77 Sddyma4
a8 SUIYFa3

SJISTM10
SJHYM23
SJHWFS

7 SIHWWF7
88 SJIWM35

Fig. 3. Phylogenetic relationships of Schistosoma japonicum isolates from different provinces
in mainfand China inferred by neighbor-joining analysis of the combined dataset (the intron
sequences of Actin+ FBPA-+22.6 KDa + GST-26). Bootstrap values (in percentage) [rom
1000 pseudo-replicates are shown. Scale bar indicates an evolutionary distance of p distance.

87

|
0.005

isolates, and in that of FBPA genes were lower than 1% between
S. japonicum samples from mainland and Formosan, and lower than
16% among S. japonicum, S. bovis, and S. mansoni (data not shown), But
the genetic differences in intron sequences were higher than 1.5%, and
10% for antigen genes and housekeeping genes for S. japonicum
isolates in mainland China, respectively (Table 3). These results
showed that the introns were more variable than coding regions in

Gene Lake/marshland type Mountainous type Among populations
P S/L " Gap H/M P S/L T Gap H/M |4 SiL n Gap H/M

Actin 103 31/301 2878 40 91/16 46 137283 164.8 23 90.5/5 103 31/301 250.2 56 93.3/19
FBPA 144 172/1191 3189 37 100725 68 81/1185 202.1 28 100/7 158 188/1191 2984 49 100732
HK mean 136 203/1492 3034 39 95.5/21 64 94/1468 183.5 26 95.3/6 147 21971492 2743 53 96.7/26
22.6 kDa 35 15/426 99.2 0 91.7/16 31 13/426 1744 . 0 57.1/2 47 20/426 149.6 a 92.5/17
GST-26 18 16/907 289 4] 94.3/17 2 2/907 1186 0 66.7/3 19 177807 26.6 0 92.3/18
ANC mean 23 31/1333 64.1 4] 93/17 11 15/1333 93 ] 61.9/3 28 37/1333 88.1 0 924/18

P, Number of polymorphic {segregating) sites per kilobase {based on S and L}. S, Number of polymorphic {segregating) sites. L, Total sequence length. i, Nucleotide diversity
(expected heterozygosity per sites, calculated on the basis of Nei |35}, equation 10.5), x 10™%, Gap, Number of gaps. HK, Mean value of housekeeping genes (total values of S and L}.
ANC, Mean value of antigen genes {total values of S and L}. H, Haplotype diversity (expected haplotype heterozygosity, calculated based on Nei {35, equation 8.4), % M, Number of

unique haplotypes.
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housekeeping and antigen genes. Introns of housekeeping genes were
slightly more polymorphic than coding and non-coding regions of
antigen-coding genes examined in this study, which was consistent
with similar studies of T. gondii [11]. -

Introns are assumed to be one of the most important genetic
factors to modify the pace of genetic evolution, despite uncertainties
concerning their early (exon shuffling) or late (intron insertion)
evolutionary origin {32,33]. In addition to RNA splicing, introns are
implicated in functions as diverse as genetic recombination and gene
network multitasking [33,34]. Hence, the evolutionary impact of
variations in intron number, length, and base composition may provide
a high-resolution classification tool to define the genetic diversity of
S. japonicum isolates in mainland China. Our study determined the
intron sequences of 4 housekeeping and antigen genes for different
isolates of S. japonicum, and analyzed the genetic variability and
phylogenetic relationships based on these sequences. The results
showed that the intron sequences of all 4 genes were polymorphic,
but there was no relation between geography and genetic diversity.

In conclusion, the intron sequences of 4 housekeeping and antigen
genes of S. japonicum examined in the present study were polymorphic
among different isolates from different endemic provinces in China,
Introns of the housekeeping genes appeared to be only slightly more
polymorphic than non-coding and coding regions of the antigen genes
within or among the 2 endemic types, but the genetic variability was not
related to geographical distribution of S. japonicum isolates from
endemnic regions in mainland China. Considering the phylogenetic
relationships based on single gene or combined genes may not reflect
the geophylogenetic status of S. japonicum isolates, further studies of
long and more introns of other housekeeping and antigen-coding genes
are warranted.
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ABSTRACT

The intergenic spacer (IGS) between the 28S and 18S ribosomal RNA genes was PCR-amplified,
sequenced and characterized for Schistosoma japonicum from mainland China, and compared with those
of other Schistosoma species, Excluding flanking portions of the 28S and 18S genes, the IGS in the longest
sequenced amplicon from S. japonicum IGS was 1457 bp in length. However, intra-specific and intra-
individual variation was noted. The IGS region of S. japonicum is strikingly different in structure from
those of African Schistosoma species for which data are available. S. japonicum has a shorter IGS and
largely lacks a long region of complex repeats seen in the African species. However, careful comparisons
with African species highlighted the presence of a few shared repeat motifs that were not apparent from
study of African species only. Such motifs presumably have functional significance. Discovery of such
motifs may in general be aided by comparisons of relatively distant taxa rather than of sibling taxa.

Schistosome
Schistosoma japonicum

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Schistosomiasis caused by Schistosoma japonicum is a very
important parasitic zoonosis occurring in China and the
Philippines (McGarvey et al., 1999). Human schistosomiasis has
been listed as one of China's three most important communicable
diseases, together with HIV/AIDS and tuberculosis (Li et al., 2000;
Zhou et al., 2005, 2008). Many avenues are being explored to
further our understanding of this disease and its causative
organism. Here, we report the structure of the nuclear ribosomal
intergenic spacer (IGS) region.
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Nuclear ribosomal genes code for ribosomal RNA, a central
component of ribosomes and hence essential for an ancient cellular
process that is probably fundamentally similar in all living
organisms. Ribosomal RNA typically accounts for about 40% of
all transcription within a cell, and ribosomal RNA makes up as
much as 80% of cellular RNA (Moss and Stefanovsky, 1995). In
schistosomes, as in many eukaryotes, the ribosomal genes form a
tandem array with each operon containing the genes for the 188,
5.85 and 28S subunits respectively, separated by spacers (Simpson
et al, 1984). There are about 185 copies of the repeat in S.
Japonicum (Schistosoma japonicum Genome Sequencing and
Functional Analysis Consortium et al., 2009). By processes such
as unequal crossing-over, arrays of tandem operons such as the
ribosomal genes, tend towards sequence homogeneity. Thus
within a species, all copies tend to be very similar (Hillis and
Dixon, 1991). Ribosomal RNA genes and most spacers are
transcribed in a single full-length rRNA precursor transcript by
RNA polymerase I. The spacers are subsequently excised from this
transcript to yield the mature subunits (Capowski and Tracy,
2003). The region separating the 3’ end of the 28S rRNA gene and
the 5 end of the 18S rRNA gene is the intergenic spacer (IGS),
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which can be subdivided into the external transcribed spacers
(ETSs) and the non-transcribed spacer (NTS). The IGS regions in
eukaryotes often exhibit an extraordinary variety of repeats and
other features including promoters and enhancers for RNA
polymerase 1 (Moss and Stefanovsky, 1995). The IGS and its
embedded promoters can evolve more rapidly than other parts of
the ribosomal repeat unit, leading to considerable sequence
difference, even between related species. Indeed, sequences of
promoters tend to be highly species-specific. They can also exhibit
considerable intra-individual variation in length, largely as a
consequence of numbers of repeats differing between copies
(reviewed for parasitic flatworms by Blair, 2006).

Ribosomal RNA (rRNA) repeats in parasitic flatworms have been
the subject of many studies on phylogeny/molecular taxonomy
(e.g. Nolan and Cribb, 2005). The advantages of this region for such
studies are that concerted evolution has led to homogenisation of
sequence among repeats (Hillis and Dixon, 1991), and that there
are often hundreds of copies of the operon in each cell, constituting
an abundant target for PCR. Virtually all studies using rDNA
sequences for phylogeny and taxonomy have focused on the main
coding regions (18S and 28S, e.g.) or the internal transcribed
spacers (Nolan and Cribb, 2005; Blair, 2006). In contrast, the IGS
region has been poorly studied in this taxon. IGS sequence data for
parasitic flatworms are few but are available for the cestode
Echinococcus granulosus (Picon et al,, 1996) and the monogenean
Gyrodactylus salaris and Gyrodactylus thymalli (Collins and Cun-
ningham, 2000). Kane and Rollinson (1998) characterized the IGS
for three Schistosoma species from Africa and found many
similarities between them as well as some striking differences.
In the present study, we sequenced the IGS of S. japonicum from
several localities for comparison with those of the phylogenetically
distant African species and to evaluate its utility as a population-
level marker., We discovered that the IGS in S. japonicum is very
different in many respects from those of the African Schistosoma
species and identified some features, conserved across a consider-
able phylogenetic distance, which might be of functional signifi-
cance.

2. Materials and methods

2.1, Parasite samples

In a search for geographical variation within China, samples
were obtained from six provinces: Zhejiang (1 locality, 4 worms),
Anhui (1 locality, 2 worms), Jiangxi (1 locality, 3 worms), Hunan (2
localities, 3 worms), Sichuan (3 localities, 6 worms) and Yunnan (1
locality, 4 worms). All the samples were cercariae collected from
infected snails, Oncomelania hupensis, except one from Yunnan,
which was an adult worm collected from infected cattle. Cercariae
from a single locality were used to infect a rabbit from which
worms were later harvested. The adult parasites were stored in
70% molecular grade ethanol, and stored at —20°C before
extraction of genomic DNA.

2.2. DNA isolation and PCR amplification

Genomic DNA (gDNA) was extracted from individual adult
trematodes by sodium dodecyl-sulphate/proteinase K treatment
(zhu et al,, 2002), column-purified using Wizard® SV Genomic
DNA Purification System (Promega) and eluted into 60 pl Hy0
according to the manufacturer's recommendations (Zhao et al.,
2009a,b,c). DNA samples were stored at —20 °C until use.

Sequences of primers used are listed in Table 1. The 285-18SIGS
rDNA of S. japonicum was amplified by nested-PCR. For the primary
PCR amplification, primers used were described by Kane and
Rollinson (1998): 28aa (forward) and ET10 (reverse). For the

Table 1
Sequences of the primers used in this study. Refer to Fig. 1 for location of each

primer.

Forward primers Sequence (5'-3")

28aa AGGTTAGTTTTACCCTACT
ZghIGSu ACCATCTGAGGGATTAAGACTGAACG
ZghiGSul AAGTCTGAATCCCGTCCAAA
IGSF1 GAGGACTTGATCCTCATTCATTTCCCTACTG
IGSF2 ACGGCATGTGAAGCCCTATAGAACGAGTTGC
IGSd1RC GAATTTTATGCGCTACACAATGG

Reverse primers
ET10 CTGAGACAAGCATATGACTAC
ZghSJIGsd GACTACTGGCAGGATCAACCAGTTT
ZghlGsd1 CCATTGTGTAGCGCATAAAATTC
IGSR2 GCAACTCGTTCTATAGGGCTTCACATGCCGT

IGSR1 CAGTAGGGAAATGAATGAGGATCAAGTCCTC

secondary PCR amplification, the following primers were designed
and used: ZghlIGSu (forward; 151 bp downstream of 28aa) and
ZghSJIGSd (reverse; upstream of ET10 and overlapping it by 6
bases). Both pairs are within the 28S or 18S coding regions.

PCR reactions were performed in 2 mM MgCl2, 2.5 wM of each
primer, 2.5 pl Ex Taq buffer, 0.2 mM of each dNTP, 1.25 U of Ex Taq
DNA polymerase (TAKARA), 1 ul of DNA sample and double-
distilled water up to a total volume of 25 pl. The conditions for the
secondary PCR were the same as for the primary PCR, except for the
use of a different pair of primers and 0.5 pl primary PCR products
as templates.

Both procedures were performed in a thermocycler (Biometra)
under the following conditions: 94 °C for 5 min (initial denatur-
ation), followed by 35 cycles of 94 °C, 1 min (denaturation), 51 °C,
1 min (annealing), 72 °C, 2.5 min (extension) and a final extension
of 72 °C for 10 min. Reactions with and without host (cattle and
rabbit) gDNA were included in each amplification run as controls.
Analiquot (4 pl) of each amplicon was examined on 1.0% agarose~
TBE (65 mM Tris~HCl, 22.5 mM boric acid and 1.25 mM EDTA, pH
9.0) gels, stained with ethidium bromide and photographed using a
gel documentation system (UVItec). The DL2000 marker (Takara)
was used to estimate the sizes of the amplicons.

2.3. Purification, cloning, and sequencing of the S. japonicum IGS+ PCR
product

PCR products were purified using spin columns (Wizard™ PCR-
Preps DNA Purification System, Promega) and ligated with pGEM-T
easy plasmid vector (Promega) according to the manufacturer's
recommendations. The recombinant plasmid was then trans-
formed into Escherichia coli ]M109 competent cells (Promega).
Transformants containing recombinant plasmids were selected by
PCR amplification. Cell cultures with confirmed recombinant
plasmid were sent to Shanghai Songon Biological Engineering
Biotechnology Company for sequencing using an ABI 377
automated DNA sequencer (BigDye Terminator Chemistry). Three
clones from a single worm from each geographical location were
sequenced in both directions.

2.4. Additional PCRs to investigate length variation

Sequencing of cloned amplicons suggested that length variation
occurred between populations of S. japonicum in the IGS region and
appeared to be due to large indels in the 5 half of the region.
Suspecting possible PCR and/or cloning artifacts, we designed
primers to amplify across shorter portions of the IGS, and
especially those where variation seemed to occur. We also used
this approach to determine the extent to which such variation
occurred within a single worm. A reverse primer (ZghlGSd1) was
designed to anneal just 3’ of the region where most variation
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Fig. 1. Alignment of the longest IGS amplicon sequence from S. japonicum (EU835692), Portions of the flanking 28S and 18S genes are shown. The sequence in the top line is
that of EU835692. Sequences from two African species are shown only where they can be aligned with S. japonicum with confidence. Identical nucleotides in other sequences
are indicated by a dot(-) and alignment gaps by a dash (-). Primer sequences located within the IGS are underlined and the name and orientation of each indicated. See the text
for additional details. Motifs in S. japonicum are boxed with a solid line. Motifs also occurring in, or only in, African schistosomes are boxed with a broken line.
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