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Abstract 

Background  The Schistosomiasis Collection at the Natural History Museum (SCAN) is a repository of schistoso-
miasis-related specimens, the development of which was funded by the Wellcome Trust between 2011 and 2021. 
With a view to facilitating research by improving access to genetically diverse material, SCAN was built from legacy 
research collections of schistosomiasis-related specimens amassed over decades, with more recent collections made 
through partnership with large field-based projects.

Methods  We identified the literature associated with SCAN from 2012 until 2024, using both database searches 
(search terms: SCAN, the schistosomiasis collection at the NHM and schistosomiasis) and citations of the publica-
tion which originally laid out the scope of the SCAN Collection. Studies were included if the SCAN publication 
was cited, and/or if the SCAN Collection was utilised in the work. Data extracted included year of publication, authors, 
whether and how SCAN was used in the work, and type of specimens used.

Results  The literature includes 88 published works, demonstrating the utility of large field-based collections in sup-
porting research. The collection comprises around half a million larval schistosomes originating from the field, 
with approximately 3000 specimen lots of lab-passaged adult parasites stored in liquid nitrogen. The Collection 
includes 11 schistosome species, the majority being the human pathogens Schistosoma haematobium and S. man-
soni, while also including many livestock-associated species. Genome analysis of S. haematobium and S. guineensis 
samples indicate historical introgression or ongoing hybridisation. In order of representation, the collection includes 
S. haematobium (> 19,000 larval forms and eggs, and 550 specimen lots of laboratory passaged adult worms), S. 
mansoni, S. japonicum, S. bovis, S. curassoni, S. mattheei, S. rodhaini and S. guineensis, with S. intercalatum, S. mar-
grebowiei and S. spindale represented only by laboratory-passaged isolates in liquid nitrogen. SCAN also includes 
around 210,000 snails, with the collection as a whole encompassing 27 countries.

Conclusions  Improvements in DNA sequencing techniques have allowed genome-level data to be accessed 
from archived larval schistosomes and allowed retrospective analysis of samples collected decades ago. SCAN 
has been of use in exploring schistosome diversity, particularly with reference to hybridisation and drug resistance. 
Multiple author nationalities demonstrate the collaborative nature of research using the Collection, although more 
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Background
Schistosomiasis, one of the most widespread neglected 
tropical diseases (NTDs), is caused by blood-dwelling 
parasitic flatworms from the genus Schistosoma. The pri-
mary species infecting humans are Schistosoma mansoni, 
S. japonicum, and S. haematobium, while S. guineensis, 
S. intercalatum, and S. mekongi are less common [1]. 
Other species are associated with both wild and domes-
tic animals, and increasingly attention is focusing on the 
possible interaction of schistosome species from a One 
Health perspective [2]. Schistosomiasis is endemic in 78 
low- and middle-income countries across tropical and 
subtropical regions of the World, affecting over 250 mil-
lion people worldwide [3]. The rationale for maintaining 
a diverse, field-collected archive of schistosomiasis-rele-
vant samples and the importance of integrating genomic 
and epidemiological data in understanding schistosomia-
sis has been reviewed elsewhere [4, 5]. Briefly, excellent 
resources to support schistosome research with live para-
site material, such as the US National Institutes of Health 
(NIH-NIAID) Schistosomiasis Resource Center, have 
existed for many years [6]. In consequence, the parasite 
strains they supply are the product of long-term labora-
tory passage. For example, one of the standard isolates, 
S. mansoni strain NMRI, was isolated in the 1940s. A 
parasite population isolated for 80 years, with a genera-
tion time in the lab measured in weeks cannot be used 
to address research questions related to evolution and 
diversity in the field. The Schistosomiasis Collection at 
the Natural History Museum (SCAN) was created to help 
fill this gap.

SCAN is a genetic/genomic resource focused on 
schistosomes and their intermediate snail hosts that 
originated in 2010, part funded by the Wellcome Trust 
[7]. It is based at the Natural History Museum (NHM) 
in London, which houses one of the largest biological 
collections in the world, comprising around 80 million 
specimens [8]. SCAN applies collections management 
principles to a working research collection, thereby 
making samples visible and available to the wider 
research community. The collection grew in close 
association with SCORE, the Schistosomiasis Con-
sortium for Operational Research and Evaluation [9], 
and built on an existing legacy collection of schisto-
somes and snails in the field through NHM’s separate 
research activities over many decades. SCAN collec-
tions therefore consist of both recent field-collected 

specimens (mostly larval schistosomes and intermedi-
ate freshwater snail hosts); and legacy material (short-
term lab passaged schistosomes and snails historically 
collected from the field). A scoping review was under-
taken to assess the usage of the Collection on schis-
tosomiasis research in a structured way, to assess the 
impact and reach of the SCAN Collection.

Methods
Search strategy and inclusion criteria
The literature search was conducted using Google 
Scholar and Scopus. Search terms included: SCAN, the 
schistosomiasis collection at the NHM, and schistoso-
miasis. Separate searches were carried out for citations of 
the publication which originally laid out the scope of the 
SCAN collection [7]. The date of last search was the 1st 
of September 2024. Studies were included if they met the 
following criteria: the SCAN publication was cited, and/
or if the SCAN Collection was utilised in the work. Stud-
ies were excluded if they were duplicates, e.g. a preprint 
of a peer-reviewed work later published. A contextual 
search, i.e. the wider schistosomiasis research field, was 
not conducted given the extent of the literature.

Data extraction and analysis
Data extracted from studies included: year of publica-
tion, authors, whether and how the SCAN Collection 
was used in the work, and type of collection, i.e. legacy 
(mostly lab-passaged schistosomes) or recent (field-
collected) material. All publications were categorised by 
subject area/topic. Other details collected included pub-
lisher/journal, publication type, e.g. thesis/article/pre-
print. Overall quality was assessed by total citations of 
each publication, along with the journal quartile ranking 
(derived from Clarivate Web of Science, copyright Clari-
vate 2024, all rights reserved).

Key applications of the SCAN Collection were assessed 
in a qualitative fashion to summarise the focus of stud-
ies. Summary data on the SCAN Collection and usage of 
material were compiled, both for recent and legacy col-
lections, to provide an overview of the collections data 
itself (see scan.myspecies.info and the NHM data por-
tal, https://​data.​nhm.​ac.​uk). All data were analysed and 
processed in R, version 4.0.2 (https://​www.r-​proje​ct.​
org/) “Taking Off Again”, R-Foundation, Vienna, Austria 
[10], and Microsoft Excel 365 (version 2409, Microsoft, 

may need to be done in future, both to promote work led by developing countries and to ensure effective collabora-
tion and sample sharing.
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Redmond, USA). All mapping was conducted in Quan-
tum GIS (QGIS, version 3.10, Coruña. QGIS.ORG, Gos-
sau, Switzerland) [11].

Results
Bibliometric results
The search found 88 papers in total as citations of the 
SCAN publication, direct citations of the Collection or 
both (Table  1). Of these works, 81 were peer-reviewed 
articles, four theses, two preprints and a field guide. Arti-
cles were published in 37 different titles, the majority 
being parasitology or public-health journals, the remain-
der (16) other disciplines or more general biology/sci-
ence publications (see supplementary data 1). Overall, 
three-quarters of the publications citing the paper uti-
lised the Collection (66/88). The remainder were review 
papers. Paper categories were as follows: epidemiology/
operational research; field guide; genomics/genetics/phy-
logenetics of schistosomes/of intermediate host snails; 
molecular diagnostics; review; intermediate host snail 
ecology/mapping/modelling. For proportions of publica-
tions by category, 23% genetics/phylogeny/species iden-
tification, 25% genomics/population genomics (including 
molecular-functional applications), 18% molecular diag-
nostics, 10% snail ecology/mapping/modelling, 19% 
reviews and 6% operational research/epidemiology/
field guide (see Table 1, supplementary data 1). Half the 
publications focussed on schistosomes, 16% both on 
schistosomes and intermediate host snails, 9% on snails 
only, the remainder not applicable, e.g. review articles 
(Table 1). The 88 publications were cited a total of 3625 
times (range 0–401 citations per publication, median 
29 citations). The majority of journal publications (96%) 
were published in journals with a Q1 (66%) or Q2 (30%) 
quartile ranking. Publications over the period 2012–
2024 appeared consistently over time, with a mean of 7 
per year (minimum of 1 in 2012, peaking at 13 in 2019; 
Fig. 1).

Overview of collections data
Spatial, temporal and taxonomic representation/coverage
SCAN covers recent field-collected specimens, both 
schistosome larval stages (mainly stored on FTA cards: 
formerly Whatman, now manufactured by QIAGEN, 
Venlo, Netherlands), and freshwater snail intermediate 
hosts (stored in ethanol); and a legacy collection of adult 
worms recovered after laboratory passage and frozen, 
maintained in liquid nitrogen. The legacy material also 
includes an extensive collection of field-caught African 
freshwater snails preserved in spirit or as dry shells. The 
recent (field-collected) specimens comprise close to half 
a million individual life stages of schistosomes, housed on 
approximately 10,000 FTA cards, and legacy collections 

of over 3000 schistosome specimen lots of adult worms, 
housed in liquid nitrogen. Snail holdings include recent 
collections of over 80,000 specimens, stored in ethanol, 
and legacy collections of over 130,000 specimens, all 
field-collected. The collection also includes over 14,000 
DNA vouchers (mainly of S. mansoni and S. haemato-
bium), stored at − 80 °C.

Almost all trematode species within the collection 
are schistosomes, in particular S. haematobium and 
S. mansoni, with half of the known species of schisto-
somes represented (Table  2). Non-schistosome flukes 
are also represented in the collection, for example Par-
amphistomum, Fasciola, Plagiorchis and unidentified 
trematodes. For freshwater snail collections, 26 genera 
are represented from recent collections, the majority 
being schistosome intermediate host snails, Bulinus and 
Biomphalaria. The legacy freshwater snail collections 
have much broader taxonomic coverage, with 110 genera 
represented.

Both recent and legacy collections show a broad range 
of spatial and temporal coverage, encompassing 17 coun-
tries from which schistosomes have been sampled, rising 
to 27 when including snail collections. Recent collec-
tions from the SCORE programme [65], which comprise 
a large proportion of recent SCAN specimens, have a 
narrower focus, e.g. mainland Tanzania, Zanzibar and 
Niger. However, these collections have temporal depth 
being longitudinal multi-year surveys, reflecting project 
aims to undertake population genetics and to assess the 
impact of drug pressure on populations. Overall, SCAN 
shows broad spatial coverage given the range of pro-
jects, including Angola, Cameroon, China, Cote d’Ivoire, 
Eswatini, Ethiopia, Kenya, Liberia, Madagascar, Malawi, 
Namibia, Niger, Senegal, Sudan, Tanzania, Uganda and 
Zambia, 1646 georeferenced sites in total, ranging from 
a single site up to 829 per country (Tanzania). The major-
ity of holdings are from sub-Saharan Africa, but some 
collections and species from south-east Asia are repre-
sented, particularly S. japonicum from China (Table  2). 
The main countries represented are Niger and Senegal in 
West Africa, and Tanzania (both mainland and Zanzibar) 
and Uganda in East Africa (Table 2).

Recent collections of schistosomes (collected and 
stored on FTA cards or liquid nitrogen) and snails (stored 
in molecular grade ethanol) cover 1997 to 2020. Legacy 
schistosome collections (lab passaged and stored in liq-
uid nitrogen) and snails (stored in industrial methyl-
ated spirit or dry) range from 1933 to 2007, therefore 
overlapping in time. The most accessed collections are 
schistosomes, both legacy adult worms (stored in liq-
uid nitrogen) and recent (FTA/ethanol preserved), the 
former in particular have been used for genomics stud-
ies (see following section). The usage of the collections 
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Table 1  Publications utilising the SCAN Collection in research or citing Emery et al. 2012 [7]

Year Publication Focus Category Collection?

2012 Emery et al. [7] sch/sn Review –

2012 Webster et al. [12] sch Genomics/population genetics y

2013 Allan et al. [13] sn Molecular diagnostics y

2013 Cnops et al. [14] sch Molecular diagnostics y

2013 Glenn et al. [15] sch Genetics/phylogeny y

2013 Huyse et al. [16] sch Genomics/population genetics y

2013 Kane et al. [17] sch/sn Molecular diagnostics y

2013 Lopes et al. [18] sch Genomics/molecular-functional –

2013 Sealey et al. [19] sch Genetics/phylogeny y

2013 Stothard et al. [20] sch Review –

2013 Utzinger et al. [21] Review –

2014 Knopp et al. [22] sch Operational research/epidemiology –

2014 Moser et al. [23] sn Snail ecology/mapping/modelling y

2014 Stothard et al. [24] sch Review –

2015 Gleichsner et al. [4] sch Review –

2015 Rosser et al. [25] sch Molecular diagnostics y

2015 Van den Broeck et al. [26] sch/sn Genetics/phylogeny y

2015 Webster et al. [27] sch Genetics/phylogeny y

2016 Crellen et al. [28] sch Genomics/population genetics y

2016 Easton [29] Soil transmitted helminths –

2016 Knopp et al. [30] sch Operational research/epidemiology –

2016 Léger et al. [31] sch Genetics/phylogeny y

2016 Nussbeck et al. [32] Review –

2016 Pennance et al. [33] sch/sn Snail ecology/mapping/modelling y

2017 Abbasi et al. [34] sch Genomics/population genetics y

2017 Allan et al. [35] sch/sn Snail ecology/mapping/modelling y

2017 Crellen [36] sch Genomics/population genetics y

2017 Gouvras et al. [37] sch/sn Snail ecology/mapping/modelling y

2017 WHO [38] sn Field guide –

2018 Abe et al. [39] sn Genetics/phylogeny y

2018 Anderson et al. [40] sch Genomics/population genetics y

2018 Boon et al. [41] sch Genomics/population genetics y

2018 Booth & Clements [42] sch/sn Review –

2018 Lawton et al. [43] sn Genetics/phylogeny y

2018 Le Clec’h et al. [44] sch Genomics/molecular-functional y

2018 Pennance et al. [45] sch Genetics/phylogeny y

2018 Poulton & Webster [46] sch Molecular diagnostics y

2018 Sene-Wade et al. [47] sch Genetics/phylogeny y

2018 Tian-Bi et al. [48] sch/sn Operational research/epidemiology y

2019 Boon et al. [49] sch Genetics/phylogeny y

2019 Catalano et al. [50] sch Molecular diagnostics y

2019 Chevalier et al. [51] sch Genomics/population genetics y

2019 Doyle et al. [52] sch genomics/molecular-functional y

2019 Harmon et al. [53] Review –

2019 IHGC [54] sch Genomics/molecular-functional y

2019 Oey et al. [55] sch Genomics/population genetics y

2019 Papaiakovou et al. [56] Soil transmitted helminths –

2019 Platt et al. [57] sch Genomics/population genetics y

2019 Rabone et al. [58] sch/sn Snail ecology/mapping/modelling y
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shows a wide range of work supported, e.g. from small-
scale projects on snail phylogenetics to broad-scale stud-
ies of parasite genomics.

Contributions to key narratives in recent schistosome 
research
SCAN has partnered with numerous projects and 
organisations but standardised the collection of larval 
schistosomes wherever possible. A full methodology is 

“Focus” refers to the focus of each paper on schistosomes (sch), snails (sn) or both (sch/sn). More general reviews or papers on non-snail/schistosome topics are left 
blank. Papers resulting from work that directly used SCAN are marked “y” in the “Collection?” column (otherwise marked “−”)

Table 1  (continued)

Year Publication Focus Category Collection?

2019 Rostron et al. [59] sch Molecular diagnostics y

2019 Tian-Bi et al. [60] sch Genetics/phylogeny y

2019 Wood et al. [61] sch/sn Snail ecology/mapping/modelling y

2020 Allan et al. [62] sn Review –

2020 Archer et al. [63] sch Molecular diagnostics y

2020 Catalano et al. [64] sch Genetics/phylogeny y

2020 Colley et al. [65] sch/sn Review –

2020 Colley et al. [9] sch/sn Review –

2020 Keller et al. [66] sch Molecular diagnostics –

2020 Léger et al. [67] sch Genetics/phylogeny y

2020 Pennance [68] sch/sn Genetics/phylogeny y

2020 Pennance et al. [69] sch/sn Snail ecology/mapping/modelling y

2020 Pennance et al. [70] sn Molecular diagnostics y

2020 Webster et al. [71] sch Review –

2021 Berger [72] sch Genomics/population genetics y

2021 Berger et al. [73] sch Genomics/population genetics y

2021 Halili et al. [74] sch Molecular diagnostics y

2021 Le Clec’h et al. [75] sch Genetics/phylogeny y

2021 Rey et al. [76] sch Genomics/population genetics y

2021 Tallam et al. [77] sch/sn Snail ecology/mapping/modelling y

2021 Thompson et al. [78] Review –

2022 Berger et al. [79] sch Genomics/population genetics y

2022 Landeryou et al. [80] sch Genomics/population genetics y

2022 Lund et al. [5] sch Review –

2022 Mesquita et al. [81] sch Molecular diagnostics y

2022 Miswan et al. [82] Soil transmitted helminths –

2022 Moser et al. [83] sch/sn Operational research/epidemiology y

2022 Pennance et al. [84] sch/sn Genetics/phylogeny y

2022 Stroehlein et al. [85] sch Genomics/molecular-functional y

2022 Webb et al. [86] sch Molecular diagnostics y

2023 Cherkaoui et al. [87] sch Molecular diagnostics y

2023 Senghor et al. [88] sch/sn Genetics/phylogeny y

2023 Trippler et al. [89] sch Review –

2024 Ajakaye et al. [90] sch Genetics/phylogeny y

2024 Andrus et al. [91] sn Genetics/phylogeny y

2024 Archer et al. [92] sn Molecular diagnostics y

2024 Berger et al. [93] sch Genomics/population genetics y

2024 Donnelly et al. [94] sch Molecular diagnostics y

2024 Platt et al. [95] sch Genomics/population genetics y

2024 Stelbrink et al. [96] sn Genetics/phylogeny y
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provided below, expanding previously published details 
[44]. Key SCAN research applications include phyloge-
ography, genomic analysis of hybridisation, genomics of 
drug resistance and selection, all possible through pro-
vision of legacy, recent and rare material.

Sample collection and preparation methods used by SCAN 
and partners
FTA storage  Use of FTA cards ((QIAGEN) as a collec-
tion/storage medium for larval schistosomes originated 
with Gower et al. [97], and has been reported many times 
since [98–101]. FTA cards are a proprietary collection/

Fig. 1  Cumulative publications based on SCAN 2012–2024. Cumulative publications fulfilling the search criteria are plotted as a solid line. The linear 
regression line is plotted as a dotted line, coefficient of determination R2 = 0.98. SCAN Schistosomiasis Collection at the Natural History Museum 

Table 2  Summary of schistosome collections by species covering both legacy collections of laboratory-passaged schistosomes in 
liquid nitrogen and recent (field) collections on FTA/ethanol

* Specimen lots of adult worms from legacy collection

Species Legacy Recent field collections Miracidia Total

Adult worms* Adult worms Cercariae Eggs

Schistosoma bovis 359 213 8370 71 1130 9784

Schistosoma curassoni 79 30 335 941 1306

Schistosoma guiniensis 109 5 5

Schistosoma haematobium 550 8956 957 187,183 197,096

Schistosoma intercalatum 86 0

Schistosoma japonicum 25 955 17,120 1917 19,992

Schistosoma mansoni 1060 122 31,673 245 141,280 173,320

Schistosoma margrebowiei 146 0

Schistosoma mattheei 117 240 240

Schistosoma rodhaini 60 34 34

Schistosoma sp. 879 27,671 35 22,569 50,275

Schistosoma spindale 3 0

Trematoda 12,264 16 12,280

3473 1325 106,663 1308 355,036 464,332
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storage format based on chemically treated cards, whereby 
cells pipetted onto the cards are lysed on contact and the 
DNA released is stabilised within the card matrix, which, 
after drying, can be stored at room temperature. Elimi-
nating the need for a cold-chain and additional chemical 
fixatives combined with portability, makes the method an 
attractive one for field use, with the additional benefits 
of long-term storage at ambient temperature, and effi-
ciency of space. The entire SCAN ambient collection, of 
close to half a million individual schistosome larvae col-
lected on FTA cards, fits in a single museum collections 
cabinet (approximately 2  m × 1.5  m). The methods used 
defer complex procedures from the field environment to 
the laboratory, and separating individual parasites rather 
than combining into pools maximises the utility of the 
Collection e.g. for population genetic analysis, where 
understanding segregation of alleles among individuals is 
essential, or for whole genome sequencing, where assem-
bly is facilitated without population-level variation.

The original method involved hatching of schistosome 
eggs in filtered water and transfer of each miracidium to 
the card in a small volume (2–3 µl) using a micropipette 
[97]. Essentially the same technique can be used for cer-
cariae, by placing the snail into clean water, allowing cer-
cariae to emerge and pipetting each individually onto the 
card with an equivalent water volume as for miracidia. 
The DNA on the card can then be prepared as a template 
for PCR by punching out the area of the card containing 
the DNA using a 2.0 mm Harris micro-punch, followed 
by multiple washes in FTA purification reagent and TE 
buffer, according to manufacturer’s instructions. The 
dried paper punch containing the DNA can then be used 
as the template in a PCR. A key drawback of the original 
method is that only a single PCR can be carried out per 
cercaria or miracidium [100]. Refinements to all steps in 
the collection and extraction methods have since allowed 
the DNA to be used for multiple applications and gen-
erated genome-level data from single larvae, as summa-
rised below [27, 44, 52].

Detailed larval schistosome collection and downstream 
preparation protocols
Preparation and transfer of miracidia  The method used 
for preparation of miracidia for most SCAN collections, 
including our collaborations with many independently-
managed projects, was based on that of Visser and Pitch-
ford [102], modified for portability (Fig. 2). Briefly, a stool 
sample of approximately 1 cm3 is rinsed through a metal 
sieve, 212 µm mesh (Endecotts, London, UK) using locally 
supplied bottled mineral water. This is then transferred to 
a “Pitchford” funnel, made up of a nylon 200  µm mesh 
inner bag and a 40  µm mesh outer sleeve attached to a 
funnel drained via a tap. Urine samples can be similarly 

transferred without the initial sieving. The stool/urine 
preparation is washed through with more mineral water 
and excess water drained out through the outer mesh 
until a small volume is retained in the funnel at the base of 
the outer sleeve. This is then transferred into a Petri dish 
(90 mm diameter, 15 mm depth) by opening the tap and 
the volume made up with clean water so that the dish is 
full to approximately three-quarter depth. Alternatively, 
urine samples can be filtered through a 20 µm PCTE fil-
ter (13 mm diameter) using a 10 ml syringe attached to 
a Swinnex filter housing (Merck-Millipore, Burlington, 
USA), components of the Schistosome Test Kit (Steril-
itech, Auburn, USA). Eggs are retained on the filter which 
can then be placed in a Petri dish containing clean water 
as above.

Placed under light, the Petri dish is then left for 30 min 
to two hours to allow miracidia to hatch from the eggs. 
Miracidia migrate clear of co-filtered debris and can be 
individually pipetted in a volume of 3 µl onto an indicat-
ing FTA Classic card (QIAGEN). Contamination with 
faecal/urine material and bacteria can be reduced by a 
‘double wash’, pipetting first into a small volume of clean 
water (approximately 10–20 µl) in a second dish, repeat-
ing this step, and then from there transferring the mira-
cidia to the card. Cercariae can also be transferred from 
snails shedding in clean water to cards by pipetting in 
3 µl. Measurements for a Pitchford funnel are provided in 
supplementary Fig. 1.

Preparation of  larval schistosomes on FTA cards for  fur-
ther genetic analysis  Using the standard manufacturer’s 
protocol involves taking a punch from the card using a 
2 mm UniCore manual punch (QIAGEN), washing three 
times in 200  μl of QIAcard FTA Wash Buffer (QIA-
GEN), then 200 μl of TE−1 Buffer (10 mmol/l Tris-HCI, 
0.1 mmol/l EDTA, pH 8.0), before drying and using the 
punch as a template within a polymerase chain reaction 
(PCR). There are numerous refinements to the procedure 
to allow more flexibility, increasing the potential use of 
each schistosome larva beyond a single PCR, several of 
which are discussed by Doyle et al. [52]. Examples below 
have been used for preparation of samples from SCAN 
(Fig. 3):

1.	 Alkaline elution [27] involves releasing the DNA by 
denaturation in 14 µl of 0.1 mol/l NaOH, 0.3 mmol/l 
EDTA followed by reducing the pH to just above 
neutral using 26 µl of 0.1 mol/l Tris–HCl, pH 7.0. The 
resulting eluate can be used directly as PCR template, 
using around 3 µl per 25 µl reaction.

2.	 CGP extraction [103] involves a 1 h incubation of the 
FTA punch in a lysis buffer consisting of 1.25 μg/ml 
of protease reagent (QIAGEN) in Tris HCl pH 8.0, 
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0.5% Tween 20, 0.5% NP40) followed by heat inacti-
vation of proteinase at 75 °C. The eluate is then puri-
fied using Agencourt AMPure XP beads (Beckman 
Coulter, Brea, USA) and used to make sequencing 
libraries.

3.	 Whole genome amplification [44] involves the manu-
facturer protocol to clean the punch (as given above), 
followed by whole genome amplification using 
the GenomiPhi V2 DNA amplification kit (Cytiva, 
Marlborough, USA) and cleaning with SigmaSpin 
sequencing reaction clean up (Sigma-Aldrich, St 
Louis, USA).

Examples of research applications
Species diversity  Two studies, using SCAN, lay out the 
framework for phylogeography of the two major African 
schistosome species [12, 104]. In a comparative survey of 
partial Cytochrome c Oxidase 1 (cox1) haplotypes of S. 

mansoni across sub-Saharan Africa, Webster et al. [104] 
found considerable diversity, both within and between 
individual human hosts, with haplotype lineages cluster-
ing along geographic lines. A similar study of S. haema-
tobium showed a very different picture, with very little 
diversity throughout Africa, except for a second cluster 
of haplotypes found in coastal Kenya, the Zanzibar/Mafia 
islands archipelago and Mauritius [12]. A recent study 
comparing genomes of 219 S. haematobium and S. bovis 
samples, the majority accessed via SCAN, brings new 
clarity to the north/south genetic differentiation between 
S. haematobium populations [95].

Hybrids  Inter-species hybridisation has often been 
reported for schistosomes, particularly the S. haema-
tobium clade between S. haematobium and S. bovis [16, 
105–107]. Many studies identified likely hybrids through 
discordance between mitochondrial and nuclear gene 
sequences [16, 90, 108]. However, while these methods 

Fig. 2  Diagram of steps involved in collecting schistosome larval stages onto DNA storage cards
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provide indicators of hybridisation, they do not tell us 
whether hybridisation is ancient or contemporary, or the 
consequences of introgression. Further studies required 
development of a combination of molecular techniques 
allowing genomic study of the larval stages alongside 
field-collected samples being made available through 
SCAN.  The first publication of a S. bovis genome using 
DNA from a laboratory-passaged parasite originally col-
lected from Tanzania, maintained at NHM and stored in 
SCAN, allowed direct genome comparison between S. 
bovis and the reference S. haematobium genome originat-
ing from an Egyptian isolate [55]. While the mean similar-
ity between the genomes is high, around 97%, there were 
regions up to several hundred kilobases in length that 
approached 100% similarity, indicating that the Egyp-
tian isolate of S. haematobium incorporated and retained 
parts of the S. bovis genome an unknown number of gen-
erations beforehand.

Meanwhile, new techniques applied to individual schis-
tosome miracidia preserved on FTA cards maintained in 
SCAN have enabled full genome/exome sequencing of 
this material [44]. These approaches allowed populations 
of S. haematobium miracidia from the Zanzibar archi-
pelago and Niger to be compared, confirming evidence 
of ancient hybridisation with S. bovis (estimated 108–613 
generations previously) for the latter population, but no 
evidence of hybridisation for Zanzibar. The consequences 

of introgression could also be explored, with an intro-
gressed invadolysin gene, likely involved in mammalian 
host interactions, showing the strongest signature of 
directional selection [57]. The genetic diversity of S. hae-
matobium, its regional introgression with S. bovis, the 
ancient nature of the hybridisation and the selection of 
introgressed alleles have been examined in a new whole-
genome pan-African study using SCAN archives [95]. 
This adds weight to the conclusions of the previous work 
and provides the basis for further studies into introgres-
sive adaptation.

The replacement by S. haematobium of the rarer S. 
guineensis through a process of introgressive hybridisa-
tion was observed in real time from the late 1960s until 
the late 1990s around Loum, Cameroon [105]. The event 
pre-dates the advent of genome-level sequencing, but 
recent analysis of schistosomes from the region collected 
between 1990 and 1998 and cryopreserved in SCAN 
reveal the contemporaneous nature of the interaction, 
with up to 50% of alleles attributed to S. haematobium 
contrasting with an island population of S. guineensis 
from Sao Tomé with no introgression [80]. The high pro-
portion of the genome still originating from S. guineensis 
as late as 1998 is interesting, given that urogenital schis-
tosomiasis had replaced intestinal schistosomiasis in 
the region by this time. Given that the S. haematobium 
analysed in the study may show evidence of the ancient 

Fig. 3  Flow diagram of methods for processing schistosome larval stages collected on DNA storage cards. Methodological details are given in the 
text
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hybridisation with S. bovis, described above, the final 
Cameroon population may have acquired introgressed 
alleles originating from two other species.

Finally, using a cryopreserved isolate of S. curas-
soni stored in SCAN since 1993, Berger et  al. [79] con-
structed an improved reference genome of the species. 
This permitted comparisons of livestock schistosomes (S. 
curassoni and S. bovis) from the S. haematobium clade 
collected in Senegal with the assistance of SCAN. The 
samples, a combination of adult worms and miracidia 
collected from abattoirs, again demonstrated contempo-
rary rather than ancient hybridisation occurring between 
these two species in this location.

While improvements in DNA sequencing technology 
and the availability of archive samples came together 
to improve our understanding of interspecies hybrids, 
there is still much to learn about whether hybrids have 
an ongoing, current impact on schistosomiasis control, 
or whether their significance is in understanding the his-
tory and evolution of the parasite. The latter may provide 
important information for interventions if introgression 
followed by selection incorporates regional genotypic/
phenotypic variants or reduces genetic diversity of the 
parasite, affecting (for example) the diversity of vaccine 
candidate antigens and standing variation of genes asso-
ciated with drug resistance.

Drug resistance  The anthelmintic drug praziquantel 
remains the keystone of schistosomiasis control pro-
grammes [109]. Until recently, a lack of understanding 
of its precise target within schistosomes precluded any 
genetic surveillance of possible drug resistance markers. 
However, an important proof-of-principle study inves-
tigated a second drug, oxamniquine, previously used in 
South America to treat infection with S. mansoni [51]. In 
this case, the mechanism of resistance is well understood, 
and can be identified through characteristic mutations of 
the schistosome sulfonotransferase (SmSULT-OR) gene. 
Using miracidia samples of S. mansoni from Tanzania, 
Niger and Senegal held in SCAN, along with samples 
separately collected from Oman and Brazil, the study 
revealed that resistance alleles are relatively abundant 
in Africa and Oman in addition to Brazil. Oxamniquine 
resistance therefore resulted from selection of resist-
ance alleles already present in natural populations. More 
recent studies have now identified the S. mansoni tran-
sient receptor potential melastatin channel (SmTRPM) as 
praziquantel’s target [75, 110]. The same panel of genomes 
revealed a single sample from Oman with a mutation of 
SmTRPM present as a heterozygous allele, which would 
lead to truncation and loss of function. Therefore, poten-
tial praziquantel resistance alleles are present in natural 
populations, albeit rarely.

Building on these initial studies, genomic surveil-
lance studies should link to control programmes, where 
compliance with, and coverage of, MDA and treatment 
history is recorded alongside clinical outcome and addi-
tional information associated with the genome data. A 
recent example is a large study sampling schistosome 
miracidia in schools in Uganda, collected in association 
with Unlimit Health (previously the Schistosomiasis 
Control Initiative) with archiving and processing sup-
port from SCAN [73]. This study found no evidence of a 
resistant S. mansoni population contributing to reduced 
drug efficacy. However, a new study using archived mira-
cidia from SCAN and other collections identified four 
variants in natural populations that affect praziquantel 
susceptibility from predicted functional profiling [93].

Discussion
Theodor Bilharz discovered human schistosomes in 
1851, but it was well into the twentieth century before 
their life cycle was fully understood [111]. Acrimonious 
debate among the senior academics of the time about 
whether transmission was direct or indirect can only 
have been the result of adopting entrenched positions 
in the absence of evidence. Today’s research community 
should not be complacent about avoiding similar mis-
takes. NTD research may be at particular risk since sam-
pling is challenging, funding is limited, and there may be 
pressure for hypotheses to influence models and policy 
prematurely. In the NTD world therefore, the critical 
strategic importance of biospecimen repositories may be 
to provide access to material for basic ground truthing. In 
SCAN’s case, this has often been a first step that initiates 
further sampling programmes.

SCAN demonstrates the benefits of creating collections 
beyond the capacity of any individual project, introduc-
ing new researchers into this field by providing access 
to samples, and allowing longitudinal population-level 
comparisons at scale. The collection grew by providing 
support to associated fieldwork projects, upscaling and 
standardising collections so that they could be archived 
for additional study. SCAN has therefore been able to 
support a diverse range of projects, from large-scale 
population genetics studies alongside drug treatment 
programmes, to small-scale intermediate host snail phy-
logenetics studies. The benefits of the approach are clear 
from the applications and outputs given above. The expe-
rience also highlights the challenges discussed below.

SCAN occupies an unusual position as a genetic/
genomic resource focused on schistosomes and their 
snail hosts, rather than following a more typical human-
centred biobank model. This focus has been advanta-
geous in building a large, diverse collection, representing 
the genetic diversity of a highly complex combination of 
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parasite species including introgressed forms. However, 
linking samples to participant history, participant sam-
ples (e.g. serum, blood, stool, urine) and clinical outcome 
data at large scale are also important features of clini-
cal population biobanks not incorporated into SCAN. 
Such combinations enable retrospective interrogation 
of genomes, analytes and data to understand underlying 
correlations with disease [112]. Non-clinical “biodiver-
sity” biobanks, often with a diversity of sample types, can 
face a multitude of challenges, including lack of stand-
ardisation, a paucity of associated data, and ill-defined 
purpose [113]. SCAN has attempted to overcome these 
potential pitfalls by focusing sampling on schistosomes 
and snails, standardising collections where possible and 
incorporating what data are available. Access to field col-
lected specimens for schistosomiasis research has been 
very limited indeed, making any genetically diverse sam-
ple sets and associated geographic information very valu-
able for research purposes. By providing these at scale, 
SCAN has made an important contribution to schistoso-
miasis research. The ideal schistosome biobank, however, 
would also incorporate patient samples and data on his-
tory and clinical outcomes (necessitating careful consid-
eration of patient confidentiality and a robust informed 
consent process [114, 115]).

Sustainability and long-term funding are significant 
problems for biobanks [116]. A decade of funding by 
the Wellcome Trust between 2011 and 2021 allowed the 
establishment and rapid expansion of SCAN, with staff-
ing to support collection projects, archive samples and 
data, respond rapidly to requests, and facilitate research 
in general. The programme demonstrated that moder-
ate investment in a bioarchive can bring new researchers 
into the field and develop innovative avenues of research. 
Regrettably, SCAN is currently unfunded, the NHM 
maintains holdings but can neither expand nor support 
new collection initiatives.

SCAN is limited to providing preserved specimens, 
whereas conducting functional studies requires live 
snails and schistosomes. Such resources are available 
from individual research groups and resource provid-
ers such as the Schistosomiasis Resource Center [6]. A 
UK initiative between NHM and the London School of 
Hygiene and Tropical Medicine (SSR: Schistosome Snail 
Resource [117]) currently provides similar live material, 
but with the same fixed-term funding scheme used to 
support SCAN. This highlights a wider problem in sci-
ence funding, a disconnect between the short-term time-
scales of funding phases, and long timescales of research 
and collections care [118]. The situation for SCAN has 
been ameliorated somewhat by its location at the Natu-
ral History Museum in London, which has a track-
record in long-term collections management as a core 

responsibility. However, without additional funding, the 
long-term viability especially of the non-liquid nitrogen 
collection may be reduced. For example, curation activi-
ties that enhance long-term stability such as re-packing 
FTA cards in vacuum storage after use and re-spiriting 
snails in ethanol cannot be performed at ideal frequency 
without the additional staff.

Nagoya protocol
The Nagoya Protocol to the Convention on Biological 
Diversity has been in force since October 2014. The pro-
tocol addresses access to genetic resources and the fair 
and equitable sharing of benefits arising from their uti-
lization, but the past decade has seen extensive criticism 
of this framework for not meeting its objectives [119–
121]. For example, some national implementations of the 
Nagoya Protocol have been overly restrictive, hampering 
research even by in-country researchers, and in some 
cases, this has led to revision of domestic access and ben-
efit sharing (ABS) legislation [118]. The bilateral struc-
ture of Nagoya necessitates navigation of the legislation 
country-by-country, which has its challenges and inher-
ent inefficiencies, including poor resourcing of national 
focal points in some countries. Recently, there has been a 
trend towards a more multilateral, harmonised approach 
towards benefit sharing which may provide a path for-
ward [121].

Improving capacity in-country is key to implementing 
the objectives of the Nagoya Protocol. The publications 
citing SCAN illustrate reasonably good representation 
of authors from sub-Saharan Africa/LMIC overall (sup-
plementary data 1), but few in first, last or correspond-
ing author position. The research based on the Collection 
is highly collaborative, but more needs to be done to 
facilitate in-country-led research. This need has been dis-
cussed elsewhere, including specifically for sub-Saharan 
Africa [5, 122–124]. Sequencing technologies have signif-
icantly advanced since the launch of SCAN in 2011 and 
the Nagoya Protocol entering into force in 2014. An ideal 
future genomic surveillance scheme would be located in 
African institutions, which would generate genome data 
at source.

Future directions
SCAN contains samples across a broad geographic and 
temporal range, providing specimens that can be used 
to assess large scale variation. SCAN may serve as the 
starting point for further work requiring more focused 
collection. In some cases, however, SCAN collections 
have been sufficiently intensive to create sample/data sets 
that can investigate genetic change over time. For exam-
ple, specimens collected over several years as part of the 
Zanzibar Elimination of Schistosomiasis Transmission 
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(ZEST) [84, 89] are now being sequenced to search for 
genetic markers of drug resistance. As whole genome 
sequencing costs reduce, the emphasis on storage 
should change to direct genomic surveillance, reduc-
ing the necessity for longer term sample retention. Ide-
ally, genomic surveillance should be incorporated into 
control intervention monitoring and evaluation efforts 
by sequencing a proportion of the samples collected. 
SCAN’s model of standardising methods across different 
studies and providing a skilled team deployable at multi-
ple sites provides an excellent example of how such work 
could be undertaken efficiently.

Conclusions
The narrow limits of this review, focusing solely on the 
literature surrounding SCAN, demonstrate the util-
ity of this single sampling initiative in enabling research 
into key areas of schistosome biology. The samples and 
accompanying data it provided represent raw materials 
whose scarcity was a limiting factor impeding genetic 
studies of this parasite. SCAN also assisted collecting 
activities of other projects through collaboration, stand-
ardized methodology, and provided access to samples for 
laboratory-based scientists without field experience. The 
resulting studies, including investigations of zoonoses, 
hybridisation and drug resistance, could not be under-
taken without samples and data from the field. SCAN 
has demonstrated particular utility in providing mate-
rial for studies into schistosome hybridisation that now 
show it to be a complex species- and location-specific 
phenomenon. While some of the intricacy of schisto-
some interactions and evolution have been revealed 
through these studies, the SCAN experience highlights 
the case for a more sophisticated approach to monitor-
ing and evaluation, which would enable genomic surveil-
lance of the parasite through structured sampling. While 
any field-collected material is beneficial for this, future 
collections should maximise links between samples and 
epidemiological data to track the impact of drug admin-
istration and other anthropogenic change on schistosome 
populations.

The limitation and short-term nature of resources to 
make this happen are familiar barriers, but unintended 
consequences of ABS legislation following the Nagoya 
Protocol risk making sample sharing even more prob-
lematic. The burden of ABS compliance falls on research-
ers with limited resources, and coordinated efforts at a 
higher level are needed to ensure that ABS encourages 
rather than inhibits collaboration. Sampling of schisto-
somes usually occurs at the point of their destruction via 
drug administration. Without sampling, these genetic 
resources are forever lost to science, and there are no 
benefits to share.
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