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A B S T R A C T
Neotricula aperta is the only known intermediate host of Schistosoma mekongi which infects humans in
Cambodia and the southern tip of Lao PDR. DNA-sequence data (partial rrnL, i.e., mitochondrial 16S large
ribosomal-RNA gene) were obtained for 359 N. aperta snails sampled at 31 localities in Cambodia, Lao PDR
and Thailand. A nested clade analysis was performed to detect and evaluate any geographical patterns in the
observed variation and to identify genetic subpopulations or clades. Coalescent simulations were used to
compare different historical biogeographical hypotheses for N. aperta and S. mekongi. A coalescent based
method was also used to provide maximum likelihood estimates (MLEs) for effective populations sizes and
historical growth and migration rates. Dates were also estimated for phylogenetic events on the gene tree
reconstructed for the sampled haplotypes (e.g. the time to most recent common ancestor). N. aperta was
found to be divided into two monophyletic clades, a spring-dwelling form of northern Lao PDR and a more
widespread larger-river dwelling form of southern Lao PDR and Cambodia; this divergence was dated at
9.3 Ma. The populations with the largest estimated population sizes were found in the Mekong River of Lao
PDR and Cambodia; these, together with those of the rivers of eastern Cambodia, appeared to have been the
fastest growing populations. Dominant levels of gene-ﬂow (migration) were apparent in a South to North
direction, particularly out of seeder populations in the Cambodian Mekong River. The radiation of N. aperta
into sub-clades across Cambodia and Lao PDR is dated at around 5 Ma. The ﬁndings suggest that historical
events, rather than ecology, might best explain the absence of S. mekongi from most of Lao PDR. The public
health implications of these ﬁndings are discussed, as are pointers for future studies and surveillance.
© 2008 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Mekong schistosomiasis has posed a persistent public health
problem since its discovery in 1957 [1–6]. The causative agent of
Mekong schistosomiasis is the parasitic blood ﬂuke Schistosoma
mekongi Voge, Buckner and Bruce, 1978 (Trematoda: Digenea). The
intermediate host is the caenogastropod snail Neotricula aperta
(Temcharoen, 1971) (Gastropoda: Pomatiopsidae: Triculinae). Three
strains of N. aperta have been identiﬁed on the basis of shell size and
body pigmentation [7]. All three strains are, to varying degrees
(γ ≫ β ≫ α), capable of acting as host for S. mekongi, but only the γstrain is known to be epidemiologically signiﬁcant [8]. The ﬁrst mass
treatment programme for Mekong schistosomiasis began in 1989 at
Khong Island in southern Lao PDR (Fig. 1); this was WHO coordinated
and involved praziquantel administration to riparian communities [9].
⁎ Corresponding author. State Key Laboratory of Biotherapy, Gaopeng Street, Keyuan
4 Lu, Chengdu 610041, PR China. Tel.: +86 28 8516 4098; fax: +86 28 8516 4092.
E-mail address: swahuaxi@yahoo.com (S.W. Attwood).
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In spite of 9 years of control efforts in Cambodia and Lao PDR, the
prevalence in Hat-Xai-Khoun village, Khong Island, is still 26.8% (but
has decreased from almost 80% in 1989) [9] and at Sadao in Cambodia
(Fig. 1) the prevalence rose from 0% in 2004 to around 2% in 2005 [6].
The role of reservoir hosts in the persistence of transmission has been
demonstrated [10,11]. In addition, it has been shown that prevalence of
infection in the snails at Khong Island [12] and Sadao [13] has not
declined signiﬁcantly in the face of marked reductions in prevalence in
the human population. Such observations suggest that control of
this disease will be difﬁcult to maintain and that the factors driving
reemergence of infection need to be understood.
In 1969 the estimated human population at risk from Mekong
schistosomiasis was 150,000 and all known endemic foci were along
the lower Mekong River in Cambodia and the southern tip of Lao PDR
(i.e., over a distance of about 200 km). Prior to 1991 N. aperta was
thought to occur in the Mekong River only with a patchy distribution
between Kratié and Stung-Treng in Cambodia, at Khong Island and
around the juncture of the Mul and Mekong rivers in Thailand (Fig. 1).
The ﬁrst report of N. aperta outside the Mekong and Mul rivers was
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published in 1999 [14] and in 2004 details of 11 new populations,
occurring in six river systems of Lao PDR and Cambodia, were
published [13]. It was originally assumed that the absence of S.
mekongi transmission from most of Lao PDR was due to ecological
conditions unfavourable for N. aperta outside the Cambodian Mekong
River. The discovery of many N. aperta populations in the streams and
small rivers draining the Annam highlands of Central Lao PDR raises
two important questions. First, is the current range of S. mekongi
limited by ecological conditions or by historical processes? Such a
process could be a recent colonization of Central Lao PDR by N. aperta
with a lag in the corresponding expansion of the range of S. mekongi,
or that N. aperta is refugial in Central Lao PDR and the history is one of
population decline and fragmentation (with gradual loss of foci of
infected snails). Second, what are the migration rates between
potential seeder populations in the Annam area and the Mekong
River which receives its drainage waters? If migration rates were high
such seed populations would play a signiﬁcant role in the restoration
of snail populations in the lower Mekong after snail control
programmes had ceased. In addition, the existence of N. aperta in
the small streams, pools and springs around which villages are often
based, presents a different disease control challenge than transmission restricted to only a large river like the Mekong; the occupational
exposure patterns differ, the affected villages are more difﬁcult to
predict and spread over a larger area than previously thought. The
potential human population at risk has risen from 150,000 to over
1.5 million following the discovery of these new snail populations.
In this study the above questions are addressed using a molecular
systematic and statistical biogeographical approach. The aims were to
use nested clade analysis (NCA) to identify historical processes (such as
past range expansion or decline) and also to use coalescent-based [15]
approaches to estimate population sizes, past growth and migration
rates and to compare alternative population histories. Several
hypotheses for the origins of N. aperta have been proposed, such as
Davis's mid-Miocene radiation model [16] or the North to South
radiation models of Attwood et al. [17] and Davis, [18], and a recently
proposed Plio-Pleistocene South to North model [19]). Both NCA and
coalescent methods were used so that the indications from these
unrelated approaches could be compared. In 2005 samples were taken
from 10 previously unknown N. aperta populations, DNA-sequence
data obtained, and the data combined with those for 21 previously
known but unsequenced populations. The present authors had already
obtained (between 1999 and 2003) DNA-sequence data for 10
additional populations and the 2005 data were added to this
preexisting data set. The sequences used here are relatively short
because prior to 2003 sequencing was less routine than today and the
objective was to cover as many individuals and populations as possible
in order to capture all variation present, nevertheless the data set
includes 104 polymorphic sites of which 63 (12.5% of all sites) are
phylogentically informative. As this was the ﬁrst population genetic
study of N. aperta, it was intended that the ﬁndings would provide
estimates of population sizes, growth, migration and divergence dates.
Such estimates could then be used as prior information in future
analyses based on independent data sets, and in the identiﬁcation of
key populations or processes for further surveillance or study (e.g.,
sources of colonists, polarity of migration). Consequently, in the
present study, prior assumptions are kept to a minimum and the
analyses were performed in a step-wise manner, with the results of
each step being used to guide the choice of input parameters for
subsequent steps.
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and sample codes. Snails were brushed off stones, washed, excess
water removed from shell and then ﬁxed in 3 changes of 100% ethanol.
Sub-samples were ﬁxed in 10% neutral formalin; these specimens
were used to conﬁrm identity of the taxa. Identiﬁcation of snails
followed published accounts [7,20]. 21 of the 31 populations sampled
were previously unknown and/or unsampled, further details on 5 of
the new populations are published elsewhere [13]. Procedures and
PCR primers used for DNA extraction and sequencing are standard and
are described in the literature [17]. The loci sampled were partial
sequences of the cytochrome oxidase subunit I gene (cox1) and the
large ribosomal-RNA gene (rrnL), both on the mitochondrial genome.
Two mitochondrial genes were selected because, with their maternal
pattern of inheritance, and smaller effective population size, they
were considered to represent potentially better recorders of phylogenetic events at the intra-speciﬁc level. In addition, the loci targeted
were those within regions previously shown to exhibit ideal levels of
variation in Schistosoma for this type of study [17], and for which
efﬁcient and reliable primers were available for the rapid sequencing
of samples from a large number of snails. The choice of loci also
allowed extension of an existing data set for some of the populations.
DNA extracts were not pooled and one DNA sequence thus
represented one snail. Sequences were assembled and aligned using
Sequencher (version 3.1 Gene Codes Corp. Ann Arbor, Michingan).
DNA sequences for both strands were aligned and compared to verify
accuracy. Controls without DNA template were included in all PCR
runs to exclude any cross-over contamination.
2.2. Phylogeny reconstruction
The data were grouped into sets of aligned DNA-sequences of equal
length (one for each locus) such that all individuals were represented in
each set. The β-strain was included in the nested clade analysis to check
that it formed a cohesive clade distinct from the γ-strain, but it was
omitted from the maximum likelihood analyses in order to reduce run
times (which in some cases were up to 4 days) and demands on
computer memory. The data were analysed using a Bayesian method as
implemented by the software suite P4 [21]. A suitable substitution
model was selected using an hierarchical test of alternative models by
mixed χ2-test as performed by Modeltest v.3.06 [22]. The model
parameters were then ‘optimized’ using a maximum likelihood
method (ML) with the Brent Powell algorithm in P4. The values from
these optimizations were used as starting parameters for the ﬁrst
Bayesian analysis, as well as to deﬁne a model of substitution for the
coalescent simulation of DNA sequences when testing phylogeograhphical hypotheses. Importance sampling with a Metropolis-coupled
Markov chain Monte Carlo sampling process (McMcMC) [23] was used.
The Bayesian method in P4 was used to estimate initial gene and
population trees because of its speed and the ability to afford the
simultaneous estimation of topology and conﬁdence levels (i.e., the
posterior probabilities) for the nodes inferred. The ﬁrst 25% of samples
from the posterior distribution was discarded as a ‘burnin’. Probabilities were then estimated over 900,000 generations beyond the burnin.
Four simultaneous Markov chains were run (one cold, three heated)
and trees were sampled every 10 generations, two such runs were
performed simultaneously. After 900,000 generations (post-stationarity) the average standard deviation of the split frequencies (between
the 2 runs) was checked; the McMC was considered complete if this SD
was b0.01.
2.3. Population genetics

2. Materials and methods
2.1. Sampling and DNA-sequencing
Samples were taken in Cambodia, Lao PDR and Thailand. Table 1
gives details of sampling sites, dates of collection, strain of N. aperta

Pairwise mismatch distributions calculated in Arlequin [24,25] for
the clades identiﬁed by NCA were used in the initial inspection of the
data for evidence of population expansion; those populations which
have undergone recent expansion are expected to show a unimodal
distribution, whereas those with a history of relatively constant size
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Table 1
Locations and dates of the Neotricula aperta collections
River

Territory

Collection code

Mekong
Mekong
Mekong
Mekong
Mul
Mekong
Mekong
Mekong
Mekong
Mekong
Mekong
Mekong
Mekong
Sre Pok
Sre Pok
Sre Pok
Sre Pok
Xe-Bang-Fai
Xe Don
Xe Don
Xe Kaman
Xe Kong
Xe Kong
Xe Kong
Xe kong
Nam Hinboun
Nam Yom
Nam Yom
Nam Pakan
Xe San
Xe San

Cambodia
Cambodia
Cambodia
Cambodia
Thailand
Laos
Laos
Laos
Laos
Laos
Laos
Thailand
Thailand
Cambodia
Cambodia
Cambodia
Cambodia
Laos
Laos
Laos
Laos
Cambodia
Cambodia
Laos
Laos
Laos
Laos
Laos
Laos
Cambodia
Cambodia

KRK
KSC
SST
XKS
BET
DKL
DNL
DPK
HXK
MOP
NFL
DAN
BKL
OHG
DIL
TAL
JND
MXL
BHD
XDN
XKM
KRN
SDO
XKG
DKX
KLR
YOM
TOT
TKN
RAM
SRG

Province

Village

Location (GPS)

Kratié
Sambour
Stung-Treng
Sambok
Ubon
Champassac
Champassac
Champassac
Champassac
Champassac
Champassac
Ubon
Ubon
Rattanakiri
Rattanakiri
Rattanakiri
Rattanakiri
Khamouane
Saravane
Champassac
Attapeu
Stung-Treng
Stung-Treng
Attapeu
Attapeu
Savanakhet
Khamouane
Khamouane
Khamouane
Stung-Treng
Stung-Treng

Krakor
San Dan
–
Xai-Khoun
Kaeng-Kao
Don Khong
Don Nang Loi
Don Phakan
Hat-Xai-Khoun
Mophou
Na Fang
Dan
Khi-Lek
Oh Gan
Diloh
Jua Talai
Jua Negn Dai
Mahaxai
Houay-Deng
Hom-Sak
Kong-Phine
Karach Nun
Sadao
Attapeu
D. Kaeng Xai
Kong Lor
Yommarat
Thathot
Thakhen
Krabi Chum
Sri Goh

12°30′15″; 106°01′00″
12°44′20″; 106°00′30″
13°24′00″; 105°56′00″
12°37′15″; 106°01′15″
15°14′00″; 105°16′00″
14°06′30″; 105°51′15″
14°24′30″; 105°05′45″
13°56′00″; 105°56′30″
14°06′00″; 105°52′00″
14°59′15″; 105°54′00″
14°28′00″; 105°52′00″
15°19′00″; 105°31′00″
16°02′15″; 105°18′00″
13°29′30″; 106°52′30″
13°28′45″; 107°00′15″
13°28′30″; 106°59′45″
13°27′30″; 106°52′45″
17°25′00″; 105°11′45″
14°44′45″; 106°38′15″
15°42′30″; 106°04′15″
14°46′15″; 106°50′15″
13°45′00″; 106°12′15″
13°36′45″; 106°06′00″
14°48′30″; 106°49′00″
14°45′45″; 106°45′00″
17°57′30″; 104°44′00″
17°36′15″; 105°10′30″
17°37′30″; 105°08′45″
17°41′15″; 104°41′45″
13°33′15″; 106°31′00″
13°36′30″; 106°22′15″

Collection date

Infection

N

07/05/01
10/05/01
29/04/03
09/05/01
06/04/05
03/04/01
03/04/01
03/04/01
03/04/01
03/04/01
03/04/01
13/05/02
07/04/01
26/04/04
25/04/04
25/04/04
26/04/04
20/04/01
04/04/03
03/04/03
08/05/03
25/04/03
25/04/03
08/05/03
08/05/03
26/03/04
20/04/01
28/03/04
27/03/04
24/04/03
24/04/03

No
Yes
No
Yes
No
Yes
No
No
Yes
No
No
No
No
No
No
Yes
No
No
No
No
No
No
Yes
No
No
No
No
No
No
No
Yes

18
9
15
6
12
19
9
8
11
16
9
8
8
11
14
17
19
10
10
9
11
10
10
10
8
17
7
16
15
14
10

Populations for which DNA-sequence data have not been previously published are given in bold (see Collection code). For spring or primary-stream populations the river from
which they were collected (or, in cases where the stream was too small to be named, the major drainage with which they are associated) is given in italics. The number of
individuals sequenced (N) and whether any infection with S. mekongi was detected is also given for each locality. Collection date is dd/mm/yy. A — is inserted where there is no
nearby village.

have an expected multimodal distribution [26]. Harpending's raggedness index [27] was used to assess the signiﬁcance of any deviation
from the pattern expected under the null hypothesis of constant
population size. Genetic diversity of haplotypes was also explored
initially using AMOVA (and the K2P distance in Arlequin) to assess the
extent to which genetic variation was partitioned among clades identiﬁed by the genealogical analyses. A total of 1000 randomizations
were used to assess signiﬁcance of variance estimates for the ϕstatistics [24]. Population genetic parameters such as uncorrected
average pairwise sequence divergences (dxy), nucleotide diversity (π)
[28], number of polymorphic sites, Tajima's D [29], etc., were
estimated using DNAsp [30]. A molecular clock calibration was performed for these data following the method of Edwards and Beerli
[31]. DNAsp was used to obtain dxy values between corresponding 16S
sequences for Robertsiella silvicola and N. aperta from the GenBank
(accession numbers AF531548 and AF531556, respectively [17]. The
two snail taxa were assumed to have diverged 2.1 Ma; this was on the
basis of divergence times for S. malayensis and S. mekongi (the respective Schistosoma species hosted by the snail taxa), estimated
elsewhere using a Bayesian method applied to parasite DNA-sequence
data and the timing of Pliocene ﬂuctuations in sea level [19,32]. The
above procedure yielded a simple point estimate for the mutation rate
at the rrnL locus of 1.095 ± 0.17 × 10− 8 substitutions per site per year.
The current understanding of triculine phylogeography is insufﬁcient
to permit a more rigorous estimation procedure than this.

2.4. Phylogeographical analyses
The statistical parsimony procedure [33] implemented in the
program TCS v.1.18 [34] was used to estimate an unrooted haplotype
network for the rrnL and cox1 data sets separately. Assessment of the
genealogy in the form of a network was considered more realistic than
the bifurcating trees handled by phylogenetic methods (as in P4 or ML
in PAUP⁎ [35]) because of the simultaneous occurrence of ancestral
and descendant forms in a gene tree (in species phylogenies ancestral
forms (the nodes) will be extinct). Statistical parsimony is advantageous in that it emphasizes the similarities (rather than differences)
among haplotypes, and is therefore well suited to reconstruction of
intraspeciﬁc relationships where levels of variation are expected to be
lower than at the species level [36]. The TCS algorithm [33] is fast even
when handling large data arrays; however the reliability of its tree
search suffers in that it is able to make only local (neighbour to
neighbour) not global (i.e., across the whole tree) comparisons.
Nevertheless, TCS allows us to estimate a set of 95% credible networks
in that haplotypes separated by ≤9 mutational steps had a ≥95%
chance of being connected in a parsimonious manner. Haplotypes
were nested according to the conventional rules [37]. Brieﬂy, the
nesting procedure begins at the tips of the network and, moving one
mutational step inwards, haplotypes are grouped into 1-order clades.
The process is repeated, nesting the 1-order clades into 2-order clades,
et seq. until all subclades have been nested into a single clade; this was

Fig. 1. Sketch map of the Annam and Kontum region of Southeast Asia showing the locations of the Neotricula aperta populations sampled (denoted by star symbols) and transmission
foci for Schistosoma mekongi (denoted by black box symbols). Important geographical features or locations are given in large bold type. The “Champassac region”, referred to in the
main text and tables, is the lower Mekong river between Paxse in Laos and the Cambodian border.
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Fig. 2. Population trees representing different kinds of historical biogeographical hypotheses explaining the current distribution of Neotricula aperta across Laos and Cambodia.
Branch widths are proportional to the estimated effective population size. A. A single historical divergence event into two effectively panmictic populations, a spring dwelling and a
river dwelling form of N. aperta. B. An original 502 bp haplotype gives rise to a 503 bp haplotype, with a subsequent divergence to produce a third lineage bearing a 504 bp haplotype.
C. A ‘star-tree’ model, with all populations diverging simultaneously from a single ancestral population or arising from fragmentation and decline of a once larger and continuous
population. D. An example of a more complex history (in this case of a northern/Attapeu original population with subsequent North to South radiation).

the basis of the NCA. Ambiguities were resolved following Crandall
et al. [38]. GeoDis v.2.2 [39] was used to test for any signiﬁcant
association among sampled haplotypes and the spatial distribution of

the individuals bearing them. Geographical distances between
sampling sites were measured both as ‘along-river’ distances (along
contiguous or nearly contiguous stretches of river systems separating

Fig. 3. Haplotype network showing the higher order clades from the nested clade analysis for Neotricula aperta. Clade diameter is proportional to the frequency of the contained
haplotypes (in the total sample). The broken line between clades 4-3 and 4-5 represents an ambiguous connection, i.e., the haplotypes are connected by a closed loop which could be
broken in several places. All haplotypes unique to spring dwelling taxa are encompassed by clade 5-3.
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Table 2
Basic descriptive statistics and geographical distribution for each higher clade in the NCA
Clade

Haps

N sites

N indiv

Nuc div

K

S

T

Geographical representation

4-1
4-2
4-3
4-4
4-5
4-6
4-7
4-8
4-9
5-1
5-2
5-3

18
8
30
46
13
18
15
10
4
94
39
29

503
503
503
503
503
503
502
504
503
503
503
502

47
80
37
41
33
46
39
17
19
125
159
75

0.0026
0.0054
0.0119
0.0143
0.0097
0.0035
0.0176
0.0071
0.0058
0.0140
0.0093
0.0218

1.31
2.71
5.99
7.21
4.89
1.78
8.83
3.56
2.93
7.06
4.66
10.9

17
30
27
29
25
27
32
11
17
50
66
46

b 0.01
N 0.05
N 0.05
N 0.05
N 0.05
b 0.001
N 0.05
N 0.05
N 0.05
N 0.05
b 0.05
N 0.05

CER
CER
CER
CER
CER
CER
CER
CER
CER
CER
CER
CER

(0)
(100)
(30)
(0)
(25)
(0)
(0)
(0)
(0)
(18)
(47)
(0)

CLM
CLM
CLM
CLM
CLM
CLM
CLM
CLM
CLM
CLM
CLM
CLM

(100)
(0)
(20)
(0)
(0)
(0)
(0)
(0)
(0)
(24)
(0)
(0)

LAR
LAR
LAR
LAR
LAR
LAR
LAR
LAR
LAR
LAR
LAR
LAR

(0)
(0)
(40)
(43)
(13)
(0)
(25)
(0)
(0)
(35)
(6)
(30)

LMK
LMK
LMK
LMK
LMK
LMK
LMK
LMK
LMK
LMK
LMK
LMK

(0)
(0)
(10)
(57)
(62)
(100)
(63)
(0)
(0)
(23)
(47)
(40)

NSP
NSP
NSP
NSP
NSP
NSP
NSP
NSP
NSP
NSP
NSP
NSP

(0)
(0)
(0)
(0)
(0)
(0)
(12)
(100)
(100)
(0)
(0)
(30)

Haps, number of haplotypes; N sites, number of sites analyzed (excluding gaps); N indiv, number of individuals in clade; Nuc div, Jukes-Cantor corrected nucleotide diversity πJC; K,
average number of pairwise nucleotide differences; S, number of polymorphic sites; T, signiﬁcance of Tajima's test for neutrality (signiﬁcant tests in bold). Geographical
representation is a percentage based on the number of villages from each region represented in the clade: codes; CER, eastern rivers of Cambodia (Sre Pok, Xe San and lower Xe Kong);
CLM, Cambodian section of the lower Mekong river; LAR, southern Laos — Attapeu region (upper Xe Kong and Xe Don, etc., not Mekong river); LMK, Laotian section of the lower
Mekong river; NSP, northern Laos (not Mekong) including all of the spring and very small river populations. Clades with haplotypes carried by members of populations known to be
infected by Schistosoma mekongi are given in bold.

them) and as direct, shortest, distances calculated using the GPS.
GeoDis computes the following 4 statistics together with the
probability and the direction of their deviations from null expectations: clade distance, Dc (a measure of the geographical range of a
particular clade), nested clade distance Dn (a measure of the
geographical distribution of a clade relative to its nearest sister
clade; these are used to derive the average interior clade distance
minus the average tip distance ((I − T)c and (I − T)n, respectively).
2.5. Coalescent based analyses of demographic history and levels of
migration
A coalescent approach, as implemented in Fluctuate [40], was used
to estimate the past exponential growth rates for each major clade
from the NCA. The estimation procedure used 20 short chains of 1000
generations and 5 long chains of 20,000 generations. Starting values
for each run were initial g (exponential growth rate) 0.001,
Watterson's 1975 estimate of Θ, empirical nucleotide frequencies,
transition/transversion ratio 20.47 (from P4), and a UPGMA starting
tree (HKY85 distance) for the sequences (from PAUP⁎). The procedure
was run 5 to 8 times until consistent estimates were returned. The
starting parameters of subsequent runs were the maximum likelihood
estimates (MLEs) from previous runs.
A coalescent based approach was also used to obtain MLEs for
migration (or gene-ﬂow) rates among the higher clades identiﬁed by
NCA. The procedure used was that in MIGRATE v.0.97 [41]; unlike
equilibrium approaches this model is able to incorporate population
structure and processes such as past asymmetrical gene-ﬂow. The
procedure assumes the inﬁnitive alleles model. Typical runs used 20
short-chains (of the McMcMC) with 100 steps and 2000 recorded
genealogies, and 4 long chains with 20 steps and 10,000 recorded
genealogies (500,000 for 5-order clades). AIC-modelTest was set to
fast, likelihood estimation to slow, adaptive heating was used and
chains were combined over 5 multiple runs. For the ﬁrst runs starting
values for 2 Nm were estimated separately (by specifying migration
model matrices with all other parameters ﬁxed) prior to runs using
the full migration model. The analyses were repeated until constant
values were obtained (this required several weeks of computing time
on a Windows XP PC, 1.4 GHz processor, 256 MB RAM).
2.6. Summary statistics for hypothesis testing regarding population
history and timing of phylogenetic events
Hypothesis testing followed a method described in Knowles and
Maddison [42], which (unlike NCA) permits the building of speciﬁc

distributions for the data and plausible histories, thereby enabling
statistical tests of alternative phylogeographies. Brieﬂy, data sets
simulated by a neutral coalescent process were used to estimate the
distribution of the chosen test-statistic under the population history
(the hypothesis) being tested. The value of the test-statistic computed
for the real data set is compared to this distribution and its
signiﬁcance determined. The test-statistic used was Slatkin and
Maddison's [43] s statistic, which measures the discord between the
genetree for the data and the subdivisions of populations on the
population tree (which represents the historical-biogeographical
hypothesis under test). The s statistic regards the subpopulations as
categorical variables and in this case can be regarded as the minimum
number of migration events, among populations, required to explain
the population tree in terms of the gene tree (s is strictly a measure of
completeness of lineage sorting). Unlike NCA this process is too slow
to examine all plausible population histories and cannot test multiple
histories simultaneously. Consequently, a selective decision must be
made about which hypotheses to test. MESQUITE v.1.05 [44] was used
to perform the coalescent simulations; the hypotheses tested are
detailed in Fig. 2. In order to compared simulated (as evolving under
the history of interest), reconstructed, gene trees with the empirical,
reconstructed, gene tree, 1000 DNA-sequence data sets were simulated (using the model parameters from P4) and 1000 corresponding
gene trees were estimated using PAUP⁎ (heuristic search with the
parsimony criterion).
Finally the program Genetree [45] was used to estimate the ages of
mutations deﬁning clades (i.e., the clades identiﬁed by earlier
analyses). Genetree implements a likelihood based method using
importance sampling and allowed the incorporation of growth and
migration rates (using MLEs from the earlier analyses as initial values).
All sites that were incompatible with the inﬁnite sites model were
removed prior to the analysis. Ancestral states were determined using
corresponding sequence data for Tricula bollingi and Neotricula burchi
from the GenBank (accession numbers AF531551 and AF531542). Each
run of Genetree produces a possible ordering of coalescent and
mutation events explaining the data. The distribution of the times
between these events is known; therefore the ages of key mutation
events and the TMRCA can be estimated. The simulated ages are
weighted by the probability of that run and the MLEs were the
weighted averages of the simulated ages over up to 10,000,000 runs.
The runs were conditioned on estimates of the effective population
size (Ne) from MIGRATE. The initial θ value was obtained from the
number of segregating sites using DNAsp. Initially shorter chains were
used (≤30,000 runs) to estimate the back migration rate matrix and
then to ﬁnd the likelihood for different pairs of θ and β (the
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Table 3
Inferences from the NCA (see Templeton [58] for details)
Clade

χ2-statistic

Probability

Inference chain

Inferred demographic event

R3-1
R3-5⁎
R3-8
R3-15
R4-2
R4-3
R4-4
R4-5
G3-1
G3-5a
G3-8
G3-15
G4-2
G4-3
G4-4
G4-5

14.262
29.000
15.273
15.000
72.095
27.076
53.486
66.00
14.262
29.000
15.273
15.000
72.095
27.076
53.486
66.00

0.001
b 0.0001
0.05
0.003
b 0.0001
b 0.0001
b 0.0001
b 0.0001
0.001
b 0.0001
0.05
0.003
b 0.0001
b 0.0001
b 0.0001
b 0.0001

1-2-11-17 No
1-2-3-4 No
1-2
1-19-2-11-12 No
1-2
1-2-3-4 No
1-2-11-12
1-2-3-4 No
1-2-3-4-9 No
1-19-20-2-3-4-9 No
1-2
1-19-2-11-12 No
1-2
1-2-3-4-9 No
2-3-5-6-7-8 Yes
1-19-20 No

Inconclusive
RGF with IBD in the Champassac, upper Xe Kong and Attapeu regions
Inconclusive
CRE in the Champassac, Lao Mekong river and Attapeu regions
Inconclusive
RGF with IBD in upper reaches of Xe Kong and eastern Cambodian rivers
CRE in the Laotian lower Mekong/Attapeu region
RGF with IBD in upper Xe Kong and Champassac Mekong river region
AF in Cambodian lower Mekong region
AF in Champassac, upper Xe Kong/Attapeu region
Inconclusive
CRE in the Champassac, Lao Mekong river and Attapeu regions
Inconclusive
AF in upper reaches of Xe Kong and eastern Cambodian rivers
Probably past gene-ﬂow in LMK & LAR regions, then extinction of intermediate populations
Inadequate geographical sampling (otherwise CRE would be inferred)

Clades without signiﬁcant geographical associations and 1-order and 2-order clades are not listed. An R preﬁx to the clade name signiﬁes that distances were measured along
connecting rivers, whereas a G preﬁx indicates that shortest (direct) distances between localities were used. AF, allopatric fragmentation; CRE, contiguous range expansion; IBD,
isolation by distance; RGF, restricted gene-ﬂow.
a
Contained the β-strain samples.

exponential growth rate parameter), alternately ﬁxing θ and varying
β, or vice versa; this required about 30 sets of runs. A migration rate
matrix was then re-estimated with θ and β ﬁxed to their MLEs (or
near to their MLEs). A likelihood ratio test was used to compare the
results with a migration matrix and without migration. Finally the
gene tree and MLEs for the ages of nodes were computed using these
‘optimal’ starting parameter values and 10,000,000 runs, with 1000
points sampled from the empirical distribution and an expected
maximum for the TMRCA of 18 Ma (the probable date for the arrival of
triculine snails in China from their origin in India [18]). Probability
intervals for the TMRCA were obtained from the approximate area of a
plane that follows the TMRCA on the likelihood surface. Dates in
millions of years before present (Ma) were estimated from coalescent
‘time’ units using a generation time of 0.25 years for N. aperta. The
present generation time of Mekong River N. aperta is not known
precisely [46], but most triculine snails in tropical areas achieve 4
generations per year and it is assumed that spring and stream
dwelling (antecedent) N. aperta populations achieved this reproductive rate during most of the species' history.
3. Results
3.1. Nested clade analysis
DNA sequencing provided 598 bp at the cox1 locus and 502–
504 bp at the rrnL locus. The cox1 data appeared saturated according
to the test of Xia et al. [47], showed many incompatibilities with the
inﬁnite sites model and the cox1 haplotypes could not be united into
an unambiguous network by statistical parsimony. Consequently, the
cox1 data were not included in the statistical analyses. For the rrnL
locus sequences, were obtained for 359 snails representing 31
populations, 162 haplotypes, 10 river systems, 11 provinces or districts
and 3 countries. These sequences were deposited in GenBank
with accession numbers EU306175–EU306335. The nesting process
resulted in 3 5-order clades, 9 4-order clades, 22 3-order clades, and
42 2-order clades. AMOVA, with haplotypes partitioned according to
5-order clades (effectively corresponding to major river systems), 4order clades (sub-populations within river systems) and within 4order clades, suggested that most of the variance (89.27%) occurred

between the 4-order clades (P b 0.001). Consequently, and as the
number of haplotypes and subclades was large, only 4- and 5-order
clades are shown in Fig. 3 (the summary of the haplotype network)
and in Table 2 (details of geographical extent and population genetic
parameters by clade). The nested cladogram provided a more
simpliﬁed depiction of the relationships among haplotypes than did
the Bayesian gene tree (Fig. 4). Table 2 shows that there was no
phylogenetic constraint to compatibility with S. mekongi as 6 out of
the 9 4-order clades and all 3 5-order clades were involved in
transmission. Clades 4-1, 4-6, 4-8 and 4-9 were geographically
homogeneous, being found only in regions CLM, LMK, NSP and NSP
respectively (see Table 2 for codes). The clades with the highest
nucleotide diversities (4-7, 4-4 and 4-3) were comprised of 50 to 100%
of either the LAR or LMK populations and were the clades at the centre
of the modern range of N. aperta. It is reasonable to expect those
subpopulations (as identiﬁed by NCA, sequence length variation or
other reasoning) that show greatest internal genetic diversity to be
ancestral. The nucleotide diversities for clades 4-7, 4-4, 4-3 and 4-5
were signiﬁcantly greater than that of the next most diverse clade 4-8
(P b 0.05; based on a distribution of nucleotide diversities for a set of 20
haplotypes simulated using MESQUITE and parameters taken from the
ingroup (empirical) data). CLM and NSP were the most phylogenetically restricted regions (represented in only 2 and 3 4-order clades,
respectively), whilst LMK, LAR and CER were the least restricted. The
clades with the most geographically widespread haplotypes were 4-3,
4-5 and 4-7. All of the NSP samples fell into clades 4-7, 4-8 and 4-9
(clade 4-8 comprises solely of KLR haplotypes) and all of the CLM
haplotypes were in 4-1 and 4-3. All of the Cambodian haplotypes were
encompassed by clades 4-1, 4-2 and 4-5. Clades 4-1 and 4-2 are
entirely Cambodian, and clades 4-4 and 4-6 to 4-9 are entirely Laotian.
Clades 4-1 and 4-6 show signiﬁcant values for Tajima's D; this is a test
for the absence of selection, however, in the present case it is also
possible that the test had detected marked population expansion
rather than selection [48]. The null hypothesis of no association
between genetic variability and geographical distribution could be
rejected for 25 1-order, 10 2-order, 4 3-order and 4 4-order clades.
Table 3 shows the inferences for from the NCA for 3- and 4-order
clades with signiﬁcant χ2-values only. The inferences varied depending on the distance measure used. For the river distance based analysis

Fig. 4. A haplotype tree estimated using a Bayesian method in P4. The tip of each branch is labelled with the haplotype and the clades (from the nested clade analysis) involved in
parentheses. Solid branch lines indicate haplotypes 502 bp in length, lines with short dashes 503 bp and lines with long dashes 504 bp. Numbers next to each note indicate the
posterior probability of the clade to the right.
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Table 4
Gene-ﬂow estimates (2 Nm) among the 4-order clades of the NCA

4-1
4-2
4-3
4-4
4-5
4-6
4-7
4-8
4-9

4-1

4-2

4-3

4-4

4-5

4-6

4-7

4-8

4-9

–
0.1925
0.1418
b0.0000
b0.0000
b0.0000
0.0172
b0.0000
b0.0000

0.0721
–
0.0720
0.0481
0.1154
b0.0000
b0.0000
b0.0000
b0.0000

1.7931
b0.0000
–
0.1216
0.0608
0.0304
b0.0000
b0.0000
b0.0000

b 0.0000
1.2733
0.2315
–
b 0.0000
b 0.0000
b 0.0000
b 0.0000
b 0.0000

0.0000
0.0142
0.1987
0.0000
–
0.2981
0.0000
0.0000
0.0000

b0.0000
0.1637
b0.0000
b0.0000
0.0455
–
0.0273
b0.0000
b0.0000

b 0.0000
b 0.0000
b 0.0000
b 0.0000
b 0.0000
0.3429
–
0.6857
b 0.0000

0.0316
b 0.0000
b 0.0000
b 0.0000
b 0.0000
b 0.0000
0.0316
–
b 0.0000

b 0.0000
b 0.0000
b 0.0000
b 0.0000
b 0.0000
b 0.0000
b 0.0000
b 0.0000
–

Recipient populations are arranged by columns, donor populations by rows (likelihood of the model −ln(L) 232.097). For ease of interpretation ﬂow rates above 0.1 are marked in
bold.

the key trend was restricted gene-ﬂow (with isolation by distance) in
the Champassac area, the eastern Cambodian rivers and in particular
the upper Xe Kong River; this scenario implies that the geographical
distribution of a haplotype will be strongly correlated with its age. A
weaker trend was contiguous range expansion in the lower Mekong
below Champassac and the area around Attapeu (under this scenario
older haplotypes will be restricted to the pre-expansion area). When
GPS distance measures were used the result for clade 3-15 was
unchanged but the inferences of restricted gene-ﬂow were replaced
by allopatric fragmentation for the LAR and LMK region (clade 4-4
showed past gene-ﬂow with extinction of intermediate populations)
rather than contiguous range expansion. The inconclusive results in
Table 3 are due to an absence of tips in the clade concerned; the
inadequate geographical sampling of clade 4-5 results from adoption
of a conservative assumption that unsampled N. aperta populations
did occur between the collecting sites (contiguous range expansion
would have been the inferred process had all populations been
assumed to have been sampled). The by-river-distance distance
measure is considered to be more realistic than the GPS distance, as
the latter does not allow for highland barriers or gradient.
3.2. Maximum likelihood analysis of demographic history
Tables 4 and 5 give the gene-ﬂow estimates among the clades
identiﬁed by NCA. Fig. 5 depicts the geographical extent of each 4-order
clade, whilst Fig. 6 shows the major tracts of gene-ﬂow, areas of
population expansion and of restricted gene-ﬂow. The coalescent based
estimates of gene-ﬂow show no contradiction with the results of the
NCA in that area of restricted gene-ﬂow. NCA (Fig. 6) also shows low
rates in Table 4. Table 4 suggests that gene-ﬂow in a South to North
direction has dominated the overall history of N. aperta, the source being
clade 4-1 in the Cambodian Mekong River, followed by East to West from
the Cambodian Sre Pok River into the Mekong River near Khong Island.
The migration rates among the 5-order clades simply reﬂect those of
their constituent 4-order clades. The main migration tract appears to be
from Cambodia to Lao PDR.
Values of the exponential growth rate parameter (g) for each
higher order clade, estimated using Fluctuate, are given in Table 6.
Very high growth rates were estimated across all Cambodian clades
(ranging from 1584 to 4443) and also for the lower Mekong River
(LMK) centered around Khong Island (2859). The lowest growth rates
were estimated for the lower Xe Kong, the Mekong River from
Northeast Thailand to Pakxé and the northern spring populations (−76
to 108). Clade 4-8 (comprising solely of haplotypes from KLR) from
near the Nam Theun II dam construction project was the only one of
the NSP populations to show marked exponential growth (g = 520).
Clades 4-6 and 4-1 showed the highest estimated Ne values and 4-9

Table 5
Gene-ﬂow estimates (2 Nm) among the 5-order clades of the NCA

5-1
5-2
5-3

5-1

5-2

5-3

–
1.1143
b 0.0000

1.2889
–
b0.0000

0.0100
b0.0000
–

Recipient populations are arranged by columns, donor populations by rows (likelihood
of the model −ln(L) 3214.3449).

and 4-5 the lowest (Fig. 5). The raggedness index from the mismatch
distribution was signiﬁcant for clades 4-9, 4-7, 4-5, 4-4 (P b 0.01) and
4-8 (P b 0.05); this suggests that clades 4-1, 4-6, 4-2, and 4-3 are
expanding populations.
3.3. Statistical tests of population history
Coalescent simulations conducted in MESQUITE enabled rejection
of a ‘star-tree’ model (Fig. 2C) (sobserved 39 P b 0.01). The history of
northern/Attapeu original population with subsequent North to South
radiation (an hypothesis proposed in the literature on N. aperta [17])
was also rejected (sobserved 39 P b 0.01). Indeed, all histories involving
the 5 regional subpopulations were indistinguishable and rejected by
this procedure probably because of the complexity of the empirical
gene tree. Fig. 2C and D therefore represents all the more complex
models. In contrast the histories in Fig. 2A and B could not be rejected
(sobserved 7 and 22, respectively, P N 0.05). A random distribution of
simulated reconstructed gene trees indicated that the probability of
observing this difference in s values by chance (under either
population history (A or B)) is b0.0001. Consequently, even accounting
for the fact that the simpler model would be expected to show a better
ﬁt to the gene tree, the hypothesis of an ancestral population diverging
into spring and river forms, with the river form subsequently radiating
into all the clades seen today, appears to be the more probable model
given the data (the gene tree). It was not possible to vary branch
lengths and test different timings of events by this method because
lengthening the branches tends to decrease s anyway. Instead MLEs
for divergence times were obtained by other methods (see below).
3.4. Genealogy, phylogeography and dating
A gene tree for the sampled haplotypes was estimated using a
Bayesian phylogenetic method (in P4). There were 50 haplotypes
(from the CER and LMK regions (mostly 504 and 505 bp in length) see
Table 7) whose relationships were entirely unresolved (Fig. 4). Several
paraphyletic clades were found (3 for CER and 3 for LMK) whose
interrelationships could not be elucidated. Finally 3 monophyletic
clades were observed, which encompassed all of the haplotypes in

Fig. 5. The approximate geographical extent of the clades identiﬁed by the nested clade analysis. The depth of shading of each clade is proportional to its effective
population size (as estimated by a coalescent method). The thick broken line along the Cambodian border approximately marks the uplifted edge of the Khorat Basin.
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their respective geographical regions; these were clades comprising
entirely of either CLM, or LAR or NSP haplotypes. The tree shows a
second lineage of NSP (sister to LMK 34-37), and a third with lower Xe
Kong taxa and some LMK; however, these taxa, although in the NSP
region and having spring associated members, were in habitats
contiguous with true rivers and so were probably not true spring
dwelling forms (thus the main NSP clade is monophyletic). The gene
tree has 311 branches so posterior probabilities on the estimated
clades would not be expected to be high; nevertheless there was
reasonable support for the monophyletic clades (0.60, 0.72 and 0.91,
respectively, as mentioned above) and the paraphyletic clades (0.61,
0.64, 0.66, 0.89, 0.93, 0.94). The best supported clade was that for the
true NSP (spring) populations.
There was no apparent phylogenetic constraint to compatibility
with S. mekongi on the gene tree except that the true NSP clade had no
associated individuals from epidemiologically signiﬁcant populations.
All haplotypes from infected populations fell into either the
unresolved haplotype ‘group’, the CER clade (CER40(CER11,CER12,
CER13(CER14,CER15))) or the (LMK28,LMK14) clade. Haplotypes of all
3 lengths were sampled from populations involved in S. mekongi
transmission (16% 502 bp, 40% 503 bp and 44% 504 bp). The natural
infection rates are low and the haplotypes of individual infected snails
are unknown; therefore it is impossible to discern which haplotypes
(if any) are associated with infected individuals in a population. Table 8
summarizes the results from the Genetree analysis. The ﬁndings
suggest an initial Miocene divergence of N. aperta into a spring
dwelling and a river dwelling lineage (10–9 Ma). The southernmost
(CLM) populations appear oldest (around 10.12 Ma) and the radiation
into hilly areas (Annam) of Central Lao PDR is dated at around 6.5 Ma.
Phylogenetic events also appear to have occurred within the NSP, CLM
and LAR monophyletic clades in a burst between 4 and 6 Ma.
4. Discussion
4.1. Historical biogeography
The NCA (the results of which are summarized in Figs. 5 and 6)
indicated restricted gene-ﬂow with isolation by distance in the East of
the range (Attapeu, Kontum, Sre Pok, Xe San, upper Xe Kong region)
and contiguous range expansion in the West (along the Mekong River,
down to Stung-Treng). The occurrence of isolation by distance in the
East is probably a Pleistocene–Holocene effect reﬂecting the hilly
nature of the Annam region with snails inhabiting streams isolated in
different minor valleys. The range expansion inferred for the western
(Mekong River) populations agrees with the estimated growth rates
(Table 6). The MLEs for past growth rates were high for the Mekong
River (where clades 4-1 and 4-6 show the highest rates observed) and
for the eastern Cambodian rivers (with high rates of 36% and 21% of
that of clade 4-1 observed for clades 4-2 and 4-3, respectively). Such
rates are in marked contrast to those of the predominantly northern
Lao (spring dwelling) and central Lao (Xe Bang-Fai, Xe Don and upper
Xe Kong) clades, which had growth rates only 1–4% of the Mekong
River and Cambodian clades. The only exception was clade 4-8, the
spring dwelling population of Kong Lor which had a growth rate 12%
of that of clade 4-1.
The above observations ﬁt well with the idea of a spring dwelling
ancestral form of N. aperta giving rise to a more lentic ecotype, which
then underwent marked range and population expansion in large
rivers such as the Mekong [19]. Under such a hypothesis, it is likely
that the divergence of S.mekongi from an S. japonicum/S. sinensium-

like antecendent of Pliocene rodents occurred after the divergence of
the river form of N. aperta. Such reasoning is based on the observation
that in primary streams rodents are more suitable hosts, whereas
human mediated transmission is more efﬁcient in the shallow, clear
water, areas of the Mekong River where N. aperta occurs. The river
ecotype of N. aperta is found in shallow areas characterized by sheet
rock [49] and such areas are used by people for mooring boats,
laundry, bathing children and other domestic activities. The concept of
two ecotypes (a spring form and a large river form) appears fairly well
established in the present study. The highest levels of support on the
Bayesian gene tree are observed for the clade bearing the northern
spring-dwelling forms. The distinction seems to be based on habitat,
rather than geography (i.e., they are not simply united by being
northern populations) because those northern populations which
bordered or extended into larger rivers fell outside the true springassociated clade (see Fig. 4). All of the haplotypes unique to spring
dwelling N. aperta occur in the same 5-order nested clade. Further, the
most favoured population history in the coalescent simulations was
that of a single divergence into a spring dwelling ecotype and a largerriver ecotype. The likelihood based method in Genetree gave a late
Miocene date for this original divergence of N. aperta into the two
ecotypes; this date agrees with the general consensus of a midMiocene arrival of Triculinae in Yunnan, China [50].
A second population history, based on observed haplotype length
(Fig. 2B), was also not rejected by the coalescent-simulation based
analysis. This history (in approximate geographical terms) describes
an initial divergence of a common ancestor into an Attapeu (Annam or
eastern) clade and a Bolovens clade, with subsequent divergence of
the Bolovens clade to produce a Kontum clade (see Table 7 for an
explanation of these terms, also see Fig. 1); this follows the “Red-river
hypothesis” [51] that N. aperta entered northern Lao PDR from Hunan
(China), via northern Vietnam, and radiated in the Annam hills before
invading the Mekong River. In further support of this model clades 4-7,
4-3, 4-4 and 4-5 showed the greatest internal genetic diversity (π see
Table 2, Fig. 5) and these clades had the most widely dispersed
haplotypes. Clades exhibiting such properties are often referred to as
geographically ‘ancestral’ [52]; this would centre the origin of
N. aperta in the Annam area of South-Central Lao PDR. Details of
this model could not be tested using the present data. The coalescent
simulations were unable to distinguish among more complex
population histories (i.e., those involving more than three subpopulations or different branch lengths); this maybe due to the use of a
parsimony criterion in the reconstruction of gene trees from the
simulated data sets where so many taxa are involved. Parsimony is
unlikely to ﬁnd the correct tree, so with more complex histories the svalues tend to converge on a common value regardless of the true ﬁt of
the history to the empirical gene tree.
Table 8 shows that major divergence events occurred across the
range of N. aperta between 4 and 6.5 Ma. Such divergences maybe a
concerted response to the ﬁnal Indosinian orogeny around 5 Ma [53].
These events increased river gradients, deepened river valleys and
effected some river ﬂow reversals; thereby isolating some taxa and
driving divergence. According to the present results, the radiation of
N. aperta (10–5 Ma) is heterochronous with that of S. mekongi (2.1–
1.0 Ma [19]). In contrast, other authors regard the phylogeographies of
the S. japonicum group taxa to be tightly linked to that of their
intermediate hosts [18,54]. The natural infection rates with S. mekongi
in N. aperta effect little selection pressure in that they rarely exceed
0.3%. S. japonicum group schistosomes appear to infect at least nine
species of pomatiopsid snail and transmission occurs in a variety of

Fig. 6. As Fig. 5 but key clades are uniﬁed by region and major tracts of gene-ﬂow are shown between them, as arrows whose width is proportional to the level of gene-ﬂow (the sum
of the values for the uniﬁed clades). The inferences of the nested clade analysis are also shown for each shaded area: CRE, contiguous range expansion; PAN, panmixis; RGE, Restricted
gene-ﬂow. Historical processes inferred: an ancestral spring dwelling N. aperta clade in the Annam region diverges to produce the river ecotype (10–9 Ma); river ecotype enters Lao
and Cambodian Mekong rivers in independent migrations (6–5 Ma); after major population growth in the Mekong river, Cambodian N. aperta recolonizes larger rivers of Annam
region (b 5 Ma); spring ecotype is relict; Pleistocene uplifts break connections between Cambodia and Laos (b1 Ma).

S.W. Attwood et al. / Parasitology International 57 (2008) 256–270

267

268

S.W. Attwood et al. / Parasitology International 57 (2008) 256–270

Table 6
Coalescent based estimates for the exponential growth parameters (θe− gt) for the 4- and
5-order clades from the NCA)
Clade

θ

g

ln(L)

Rank

Region(s)

4-1
4-2
4-3
4-4
4-5
4-6
4-7
4-8
4-9
5-1
5-2
5-3

0.375 ± 0.061
0.082 ± 0.010
0.097 ± 0.009
0.052 ± 0.011
0.019 ± 0.004
0.454 ± 0.063
0.024 ± 0.004
0.021 ± 0.007
0.007 ± 0.002
0.139 ± 0.015
0.122 ± 0.011
0.046 ± 0.005

4,442.965 ± 170.490
1,584.185 ± 100.490
929.913 ± 50.597
185.414 ± 53.392
107.624 ± 60.401
2,858.983 ± 105.990
46.789 ± 38.495
520.048 ± 186.411
75.636 ± 58.333
502.724 ± 46.684
501.698 ± 61.234
55.945 ± 26.660

0.333
0.409
0.967
0.003
0.019
0.771
0.006
0.009
0.005
0.304
0.045
0.021

1
3
4
6
7
2
8
5
9
1
2
3

CLM
CER
ER/LAR/LMK
LAR/LMK
CER/LAR/LMK
LMK
LAR/LMK/NSP
NSP
NSP
CER/CLM/LAR/LMK
CER/LAR/LMK
LAR/LMK/NSP

Maximum likelihood values are given for θ and g ± SD.

habitats. Consequently, a de-coupling of snail and parasite phylogenies is not unexpected.
The predominant direction of historical gene-ﬂow or migration
was inferred as from the Cambodian Mekong River northwards into
the Xe Kong River valley of central Lao PDR and eastern Cambodia
(Fig. 6, tract 1). Some East to West (Sre Pok to Mekong) gene-ﬂow was
also detected in Cambodia (Fig. 6, tract 2). A further tract of migration
was from the Cambodian lower Mekong into the Lao Mekong river at
Khong Island (tract 3). The NCA, Table 8 (dating) and examination of
intraclade diversities suggest an original population in Central Lao
PDR, expanding from the Lao-Thai Mekong River. Consequently, the
South to North pattern inferred by coalescent methods may represent
dominant processes occurring within the last 5 Ma. A northwards
migration tract is against the ﬂow of the modern rivers in the region
(except for Fig. 6 tract 2 which could be more recent); however, the
Pliocene river courses were very different from those of the modern
rivers. Marked tectonic upheavals during the Pleistocene effected
major course changes, stream captures and ﬂow reversals [55].
Consequently, migration rates between Cambodia and Lao PDR have
probably been low since the early Pleistocene when S. mekongi was
apparently introduced to Cambodia [19]. The NCA shows a biogeographical divide between western (Lao/Thai) and eastern (eastern Lao/
Cambodian) clades; this divide runs along the Bolovens uplift and the
uplifted edge of the Khorat Basin (Fig. 5). The NCA can reﬂect older
patterns and processes than the coalescent methods; the gene-ﬂow
from Cambodia to Attapeu (tract 1) is probably a more recent
recolonization of the larger Annam rivers (after the expansion of the
river ecotype in Cambodia b5 Ma) (see Fig. 5 caption for more detail).
The lack of more recent gene-ﬂow from Cambodia to Lao PDR could
explain the absence of S. mekongi from apparently suitable transmission foci (where N. aperta is present at high population densities)
across Lao PDR, as a result of history rather than ecology. The
suggestion is that S. mekongi has not yet had time to migrate into Lao
PDR and colonize N. aperta populations beyond Khong Island because
biogeographical barriers between the two countries have inhibited
and slowed colonization. Such barriers are the Dangrek Escarpment,
which runs along the border East of Khong Island, and the Mesozoic
Kontum massive lying between Cambodia, Vietnam and southern Lao
PDR. Table 4 shows high levels of gene-ﬂow between clade 4-6 and 45, but, as these two clades abut just North of Khong Island, it is likely
that this gene-ﬂow is occurring along the clade borders. The stochastic
nature of the coalescent model and the sample size used in the
present study led to wide conﬁdence intervals for the gene-ﬂow
parameters and dates estimated here; however, the general trends
were so marked (e.g. the tracts in Fig. 6 and N2-fold differences in
growth rates), and/or were supported by the results of more than one
analysis (using different approaches), that they can be considered
reliable indicators. Interestingly, there is moderate gene-ﬂow between

Table 7
Composition of subpopulations in terms of clades and main regions involved
Subpopulation Composition

Region(s)

502 bp
503 bp

Attapeu: (Xe Kong), Laotian Mekong river
Bolovens: Khong Island area, springs and streams of
North-Central Laos
Kontum: Cambodian rivers (Mekong & eastern)

504 bp

4-4, 4-5
4-6, 4-7, 4-8,
4-9
4-1, 4-2, 4-3

Table 8
Maximum likelihood estimates for dates of key mutations on the gene tree for
Neotricula aperta
Phylogenetic event

Date

Divergence of LAR as a monophyletic clade
10.124 ± 2.960
Divergence of NSP monophyletic clade
9.281 ± 3.011
Divergence of CLM monophyletic clade
6.539 ± 1.623
Divergence of NSP clade into subclades
5.695 ± 2.337
Divergence of Xe Bang Fai river clade from Thai Mekong 5.273 ± 2.282
river clade or vice versa
Divergence events within LAR clade
5.273 ± 2.667
Divergence of NSP clade into subclades
4.640 ± 1.418
Divergence of NSP clade into subclades
4.008 ± 1.305
Major phylogenetic events within CLM clade
4.008 ± 0.653

Likelihood
0.560
0.089
0.100
0.005
0.003
0.002
0.722
0.090
0.162

Dates are given in millions of years ±95% conﬁdence interval. See Table 2 for codes.

the Mekong River clades and the entirely spring dwelling clade 4-8
(Kong Lor) of northern Lao PDR. Clade 4-8 also exchanges genes/
individuals with clade 4-7 at high rates (especially in a southerly
direction, Fig. 6 tract 5); the exchange is probably with clade 4-7
populations around the Nam Yom River (note, Fig. 6 shows only
approximate clade boundaries and does not show this northwards
extension of clade 4-7 along the Xe Bang-Fai River system).
The largest estimated Ne values were for the lower Mekong River
clades 4-6 and then 4-1 (these being approximately four times greater
than the next largest clade, 4-3). The eastern Cambodian river
populations and those of the upper Xe Kong had the next highest Ne
estimates, followed by the Xe Bang-Fai river system and the Thai
Mekong River. The northern most clades, namely 4-7, 4-8 and 4-9, had
the smallest estimated Ne values (around 5% of that for clade 4-6,
down to 1.5% for clade 4-9), see Fig. 5. The ﬁndings of even this
preliminary study suggest that the coalescent may be used to estimate
snail populations in areas that are inaccessible and difﬁcult to survey
directly (such as Bolikhamxai Province in Lao PDR). A general guide to
the sizes of snail populations in a river system can be obtained from a
single population sample from that river system.
4.2. Public health implications and summary of the ﬁndings
The radiation of S. mekongi appears to be independent of that of
N. aperta because the range of estimated divergence dates for the
parasite (i.e., within the last 3 Ma [19]) shows no overlap with that for
the radiation of N. aperta estimated here (13 to 5 Ma for the
establishment of all the major (monophyletic) clades, after including
conﬁdence intervals). The dating for the radiation of N. aperta agrees
with the post mid-Miocence time-frame suggested by Davis [18]. The
largest and fastest growing N. aperta populations appear to be in the
Mekong River. The Lao Mekong River represents the largest followed
by the Cambodian Mekong and eastern Cambodian rivers; the fastest
growing appears to be the Cambodian Mekong, followed by the Lao
Mekong and the Cambodian eastern rivers. In contrast, the growth
rate and estimated Ne for the northern Lao (including spring dwelling)
populations and Central Lao populations were much smaller (b10% of
those for the other group of populations). The only exception to this
was clade 4-8, a spring dwelling population near to the construction
site of the Nam Theun II dam project, which showed a high growth
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rate. This observation, together with that of high levels of gene-ﬂow
(in a region of otherwise restricted gene-ﬂow) between clade 4-8 and
populations along the Xe Bang-Fai and Nam Yom rivers (the discharge
channel for the dam), requires further investigation. The possible
detection of unusual population expansion and migration rates among
N. aperta at the dam site has certain public health implications. The
observation of a marked expansion in the snail populations at the
S. mekongi transmission foci along the Mekong River in Cambodia
highlight the need for snail control and suggest that control of
S. mekongi will require continual efforts in the face of a large and
historically fast growing, panmictic, snail population.
The ﬁndings of a predominant South to North pattern of migration,
panmixia in Cambodia, range expansion in the Lao Mekong River, and
the relative lack of gene-ﬂow in Central Lao PDR, suggest that the
expansion of the river ecotype of N. aperta (which transmits S. mekongi
in nature) began in Cambodia and is progressing northwards. The
widespread occurrence of N. aperta across Lao PDR, as reported here,
also suggests that ecological conditions in Lao PDR are suitable for
S. mekongi transmission and that the absence of S. mekongi from most
of Lao PDR is due to historical processes. For example, the postPliocene rate of exchange of individuals from infected populations of
Cambodia has been so low that there has not been sufﬁcient time for
S. mekongi to invade Lao PDR; however, migration rates appear to have
been high at some point in the history of N. aperta, most likely b4 Ma
(the time by which most isolating events appear to have occurred, see
Table 8). Further study is required into this matter because it implies
that the future emergence of S. mekongi across Lao PDR is possible, and
that disease surveillance efforts in Lao PDR need to be enhanced in
areas previously assumed to be free from the risk of schistosomiasis. In
addition, the recognition of a spring-dwelling ecotype of N. aperta in
Lao PDR implies a new dimension to the S. mekongi control
programme. If N. aperta can inhabit small streamlets and pools, the
potential range of S. mekongi is much greater than previously thought.
The challenge for disease surveillance is also greater as habitats may be
hidden around villages or forests and the site of transmission where
human cases are discovered will be much more difﬁcult to determine.
Human exposure patterns will also differ, exposure along the Mekong
River is concentrated among those involved in ﬁshing, laundry etc.;
however, transmission via the spring dwelling ecotype would affect
the whole community, with an exposure pattern similar to that of
S. malayensis which is transmitted by snails living in springs and
seepages [56,57]. The implications for public health are serious and
further work is urgently required into the molecular ecology of both
S. mekongi and N. aperta.
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