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Mountains are considered island-like systems often characterized by exceptional biodiversity
and endemism. There are many highly isolated mountain ranges in Africa that collectively have
been called the Afromontane archipelago. Freshwater snails of the genus Bulinus are
composed of many veterinary and biomedical important species. These intermediate hosts
for schistosomiasis parasites are wide spread and some of the species are considered to be
highly adapted to very harsh environmental conditions such as droughts or low temperatures.
However, the extent to which the Bulinus have adapted to live in high-altitudes and factors
influencing these range shifts are not well investigated. In this study, we analyzed pan-African
Bulinus species from various habitats across different altitudinal ranges, focusing on the high
mountains or “sky islands” to examine how the contemporary climate and historical geological
factors affect species distributions and evolutionary processes. Using a fossil-calibrated
multigene phylogeny composed of two mitochondrial genes (cox1, 16S) and two nuclear
genes (ITS2 and H3), we tested: 1) how often and when extreme altitudes were colonized, 2)
what are the biogeographical affinities and degree of isolation of high-altitude species, 3) which
lineages diversified and evolved endemism in the Afromontane environments, and 4) whether
the Afromontane regions represent “sky islands”. Bayesian phylogenetic inference employing a
fossil-calibrated molecular clock resulted in a strongly supported phylogeny resolving the
relationships between the four Bulinus groups. High-altitude colonization exists exclusively
within the Bulinus truncatus/tropicus complex. Several independent colonization events
occurred in the Pliocene and Pleistocene throughout Africa, mostly from nearby regions of
the respective mountain ranges. Most species evolved in low to mid-altitudinal ranges.
Endemism is pronounced in the Ethiopian Highlands and those of Kenya and Lesotho. A
previously unknown species was found at an extreme altitude (~4,000m a.s.l.) on Mt. Elgon/
Uganda extending the formerly known altitudinal maximumof the genus by roughly 900m. The
endemic species has already diverged in the Pliocene (~4myr) and is currently characterized by
low genetic diversity. There is further cryptic diversity in mountain ranges of Lesotho. Our
findings are discussed in a biogeographical, conservation and biomedical context.
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INTRODUCTION

Mountains worldwide are well-known cradles of biodiversity
additionally characterized by elevated levels of endemism
(Perrigo et al., 2020). Mountains are also island-like systems,
surrounded by low-lying land masses (Itescu, 2019). A number
of mountains are thus termed “sky islands” (e.g., McCormack
et al., 2009; Mairal et al., 2017). The complex nature of these sky
islands and the isolation between them restrict dispersal, thus
affecting species distribution, richness and abundance (Gillespie
et al., 2009). Colonisation for sky islands, unlike real islands is
through immigration from low lands (altitudinal range niche
shifts) or short and long dispersal from the nearby sky islands
(latitudinal range shift) (McCormack et al., 2009). These
immigration events, followed by in-situ speciation may give
rise to cryptic species and in some cases species endemism.
Consequently, these resulting narrow-range species are often
under threat (Mairal et al., 2017; Martín-Queller et al., 2017).
Besides historical events such as mountain-building, other
factors have been “implicated” in shaping species richness
(Georgopoulou et al., 2016). These are primarily temperature,
species richness, isolation and area (Steinbauer et al., 2016).
Varying climates along steep altitudinal gradients are often seen
as prime drivers of isolation of populations, eventually leading
to speciation on mountain tops (Rahbek et al., 2019). Mountain

species are regularly characterized by pronounced niche
conservatism (Antonelli et al., 2018). As isolated geographical
features with characteristic species composition and
distribution along pronounced altitudinal and thus climatic
gradients, they are often used as models in climate change
research (e.g., Fischer et al., 2011).

There are many highly isolated mountain ranges in Africa, a
topographically diverse continent significantly shaped by the
rifting processes involving volcanism. These processes, in turn,
produced several prominent volcanic mountains such as iconic
Kilimanjaro, Mt. Kenya, Mt. Elgon, or the Cameroon Volcanic
line, a long chain of volcanoes. The Ethiopian Highlands, Maloti-
Drakensberge, Kenyan-Tanzanian Highlands, Eastern Arc Mts.,
and the Angolan Highlands represent other important mountain
ranges that collectively have been called the Afromontane
archipelago, i.e., a collection of widely scattered sky islands
(Figure 1). They have been studied repeatedly regarding their
diversity, endemicity and interconnectivity (e.g., Measey and
Tolley, 2011; Mairal et al., 2017). Remarkably, they represent
both cradles and refugia for biodiversity (Perrigo et al., 2020).
Contrasting hypotheses have been proposed as to corridors
connecting these sky islands in close proximity but also across
the whole continent, e.g., from the Kenya-Tanzania Highlands to
the Cameroon Volcanic line (Allen et al., 2021). Pleistocene
corridors of Afromontane forest belts have been proposed
(Mairal et al., 2021) but remain to be tested for most taxa, as
the results of hitherto conducted studies are equivocal (e.g., Brühl,
1997; Cox et al., 2014). For mountain biota in Africa, montane
refugia are often invoked as speciation mechanism, followed by
montane gradient speciation and, to a lesser extent, peripatric
speciation and rapid adaptive radiation, whereas the role of
polyploidization as a genomic mechanism is not well
understood (Couvreur et al., 2021).

Many patterns seen in biodiversity of the Afromontane
archipelago have been attributed to changing topography and
ecology triggered by geological rifting (e.g., Kingdon, 1989;
Menegon et al., 2014). In addition, Pleistocene climatic
changes produced multiple refugia, including cold-climate
areas such as in sky-islands. These often acted as cradles for
diversity on the population (Mairal et al., 2017) and species levels
(Cox et al., 2014). The African Rift System and associated
mountain ranges and beyond are thus an ideal model to study
the interacting forces of climatic changes and geographic barriers
on genetic biodiversity patterns over evolutionary times (Platts
et al., 2013). Such studies are also critical in times of enormous
pressure on the remaining montane biodiversity hotspots
throughout the continent (White, 1981; Burgess et al., 2007).
Even though these outstanding biodiversity hotspots have long
been recognized (Mittermeier et al., 2011), most knowledge stems
from either plants such as grasses (Mairal et al., 2021) or trees
(DeBusk, 1998) and vertebrates such as small mammals, birds
and amphibians (e.g., Cox et al., 2014; Loader et al., 2014).
Invertebrates are less frequently studied and if so, mostly
mobile organisms such as butterflies (but see flightless insects;
Brühl, 1997). The overwhelming majority though represent
terrestrial taxa, freshwater organisms are exceptionally scarcely
studied (e.g., Daniels et al., 2020; Musonge et al., 2020).

FIGURE 1 | Afromontane “sky islands” studied. The mountain ranges in
sub-Saharan Africa covered in the current study are italicized and colored in
yellow. Abbreviations: AHL, Angolan Highlands; AMT, Aberdares Mts.; CVL,
Cameroon Volcanic Line; ETH, Ethiopian Highlands; GE1–3, Great
Escarpment; Kinangop Plateau (KPT)-; LSH, Lesotho Highlands; MKI, Mt.
Kilimanjaro; MTK, Mt. Kenya; MTM, Mt. Meru; MTE, Mt. Elgon; STH, Southern
Tanzania Highlands; USM, Usambara Mts.; UMT, Udzungwa Mts.
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Freshwater molluscs are very suitable for biogeographical
studies of high-altitude ecosystems since they are less mobile,
often highly habitat specific and have a moderate level of diversity
but are comparatively well-known taxonomically (Brown, 1994),
unlike most other invertebrates groups in tropical regions.
African sky islands are only inhabited by a limited number of
freshwater mollusc genera, namely pea-clams (Sphaeriidae; e.g.,
Kuiper, 1966; Clewing et al., 2022) and pulmonate snails (some
Bulinidae, Planorbidae, Lymnaeidae; Brown, 1994). Mollusc
species living in high-altitudes (roughly above 2,500 m above
sea level) may experience extreme environmental conditions.
These include, for example, higher radiation, desiccation of
habitat, short periods for reproduction, shortage of food or
nutrient availability, cold temperatures including freezing and
low abundances (Bößneck, 2012).

The pulmonate gastropod genus Bulinus is, arguably, the most
widespread pulmonate snail species in Afromontane regions. The
genus is composed of many veterinary and biomedical important
species. Many Bulinus species act as intermediate hosts for
Schistosoma trematodes that cause, especially, human
urogenital schistosomiasis, a disease affecting at least 130
million people in Africa alone (Brindley and Hotez, 2013).
Factors that affect species distributions in Africa have not
been investigated for many of the approximately 35 extant
Bulinus species (Brown, 1994), especially in high-altitude
freshwater habitats. Generally, climate change has been
predicted to cause changes in species distribution and
consequently changes in endemism, evolutionary processes
such as speciation and extinction dynamics (Hua and Wiens,
2013), including molluscs (Böhm et al., 2021). Some species of the
genus Bulinus are considered to be highly adapted to very harsh
environmental conditions such as desiccation (e.g., B. globosus) or
low temperatures (e.g., B. africanus) (Brown, 1994). The role of
polyploidization has been discussed in this context (Brown,
1994). However, the extent to which Bulinus snails have
adapted to high-altitudes in general and extreme altitude
above 3,000 m a.s.l., in particular, is not yet accounted for.
Here, we explore how and when species of Bulinus have
evolved altitudinal ranges. This is important in order to
understand the climate-related dynamics of host-parasite
interactions. Furthermore, it is a prerequisite for potential
predictions of how the ongoing climate change throughout
sub-Saharan Africa will affect occurrence of intermediate host
snails (Stensgaard et al., 2019; De Leo et al., 2020). In turn, this has
direct implications for parasite prevalence and infections of both
humans and livestock in areas where diseases have previously
been absent (Stanton et al., 2017). Predictions for schistosomiasis
in Africa foresee disappearance regionally in lowlands due to
extended droughts (shortage of water and thus habitat).
Contemporarily, however, increase in schistosomiasis in
mountainous regions is predicted due to the expansion of
suitable conditions, given the warming experienced
(Stensgaard et al., 2019). As a consequence, the altitudinal
threshold for schistosomiasis is expected to rise, potentially
putting more people and an unrecognized part of the
populations at risk (Stanton et al., 2017). Currently, there are
no empirical studies available on this subject.

In this study, we analyzed pan-African Bulinus species
from various habitats across different altitudinal ranges,
focusing on the high mountains or “sky islands” to
examine how the contemporary climate and historical
geological factors affect species distributions and
evolutionary processes. High-altitude samples from most
Afromontane regions were collected and altitudinal ranges
compiled from our own continent-wide sampling, the
literature and databases.

Using a multigene phylogeny of three mitochondrial and two
nuclear markers, molecular clock and character evolution
analyses, we tested several evolutionary and biogeographical
hypotheses for the evolution of the altitudinal niches for all
species groups of Bulinus.

Specifically, we tested:

1) how often and when extreme altitudes were colonized,
2) what are the biogeographical affinities and degree of isolation

of high-altitude species,
3) which lineages diversified and evolved endemism in the

Afromontane environments, and
4) whether the Afromontane regions represent “sky islands”.

Our findings are discussed in the context of biogeographical
and diversification history and the dominant mode of speciation.
Potential future developments are evaluated given changing
climate predictions as well as biomedical and conservation
implications.

MATERIALS AND METHODS

Sampling
Specimens were collected from mountains and highland
regions throughout Africa between 2010 and 2018. These
areas included the Lesotho Highlands (Maloti-
Drakensberge), Ethiopian Highlands (Abyssinian Massif),
Kenyan Highlands (Aberdares range including Kinangop
Plateau, Mt. Kenya/Laikipia), Tanzanian Eastern Arc Mts.
(Udzungwa, East Usambara), and Rwenzori Foothills
(Supplementary Table S1; Figure 1). We also obtained
samples from lower altitudes, primarily from Uganda,
Malawi, Tanzania, the Democratic Republic of Congo, and
Cameroon, for comparative purposes and maximized
taxonomic representation. Sampling was done using mainly
a scoop net, and in some occasions, handpicking from pools,
wetlands marshes, lotic and lentic waterbodies. The material
was fixed and preserved in 70%–80% ethanol. Coordinates and
the altitude records were obtained using a hand-held Garmin
etrex V global position system (GPS) device, and were later
verified with Google Earth Pro version 7.3.4.

DNA Extraction, Amplification and
Sequencing
At least two snails of each of the Bulinus population were selected
for DNA isolation, resulting in a total of 104 Bulinus specimens.
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Prior to DNA isolation, each of the selected snails was
photographed using a Keyence digital microscope system
(KEYENCE VHX-2000; Keyence Deutschland GmbH, Neu-
Isenburg, Germany). Genomic DNA was then extracted from
a small piece of the foot muscle (~2 mg) using a CTAB method
(Wilke et al., 2006) or a DNeasy Blood and Tissue Kit (Qiagen,
Mississauga, ON, Canada) following the manufacturer’s protocol.
The specimen vouchers (shells and DNA) are stored in the
University of Giessen Systematics and Biodiversity collection
(UGSB; Diehl et al., 2018). DNA amount and quality was
checked using a NanoDrop 2000 (Thermo Fisher Scientific
Inc., Waltham, MA, United States). Mitochondrial cytochrome
c oxidase subunit I (cox1; “Folmer” and “Asmit” regions) and
large subunit ribosomal RNA (16S) gene fragments were
amplified using primers LCO1490 and HCO2198 (Folmer
et al., 1994) or COR722b (Wilke and Davis, 2000) for the
“Folmer” region, Asmit1, Asmit2 for the “Asmit” region
(Bowles et al., 1992), and 16Sar and 16Sbr for 16S (Palumbi
et al., 1991). The internal transcribed spacer 2 (ITS2) and histone
3 (H3) were amplified using primers LT1 (Bargues et al., 2001),
ITS2-RIXO (Almeyda-Artigas et al., 2000) and H3F and H3R
(Colgan et al., 2000), respectively.

PCR conditions and primer details are described in the
Supplementary Table S4. Sanger sequencing was performed
on an ABI 3730xl DNA analyzer using the BigDye Terminator
Kit (Life Technologies, LGCGenomics GmbH, Berlin, Germany).

Dataset Compilation, Alignment, and
Substitution Models
DNA sequences were edited and aligned using BioEdit version
7.0.5 (Hall, 1999). For phylogenetic analyses, additional
sequences for all five genetic markers were downloaded
from the NCBI database, resulting in a dataset composed of
145 ingroup taxa. After the sequences were reduced to unique
haplotypes (Supplementary Figure S1 and Supplementary
Table S1), the final dataset consisted of 96 taxa and was used
for subsequent analyses. Indoplanorbis exustus, the sister
species to Bulinus spp. (Albrecht et al., 2007; Albrecht et al.,
2019), was used as an outgroup. Multiple sequence alignment
for cox1 (both the Folmer and Asmit regions) and H3 was
conducted using ClustalW tool implemented in BioEdit
software program while the gap forming partitions 16S and
ITS2 were aligned using MAFFT an online alignment tool
(Katoh et al., 2019). Gblocks program version 0.91b (http://
molevol.cmima.csic.es/castresana/Gblocks_server.html), was
used to remove poorly aligned regions, applying less
stringent settings. The final alignments contained 655 bp,
390 bp, 432 bp, 452 bp and 328 bp for cox1 (Folmer region),
cox1 (“Asmit” region), 16S, ITS2, and H3, respectively. All new
sequences have been deposited in NCBI GenBank
(Supplementary Table S1).

The concatenated sequence dataset was created using
SequenceMatrix version 1.7.8 (Vaidya et al., 2011). The
software jModelTest version 2.1.10 (Darriba et al., 2012)
was used to select the best-fit substitution models for each
partition, with the number of substitution schemes set to 3.

Fossil-Calibrated Molecular Phylogeny
The estimated substitution models were used for the subsequent
Bayesian inference analysis employing a molecular-clock
approach for estimating species divergence using BEAST
version 1.8.4 (Drummond et al., 2012). The analyses were run
on the CIPRES Science Gateway V 3.3 (Miller et al., 2010). A fossil
calibration was used to estimate divergence times in Bulinus using
BEAST version 1.8.4 (Drummond et al., 2012). We used the
oldest Bulinus fossil (c. 20 myr; Pickford, 2008) to date the most
recent common ancestor (MRCA) of the ingroup.

Based on the Akaike information criterion (AIC), the best-fit
substitution models for the concatenated dataset were: HKY + I +
Γ, HKY + I + Γ, GTR + I+Γ, GTR + I + Γ and SYM + I for cox1
(Folmer region), cox1 (“Asmit” region), 16S, ITS2, and H3,
respectively.

The Markov chain Monte Carlo (MCMC) in BEAST analysis
was run for 40 million generations, sampling every 1000th tree,
using both a strict-clock and a relaxed-clock model with a
birth–death tree prior (Gernhard, 2008) and a gamma prior
for the fossil calibration point with the settings: offset = 19,
shape = 1.0, and scale = 2.0. The log file was checked in Tracer
version 1.5 (http://tree.bio.ed.ac.uk/software/tracer) to examine
the parameter convergence. The maximum clade credibility
(MCC) tree was generated using TreeAnnotator version 1.8.4
(BEAST package) with a burnin of 50%.

Whereas most of the parameters revealed effective sampling
size (ESS) values for the strict-clock model slightly better (ESS of
most parameters >300) than with the relaxed-clock model (ESS of
most parameters <150), convergence for some of the strict clock
model parameters was not reached (i.e., cases in which ESS values
were <200). Therefore, the maximum clade credibility (MCC)
tree obtained from the strict-clock analyses was used for
subsequent analyses, with adjusted substitution models as
follows: HKY + I + Γ, HKY + I + Γ, HKY + I + Γ, HKY + I +
Γ and HKY (all base frequencies equal), for cox1 (Folmer region),
cox1 (“Asmit” region), 16S, ITS2, andH3 respectively, resulting in
sufficient ESS values (>200). We also tested a general invertebrate
molecular substitution rate (mitochondrial) clock (Wilke et al.,
2009) for the HKY + I + Γ, model of sequence evolution (1.57%
My−1) in the preliminary analyses (hence data not shown), to
check the suitability of the fossil in estimating the divergence time
of the Bulinus phylogeny., and this did not result in much
difference.

Species Delimitation
Specimens were preliminarily determined based on their shell
morphology and ecological setting information such as habitat
and geographical position. However, we also used approaches for
molecular species delimitation recently conducted (Chibwana
et al., 2020; Clewing et al., 2020; Mahulu et al., 2021).
Molecular operational taxonomic units (MOTUs) were
identified in the BEAST MCC tree using this approach and
computational methods for species delimitation; specifically
the Generalized Mixed Yule Coalescent (GMYC) for multiple
thresholds (Fujisawa and Barraclough, 2013; Pons et al., 2006)
and Poisson Tree Process (PTP; both maximum likelihood and
highest Bayesian supported solutions; Zhang et al., 2013). The
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MOTUs were finally assessed in an integrated approach
considering the preliminary identifications and named by
integrating as many nominal taxa as possible. Doubtful cases
or apparently new lineages were simply labelled as Bulinus sp.,
sometimes with a qualifier (e.g., Bulinus sp. 8MTE forMt. Elgon).

Reconstruction of Ancestral Altitudinal
Ranges
Two sets of altitudinal information were compiled. Each
specimen had a specific sampling altitude, either measured by
ourselves in the field or taken from the literature for the GenBank
sequences. Google Earth Pro was used to determine the altitudes
in cases when only locality names were available in the original
literature. In the cases of BtroAY18 and BtruAY19
(Supplementary Table S1), the altitude ranges of their
countries of origin were used since no more specific locality
information was available.

The second set of altitudinal information consisted of published
altitudinal occurrences for all nominal species of Bulinus, which we
screened forminima andmaxima (Supplementary Table S2). This
information was compiled through literature research in
comprehensive publications (Mandahl-Barth, 1957; Mandahl-
Barth, 1965; Brown, 1994) or species-specific accounts (e.g., De
Kock andWolmarans, 2005a; De Kock andWolmarans, 2005b). In
addition, online databases such as Global Biodiversity Information
Facility (GBIF), International Union for Conservation of Nature
(IUCN) Redlist, NHMLondon Zoological Specimen database were
checked. A character matrix with six categories was created: A)
0–500 m, B) 501–1,000 m, C) 1,001–1,500, D) 1,501–2,000 m, E)
2,001–2,500, and F) > 2,500 m. The altitude ranges of all the
MOTUs were coded as present (1) or absent (0) in these categories.
In very few cases, our own sampling served for character coding.
Character evolution of the altitudinal range distribution was traced
along the phylogenetic tree using stochastic character mapping
(Huelsenbeck et al., 2003) as implemented in phytools 1.0-1
(Revell, 2012) for the R statistical environment 4.1.2 (R Core
Team, 2021). Three models of character evolution, ARD (all
rates different), SYM (symmetric rates), and ER (equal rates),
were tested by calculating 100 stochastic character maps and
finally compared with AIC.

RESULTS

Species Diversity, Phylogenetic
Relationships, and Divergence Times
The automated species delimitation methods yielded 24 and 38
MOTUs for bPTP and 33 for GMYC (Supplementary Figure
S1). Our integrative approach resulted in a final set of 30MOTUs.
Bulinus wrighti is the sole representative of the B. reticulatus
group. The B. forskalii group comprises B. forskalii, B. bavayi, B.
cernicus, B. barthi, and Bulinus sp. 6. The B. africanus group
primarily consists of B. globosus and B. nasutus, but also B.
africanus and B. obtusispira. In addition, it contains Bulinus sp. 2
(of Chibwana et al., 2020) and a MOTU which could not be
assigned to nominal names (Bulinus sp. 3). Most species belong to

the B. truncatus/tropicus complex, of which a total of 18 MOTUs
correspond to species-level taxa. Names cannot be applied to all
of them, but instead nine nominal taxa could be assigned. Bulinus
sp. 1 was previously reported in Chibwana et al. (2020). A further
two have been labelled Bulinus sp. 4 and Bulinus sp. 5 for
convenience. Bulinus sp. 7 LSH (= Lesotho) and Bulinus sp. 8
MTE (= Mt. Elgon) were previously unknown species. The
MOTU called Bulinus sp. 9 MTK (= Mt. Kenya) might
represent a small species complex of closely related taxa (B.
rumrutiensis/laikipiensis). Both B. truncatus and B. tropicus
were not found monophyletic, instead there where other
MOTUs resembling them morphologically (B. cf. truncatus, B.
cf. tropicus).

The phylogenetic reconstruction (Figure 2) revealed four
major clades, which are strongly supported. These clades
correspond to the four traditional species groups of Bulinus,
i.e., the B. forskalii, B. africanus, B. reticulatus groups, and the B.
truncatus/tropicus complex. Bulinus reticulatus and the B.
truncatus/tropicus complex are well supported sister-groups
(PP 1.0) and B. africanus is the sister group to them (PP 1.0).
The B. forskalii group is ancestral to the other three groups
(PP 1.0).

High-mountain lineages from the Aberdares Mts. and the Mt.
Kenya region are sister groups in B. tropicus, whereas the
Udzungwa Mts. lineage is not closely related to it. It clusters
with regional lineages (Figure 2; Supplementary Figure S1).
Bulinus sp. 9 MTK is sister to a specimen from Malawi
(BtruAY19), but this relationship is not supported. This is also
the case for Bulinus sp. 4 the sister of which is BtroAY18, a
specimen from Zimbabwe. Bulinus permembranaceus from the
Kinangop Plateau is closest to Bulinus sp. 5, represented by
specimens from Cameroon and the D.R. Congo. Bulinus
hexaploidus from the Ethiopian Highlands is sister to B. guernei.

According to our molecular-clock analysis, Bulinus started to
diversify in the Early Miocene, which is also when the B. forskalii
group diverged from the remaining groups. In the mid-Miocene
(~16 Ma), the B. africanus group diverged from the B. reticulatus
group and the B. truncatus/tropicus complex. The latter two
diverged from each other around 11 Ma. Within the B.
truncatus/tropicus complex, Bulinus sp. 8 MTE from Mt.
Elgon originated in the Pliocene (4.71 Ma) (Figure 2). A series
of divergence events leading to all other lineages in the complex
happened near the Plio-Pleistocene border at 2.62 Ma (Figure 2).
This marks the split of Bulinus sp. 7 LSH from the remaining B.
truncatus/tropicus complex. All other divergence events for the B.
truncatus/tropicus complex are dated to the Pleistocene,
concerning all high mountain linages and also B. liratus from
Madagascar. Much more lineages were accumulated in the
Pliocene in both the B. africanus and B. forskalii groups. Here,
the B. obtusispira from Madagascar is sister to the remaining
members of the B. africanus group from which it split 8.05 Ma
(Figure 2; Supplementary Figure S1).

Biogeographical Patterns
Extreme altitudes (>2,500 m) have been colonized by Bulinus at
least three times independently and exclusively in the B.
truncatus/tropicus complex: 1) The highlands of Lesotho are
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FIGURE 2 | BEAST MCC tree with the posterior probabilities above 0.95 given. 95% highest probability densities (blue bars) and the calibration point (CP) are
provided. The outgroup was removed a posteriori. Specimen details can be seen in Supplementary Table S1.
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inhabited by an apparently endemic lineage (Bulinus sp. 7 LSH,
up to 2,528 m a.s.l.); 2) Bulinus sp. 8 MTE (up to ~4,000 m a.s.l.)
represents an absolute extreme for Bulinus (Figure 3); 3) The
Ethiopian Highlands are represented by a specimen of B.
hexaploidus from 2,592 m (note that B. octoploidus is missing
in the phylogeny).

Distinct colonizations occurred on Mt. Elgon and the Lesotho
Highlands, spatially and temporally independent from one
another and the other Afromontane regions. Diversification on
Mt. Elgon is very recent though (0.06 Ma), whereas populations
in Lesotho are roughly 0.67 myr old. The colonization patterns of
the Aberdares Mts. and other Kenyan Highlands as well as the
Udzungwa Mts. (Eastern Arc Mts.) are more complex with the
respective species and lineages being widely scattered among the
B. truncatus/tropicus complex. Bulinus hexaploidus is closely
related to B. permembranaceus from the Kinangop Plateau in
Kenya, though they are not sister species. There are two distinct
MOTUs from the Mt. Kenya region, representing independent
colonizations of the region (B. tropicus and Bulinus sp. 9 MTK).
The Udzungwa Mts. as part of the old Eastern Arc Mts. complex
are inhabited by at least two MOTUs (B. tropicus and Bulinus sp.
4) (Figure 2). All Ethiopian, Kenyan, and Tanzania MOTUs
occurring in higher altitudes represent comparatively young
lineages, having diversified in the late Pleistocene (Figure 2).

No species of either the B. forskalii, nor in the B. africanus group
occur in the second highest altitudinal band from 2,001 to
2,500 m. Bulinus wrighti has been described from low altitudes
up to 2,000 m.

Altitudinal Range Evolution
The MOTUs in this study range in altitudinal distribution from
sea level to almost 4,000 m (Figure 3; Supplementary Table S2).
However, the majority occurs from sea level to 1,500 m with 22
MOTUs in 0–500 m, 15 in 501–1,000 m band and 17 MOTUs
found in band 1,001–1,500 m. Much fewer occur in band
1,501–2,000 m (10 MOTUs) and 2,001–2,500 m (six MOTUs),
whereas only four MOTUs are found at altitudes above 2,500 m
(Supplementary Table S3). Considering altitudinal ranges of all
Bulinus spp. including the new MOTUs of this study, the average
range is 639 m (5–2,600 m). The average minimum altitude is
678 m (0–3,905 m) and the average maximum is 1,317 m
(57–3,997 m) (Figure 3 and Supplementary Table S2).

Most species evolved in low to mid-altitudinal ranges and only
approximately nine times evolved adaptations to Afromontane
regions. The Equal rates model (ER) was the best-fit model,
assuming equal rates for the transition between altitudinal range
bands (AIC: ARD: 148.99, ER: 109.51; SYM: 136.27). As many
species of Bulinus occur in more than a single altitudinal range

FIGURE 3 | Altitudinal distribution of members of the Bulinus groups (highlighted with colors) throughout their entire range compiled from various literature and
collection sources. Red stars mark species occurring in extreme altitudes above 2,500 m a.s.l. Note the extraordinary high occurrence ofBulinus sp. 8MTE onMt. Elgon,
Uganda. This species is new to science and is only distantly related to the B. truncatus/tropicus complex. Further details on altitudinal ranges can be found in the
Supplementary Tables S2, S3.
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band, estimation of ancestral ranges is equivocal for each node in
the phylogeny (Figure 4). The MRCA of the B. forskalii group
most likely lived in low to intermediate altitudes (0–2,000 m)
whereas the MRCA of the B. africanus group most likely lived in
altitudes from 0 to 1,500 m, except for B. globosus which extends
its distribution up to 2,000 m. Bulinus reticulatus group was only
represented by B. wright, and the MRCA of this group has already
lived in altitudes covering four bands from low- to mid-altitudes
(0–2,000 m). The MRCA of B. truncatus/tropicus complex is
shown to have lived in all the six altitudinal bands, and is
from which the Bulinus sp. 8 MTE in the extreme altitude at
Mt. Elgon has evolved (Figure 4).

DISCUSSION

Phylogenetic Relationships and Species
Delimitation
Based on the increased taxon and character sampling of the new
multi-gene phylogeny, all previously defined subgroups of

Bulinus spp. were recovered. Unlike in previous phylogenies
based on single markers and less extensive sampling (Kane
et al., 2008; Jørgensen et al., 2007; Jørgensen et al., 2011;
Jørgensen et al., 2013), intergroup relationships were also well
supported in our phylogeny. This is important since the
relationship among the Bulinus groups has been extensively
debated in the past (e.g., Jørgensen et al., 2011; Jørgensen
et al., 2013). Our findings strongly support that the B.
reticulatus and the B. truncatus/tropicus complex are sister-
groups and B. africanus forms the sister group to the first two
whereas the B. forskalii group is ancestral to the other three
groups. A sister relationship of the B. reticulatus group and the B.
truncatus/tropicus complex has been well supported before (Kane
et al., 2008; Jørgensen et al., 2011; Jørgensen et al., 2013). Various
constellations of this group relative to the B. africanus and B.
forskalii groups had been proposed and none conforms with the
one found here (Stothard et al., 1996; Stothard et al., 2001;
Jørgensen et al., 2007; Kane et al., 2008; Nalugwa et al., 2010;
Jørgensen et al., 2011; Jørgensen et al., 2013; Zein-Eddine et al.,
2014; Tumwebaze et al., 2019; Clewing et al., 2020).

FIGURE 4 |Character evolution of altitudinal bands along the BEASTMCCMOTU-like tree. Six classes of altitudinal occurrences are used and pie charts represent
probabilities of ancestral states at the respective nodes (see also Supplementary Tables S2, S3).
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The species delimitation overall found a match of
morphologically identified species and MOTUs in many
cases, however, there were also several cases of non-
monophyly and mismatches. Most often this occurred in
the B. tropicus/truncatus complex, which has been known
for notorious difficulties in species assignments (e.g., Brown,
1994; Kane et al., 2008). Bulinus globosus was another case,
known to be an “umbrella” name for various lineages of
similar shell morphology (Pennance, 2020). In our
conservative approach, we preferred to label unclear
specimens as “sp.” rather than assigning names to these
lineages in order to not further complicate the situation of
potentially wrongly labelled sequence information in
GenBank. A major obstacle in Bulinus systematics is to
disentangle wrongly identified specimens from cases where
indeed cryptic species are involved in potentially rapidly
diverging lineages (Tumwebaze et al., 2019). The
complexity of the species level systematics stems from
different taxonomic values of character used and even
species concepts applied by the various authors. Here,
either shell characters or anatomy, chromosome numbers,
parasite susceptibility and the pre-condition of
hermaphroditic reproduction mode have been implemented
to various extents over time (Mandahl-Barth, 1957; Mandahl-
Barth, 1965; Brown, 1994). Given these circumstances, a
comparatively consistent level of MOTUs that correspond
to nominal taxa has been found in this study. It should be
further substantiated in future studies, which should strictly
focus on type or topotypic material of all recognized species.
In order to disentangle the real diversity of Bulinus and also
the roles that certain processes play in diversification (such as
polyploidization), genomic approaches should be used,
especially since mitochondrial and nuclear genomes are
already available for B. truncatus providing the much
needed baseline (Young et al., 2021; Young et al., 2022;
Zhang et al., 2022).

The sparse fossil record of Bulinidae has been discussed
elsewhere (Jørgensen et al., 2013; Albrecht et al., 2019). The
fossil-calibrated tree might potentially underestimate the real
age of the group. Given that external substitution rates are
often taxon- and gene-specific and may be saturated over time
(see, e.g., Wilke et al., 2009), it was still worthwhile to explore it
in the case of Bulinus. It should be noted though that the fossil-
independent dating strategy using a universal invertebrate
molecular clock rate did not yield substantially different age
estimates for the major splits in the phylogeny (data not
shown). As such, the ages of the endemics on Madagascar
(B. liratus and B. obtusispira, B. bavayi) are interesting.
Although B. bavayi and B. obtusipira represent
comparatively old lineages in their respective Bulinus
groups, their splitting from other lineages by far postdates
the separation of Madagascar from East Africa and the Indian
subcontinent (e.g., Masters et al., 2021). The Bulinus spp. on
Madagascar thus do likely not represent vicariant forms
(Wright, 1971; Stothard et al., 2001; Jørgensen et al., 2011).
Interestingly, a similar pattern has been found for another
gastropod species of the genus Lanistes endemic to

Madagascar (Mahulu et al., 2021). The now available
temporal framework of Bulinus evolution also allows
specific colonization patterns and evolutionary patterns of
endemism to be evaluated.

Colonization History and Evolution of
Endemism
Members of the genus Bulinus have colonized altitudes from sea
level to real alpine altitudes in some Afromontane regions. This
study has extended the known altitudinal range of the genus by
900 m to around 4,000 m on the top of Mt. Elgon, where a new
species of Bulinus has been characterized for the first time from
such an extreme environment. Interestingly only four species
(14% of the currently recognized biodiversity), all belonging to
the B. truncatus/tropicus complex, evolved very high altitude
occurrences (>2,500 m). All except B. tropicus are “true” high-
altitude species whereas B. tropicus has an exceptional wide
altitudinal range (500–3,100 m), the widest of all Bulinus
species. To which extent the high-altitude populations of this
species indeed belong to B. tropicus or also represent independent
lineages needs to be shown in future studies. Bulinus sp. 7 LSH,
previously considered to belong to B. tropicus, is a good example
of how cryptic morphology can mask true phylogenetic and
biogeographical patterns. The Bokong bogs (Lesotho) at
3,100 m, was recorded as the highest place for B. tropicus so
far (Brown, 1994). It remains to be seen whether this indeed
represents B. tropicus or rather Bulinus sp. 7 LSH as identified in
this study. Although the sampling was certainly limited, it is
noteworthy that no B. tropicus lineage was found in the highlands
of Lesotho. Colonization might have occurred via a continuous
upwards dispersal since Bulinus populations are usually found in
all intermediate altitudes if suitable habitats are present and the
slopes are not too steep. A notable exception it’s the conically
shapedMt. Elgon, where intermediate altitudes are free of Bulinus
(Howell et al., 2012).

Altitudinal endemism is pronounced in the case of the
Ethiopian species as well as the Kenyan Highlands. Here,
phylogeographical sampling within these mountain ranges has
to further disentangle the species status of several nominal taxa
such as B. octoploidus in Ethiopia and B. permembranaceus in
Kenya. This specifically applies to the Bulinus sp. 9 MTK which
potentially includes the taxa B. laikipiensis, alluaudi, rumrutiensis
(currently fallen in synonymy). It would also be interesting to test
the hypothesis that polyploidisation might be linked to the ability
to adapt to extreme altitudes (Brown, 1994). A striking finding of
this study is the fact that high altitude Bulinus sp. 8MTE fromMt.
Elgon and Bulinus sp. 7 LSH from Lesotho are representing old
lineages (= long branches), very isolated in the B. truncatus/
tropicus complex with no immediate sister species currently
known. The genetic distinctness of Bulinus sp. 8 MTE is very
pronounced and might even warrant separation from the B.
truncatus/tropicus complex. Even though this “stand alone”
situation could potentially be a sampling artefact, it is the East
African and Southern African regions that are comparatively well
represented in previous phylogenetic studies of Bulinus spp.
(Kane et al., 2008; Jørgensen et al., 2011; Jørgensen et al.,
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2013; Pennance, 2020), which render missing major lineages less
likely. Given the phylogenetic pattern and acknowledging the
sampling available to date, it appears as if living in high-altitudes
is a condition already present in the MRCA of the B. truncatus/
tropicus complex. It was an equally likely ancestral condition in
the MRCA of the B. reticulatus group and the B. truncatus/
tropicus complex. The character tracing revealed an equally likely
colonization from altitudes from 0 to 2,000 m for Bulinus sp. 8
MTE. The Lesotho Highlands in contrast were colonized from
either low (0–500 m) or high (>2,500 m) altitudes. Given the wide
altitudinal ranges many Bulinus species occupy and their easy
colonization capabilities, it is challenging to reconstruct ancestral
conditions using phylogenetic approaches. Here,
phylogeographical studies of species or species-groups might
help to further elucidate the evolution of rare adaptations to
extreme altitudes.

Role of Paleogeography and Paleoclimate
The Afromontane mountains are recognized as the most isolated
mountain ranges in the world (see Mairal et al., 2021). This
isolation has led to speciation and endemism in floras and faunas
(Levin et al., 2020; Cuypers et al., 2022) and is also seen in Bulinus
spp. It is noteworthy that isolation is apparently more
pronounced in the Lesotho Mts. and on Mt. Elgon, where the
oldest lineages of the B. truncatus/tropicus complex are found.
There is no indication of hopping dispersal from “sky island” to
“sky island” in these areas. Similarity in floras and faunas of
Afromontane regions has been attributed to the existence of
habitat corridors in the Holocene potentially facilitating
dispersal between the various montane regions (Cooper, 2021).
In Bulinus, this has likely not happened between the southern
mountains and East Africa. To what extent such biotic exchange
occurred between the Ethiopian Highlands and the Kenyan and
Eastern Arc Mts. cannot be answered conclusively with the data
at hand. Judging from the branching patterns and the molecular
clock estimates it is less likely that such exchange happened as
recently as after the last glacial maximum. Inter-mountain long
distance dispersal has been shown for various taxa, the majority
of which are terrestrial (Mairal et al., 2017; Mairal et al., 2021).
This is also less likely in the case of Bulinus since no direct sister-
group relationships were found. However, it is interesting since in
a similar case of a lymnaeid gastropod (Galba mweruensis) such a
pattern connecting widely isolated Afromontane populations was
demonstrated, though the actual dispersal mechanism remained
unknown (Mahulu et al., 2019). In the case of Bulinus it is likely
that adaptation to cold climates (= high-altitudes) represents a
form of niche conservatism which makes these lineages or species
trapped in their specific environment with subsequent in situ
speciation. This has been shown for pulmonate snails in other
high-altitude regions (Albrecht et al., 2022). It is again
noteworthy that such adaptations happened considerably
earlier in the southern African Mts. and Mt. Elgon, i.e., in the
Pliocene or Plio-Pleistocene transition times. Interestingly, this
older or longer separation of populations from Lesotho and Mt.
Elgon has also been found in Galba (Mahulu et al., 2019), with
those populations from Mt. Elgon to be the most distinct ones as
well. A striking feature remains regarding the roles of volcanic

activities and glaciation of Mt. Elgon. Extensive icefields and
glaciers existed on Mt. Elgon in the Late Pleistocene (Osmaston,
2004). Earlier (around 3 Ma), volcanic eruptions occurred on Mt.
Elgon (Scott, 1998). Both conditions argue against a Pliocene
colonization and uninterrupted existence of Bulinus populations
on Mt. Elgon. Alternatively, a post-glacial long dispersal from a
yet unknown source must be assumed, possibly located in East
Africa. The current study clearly demonstrated that Afromontane
regions represent “sky islands” for freshwater organism, here
Bulinus gastropods. Rifting processes and associated climatic
fluctuations have impacted the distribution patterns of Bulinus
lineages at least since mid-Pliocene times. It is likely that
recurrent climatic changes (Kohler et al., 2014) might lead to
range shifts, reduction or even extinctions in high mountain
populations. These populations have been postulated to be
particularly sensitive to changing climates (Trew and Maclean,
2021). Such range shifts might also have significant implications
for species of Bulinus that act as intermediate host for trematode
diseases.

Implications for Schistosomiasis
Whereas Bulinus snails adapt to cold conditions, this is not
necessarily the case for their parasites. Though our knowledge is
still scanty for most trematode parasites, species of the genus
Schistosoma received considerable attention due to their role in
causing, e.g., cancerogenic urogenital schistosomiasis in humans
(e.g., Rollinson, 2009). With warming climates, regions in altitudes
where schistosomiasis was previously unknown, might become
suitable for thermally restricted schistosomes. Warming means
that known intermediate hosts might occur in high places in the
future and that species not yet susceptible to schistosomes might
become susceptible or get into contact with the parasites. A
multiplex-PCR based screening of the specimens of Bulinus sp. 8
MTE did not detect infections (data not shown). These populations
at altitudes of around 4,000 m are less likely to be visited by final
hosts. Lower altitudes between 2,000 and 3,000 m are much more
frequented in Afromontane regions. Bulinus permembranaceus and
B. hexaploidus are currently not known to be intermediate hosts for
human schistosomes (Brown, 1994). Bulinus octoploidus on the
other hand could be experimentally infected with S. haematobium
(Lo et al., 1970) and is naturally infected with S. bovis a major
parasite causing livestock schistosomiasis (Brown, 1994).
Schistosoma bovis is also known from B. tropicus and thus
potentially also from Bulinus sp. 7 LSH. Future assessments of
high-altitude species should use the newly developed
xenomonitoring approaches (Pennance et al., 2020; Hammoud
et al., 2022) to enhance our knowledge of snail-trematode
communities in these particular species. This is relevant since the
above mentioned shift of prevalence towards higher altitudes have
already been documented for the Biomphalaria-S. mansoni system
(John et al., 2008; Stanton et al., 2017). It is also desirable to carry out
transect assessments along altitudinal gradients in all Afromontane
regions (Howell et al., 2012; Stanton et al., 2017) as a baseline for
tracing future shift of both snail and parasite communities. It would
also help to more precisely define the actual and potential altitudinal
limits of the disease that is so pertinent for both humans and
livestock throughout Africa.
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