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Abstract

The Bornean hydrocenids have so far been understudied compared to other non-pulmonate snails in
this region. In the present study, we review a first group of minute land snail species belonging to the
genus Georissa (Gastropoda, Hydrocenidae) from Malaysian Borneo. This group is restricted to the spe-
cies with conspicuous scale-like sculpture on the shell. Based on materials from recent fieldwork, mu-
seums, and personal collections, Malaysian Borneo hydrocenids are more complex and diverse in shell
characters than previously anticipated. Here, a molecular, conchological, and biogeographic study of
this “scaly group” is presented. We recognise 13 species of which six are new to science, namely Georissa
anyiensis Sp. N., Georissa muluensis sp. n., Georissa bauensis sp. n., Georissa silaburensis sp. n., Georissa

kinabatanganensis sp. n., and Georissa sepulutensis sp. n.
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Introduction

Over the past 25 years, the microsnail fauna of karst habitats in South East Asia has
enjoyed an ongoing surge of attention. Detailed conchological and molecular stud-
ies in this region have revealed high allopatric and sympatric diversity (e.g., Liew et
al. 2014, Rundell 2008, Tongkerd et al. 2004), which has opened up this fauna for
work in the fields of community ecology (Schilthuizen et al. 2005, Schilthuizen 2011),
speciation (Schilthuizen et al. 2006, Schilthuizen et al. 2012), and conservation biol-
ogy (Clements et al. 2006, Clements et al. 2008, Schilthuizen et al. 2005). Although
several families of non-pulmonate snails have featured prominently in these studies (in
particular the Diplommatinidae and other cyclophoroids), the family Hydrocenidae
(Neritimorpha) has so far been understudied. In this paper, we make a start with a first
conchological and molecular characterisation of a surprisingly diverse group of species
in the genus Georissa Blanford, 1864.

The genus Georissa Blanford, 1864 is characterised by a calcareous, rounded to
ovate concentric, paucispiral operculum, with a calcareous peg emerging from the in-
ner surface (Bandel 2008, Thompson and Dance 1983, Vermeulen et al. 2015). The
shell is small, dextral, conical, and frequently presents conspicuous radial and spiral
sculpture. The studies by Thompson and Dance (1983) and Vermeulen et al. (2015)
showed that the Bornean Georissa are between 0.7 and 4.0 mm in adult shell height.
The protoconch is usually distinctly hemi-spherically shaped, distinct in microsculp-
ture and distinguishable from the post-embryonic whorls. The internal walls (some
would refer these as septa) are resorbed, and the remaining wall ends more than one
whorl before reaching the aperture; resorption also leads to excavation of the columella
(Thompson and Dance 1983, Bandel 2008). The evolutionary causes for this internal
shell restructuring remain to be studied. The snails are often found in moderate to
high densities on rocks, especially limestone rocks, where they apparently forage moss,
algae, and lichens (Berry 1966). Cave-adapted species may forage on bacterial films
(Schilthuizen et al. 2012).

Previous taxonomic treatments of Bornean Georissa (Godwin-Austen 1889, Gre-
dler 1902, Haase and Schilthuizen 2007, Smith 1893, 1895, Thompson and Dance
1983, van Benthem-Jutting 1966, Vermeulen and Junau 2007, Vermeulen et al. 2015)
revealed that shell shape and size, as well as sculptural patterns on the whorls are im-
portant characters for species delimitation. Given the small size of these shells, great
benefits can be had from the use of scanning electron microscopy and X-ray microto-
mography, which are able to show detailed microscopic sculpture patterns and the
inner part of the shell.

Since the overview presented by Thompson and Dance (1983), no revisions have
been made for the Bornean Georissa, although recently, several new Bornean Georissa
have been described, i.e., Georissa filiasaulae Haase & Schilthuizen, 2007, Georissa
pachysoma Vermeulen & Junau, 2007, Georissa leucococca Vermeulen et al., 2015 and
Georissa nephrostoma Vermeulen et al., 2015. Our new studies of the Georissa of Ma-
laysian Borneo reveal additional, previously unrecognized diversity, which warrants a
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series of revisions of the various species groups. In the present paper, we first address a
group of species that we here call the “scaly group”, chiefly consisting of species with
conspicuous scale-like sculpture on the shell.

We present detailed species descriptions for a total of 13 Bornean Georissa from the
“scaly group”, of which six species are new to science, namely: Georissa anyiensis sp. n.,
Georissa muluensis sp. n., Georissa bauensis sp. n., Georissa silaburensis sp. n., Georissa
kinabatanganensis sp. n., and Georissa sepulutensis sp. n.

Materials and methods

Materials and fieldwork
We examined collection material from:

RMNH  Naturalis Biodiversity Center (previously collection from Rijksmuseum
van Natuurlijke Historie), Leiden,

ZMA Naturalis Biodiversity Center (previously collection from Zoological Museum
of Amsterdam), Leiden,

NHMUK Natural History Museum, London,

BORN Borneensis Collection, Universiti Malaysia Sabah,

MZU Zoology Museum, Universiti Malaysia Sarawak, and

Jv Jaap Vermeulen (personal collection).

In addition to these available data, we did fieldwork at limestone outcrops in Ma-
laysian Borneo between September 2015 and May 2017. Manual searches were carried
out to collect living and empty shells of Georissa on limestone walls and rocks, loose
organic matter, and on/under living leaves. The living Georissa were directly stored in
sample tubes containing ~-96% ethanol. Ca. 5 litres of soil and leaf litter were sampled
at each sampling location to collect empty shells by flotation (Vermeulen and Whitten
1998). The holotypes, paratypes and all of the collected materials were deposited at the
Zoology Museum (Universiti Malaysia Sarawak, Kota Samarahan, Sarawak, Malaysia),
Borneensis Collection (Universiti Malaysia Sabah, Kota Kinabalu, Sabah, Malaysia),
and Naturalis Biodiversity Centre (Leiden, The Netherlands).

Morphological analysis

Microscopy. Shells were observed with a Zeiss SteREO Microscope Discovery V20.
The images of examined individuals were captured by AxioCamMRc5, Zeiss PlanApo
S 1.0x FWD 60.0mm lenses. A complementary software of the camera AxioVision
Special Edition 64-bit version 4.9.1.0 was used for shell measurements, namely, shell
height, shell width, aperture height, and aperture width, at 30-60x magnification. The
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measurements of “scaly” Georissa were carried out following the shell measurement
method of Vermeulen and Whitten 1998. Scanning electron microscopy. A repre-
sentative adult shell for each species was cleaned using sodium hypochloride, dried,
and sputter-coated with Pd/Pt coating agent before detailed examination with a JEOL
JSM-6480LV scanning electron microscope (SEM). We obtained SEM images of the
entire shell in top view and apertural view (including clear view of the sculpture), side
and top views of the protoconch and the spire. Micro-computed tomography. The
micro-computed tomography (uCT) scanning was carried out with an Xradia 520
Versa X-ray Microscope using accompanying software Zeiss Xradia Versa (11.1.6315).
The X-ray images from the scanning (ca. 950 layers of images in TIF format) were re-
constructed into composite 3D images of the shells using software Scout-and-Scan™
Control System Reconstructor (11.1.5707.17179). All shell materials were scanned in
air medium at 80/7 voltage/power (kW/P) using objective lens unit 4 in 180° rotation.
Detailed scanning parameters for each species are summarized in Suppl. material 1. We
used reconstructed 3D images of representative adult shells of each species from pCT
scanned data to examine the internal characters, including the operculum and its peg.
We conducted 3D image reconstruction to preserve the original structure of the shells
and avoiding unintentional shell destruction. The 3D image analysis of the shells was
carried out with Avizo ver. 9.2.0, FEI Company.

Molecular analysis

DNA extraction. Genomic DNA was extracted from 127 individuals of Georissa us-
ing the Qiagen DNeasy Blood and Tissue kit, following the manufacturer’s proto-
col. Prior to the DNA extraction, the shells were removed and the entire soft tissue
was used in the DNA extraction procedure. DNA amplification. We amplified two
mtDNA regions, namely 16S and CO1. DNA amplifications were conducted on a
BIO-RAD C1000 Touch Thermal Cycler. For the 16S gene, a fragment of 422-464
bp was amplified using primer pair LR-]J-12887 5-CCGGTCTGAACTCAGAT-
CACGT-3’ (forward) and LR-N-13398 5>-CGCCTGTTTAACAAAAAACAT-3’ (re-
verse) (Schilthuizen et al. 2005) in 25.0 pL reaction volume, containing: 1.0 pL un-
diluted DNA template, 15.0 pL mQ (milli-Q, ultrapure water), 2.5 pL PCR chlorine
buffer 10, 2.5 uL MgCl2 25.0 mM, 0.25 uL BSA 100 mM, 1.0 pL forward primer 10
pmol/pL, 1.0 pL reverse primer 10 pmol/pL, 1.5 pL dNTPs 2.5 mM, and 0.25 pL
Taq 5.0 U/ pL. The amplification was carried out with the following cycling protocol:
initial denaturation at 95 °C for 5 min, 36 cycles (of denaturation at 95 °C for 30 s,
annealing at 52 °C for 30 s, extension at 72 °C for 1 min), and a final extension at
72 °C for 5 min. A 546-603 bp fragment of CO1 was amplified using primer pair
LCO1490 5°-GGTCAACAAATCATAAAGATATTGG-3’ (forward) and HCO2198
5’-TAAACTTCAGGGTGACCAAAAAATCA-3 (reverse) (Folmer et al. 1994) in
25.0 pL reaction volume, containing: 1.0 pL DNA template, 16.8 pL mQ, 2.5 pL
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PCR chlorine buffer 10x, 1.0 pL MgCl, 25.0 mM, 1.0 uL BSA 100 mM, 1.0 pL
forward primer 10 pmol/pL, 1.0 pL reverse primer 10 pmol/pL, 0.5 pL dNTPs 2.5
mM, and 0.25 pL Taq 5.0 U/pL. The amplification was carried out with the following
cycling protocol: initial denaturation at 94 °C for 4 min, 40 cycles (of denaturation at
94 °C for 15 s, annealing at 50 °C for 30 s, extension at 72 °C for 40 s), and a final ex-
tension at 72 °C for 5 min. The unsuccessful amplication of CO1 and 16S genes were
excluded in further phylogenetic analysis that used concatenated sequence alignment
of both genes. Sequencing. The PCR products were then Sanger sequenced in both
directions at BaseClear B.V. (Leiden, The Netherlands) on the ABI3730XL sequencer
from Life Technologies. All new 16S mtDNA sequences used in this study were de-
posited in GenBank (https://www.ncbi.nlm.nih.gov/genbank/) and CO1 mtDNA
sequences were deposited in GenBank via BOLD (http://boldsystems.org/), under ac-
cession numbers as listed in Table 1.

Sequence alignment and phylogenetic analyses

Sequence data and alignement. A total of 12 ingroup taxa of “scaly group” Georissa in-
cluding an outgroup taxon, Georissa gomantongensis Smith, 1893, were used for phylo-
genetic analyses (using a much larger hydrocenid taxon sampling, to be published else-
where, we confirmed that G. gomantongensis indeed branches off basally to the “scaly
group”). We added another six 16S mtDNA sequences from GenBank, representing
Georissa saulae (van Benthem-Jutting, 1966) (GenBank accession no. AY547380,
AY547381, AY547384, and AY547385) and Georissa sepulutensis sp. n. (GenBank
accession no. AY547387 and AY548388). We conducted our phylogenetic analyses
based on 128 sequences for 16S and 91 sequences for CO1. The forward and reverse
nucleotide reads were assembled using de novo Geneious 10.0.7 assembler, manually
checked and edited, and later aligned using default settings of MUSCLE alignment
(Edgar 2004). Phylogenetic inference. For CO1 sequences, we selected the inver-
tebrate mitochondrial genetic code at the second reading frame. Ambiguous nucleo-
tide sequence ends were trimmed and removed prior to further analysis. ModelFinder
(Kalyaanamoorthy et al. 2017) was used to select the most appropriate model, based
on the corrected Akaike Information Creterion (AICc) for partial 16S and CO1 mtD-
NA genes. The best fitting models were TIM3+F+1+G4 for 16S and TIM2+F+1+G4
for CO1. Phylogenetic analysis. Maximum likelihood analysis was performed using
IQ-TREE 1.6.3 (Nguyen et al. 2014) on a concatenated 16S and CO1 sequences
of “scaly” Georissa using TIM3+F+1+G4 as the nucleotide substitution models with
ultrafast bootstrapping (1000 replicates) (Hoang et al. 2017). Bayesian Inference was
performed using MrBayes 3.2.6 (Huelsenbeck and Ronquist 2001) with the next clos-
est nucleotide substitution model, GTR+I+G using the following MCMC settings:
Chain length = 1,100,000 generations, heated chain = 4, subsampling frequency = one
tree for each 200 generations, burn-in length = 100,000, and chain temperature = 0.2.
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Species delimitation and description

For species delimitation, we combined the data of molecular phylogenetic analyses
and the assessments of the morphology. We aimed for monophyly in species, allow-
ing paraphyly under certain circumstances (Schilthuizen and Gittenberger 1996), but
disallowing polyphyly. Only when we found morphological characters that could dis-
tinguish DNA-based clades or paraphyletic groups, did we consider such groups as
potential species. Although many forms in Georissa are allopatric, we did have a num-
ber of cases where two forms occurred sympatrically without forming intermediates,
which also aided in determining species status by application of the biological species
concept (Mayr 1942). General shell characters were further divided into detailed sub-
characters exclusively for the descriptions of the representatives of the “scaly group” of
Bornean Georissa. The assessed morphological characters follow the descriptions made
by Godwin-Austen (1889), Gredler (1902), Haase and Schilthuizen (2007), Smith
(1893, 1895), Thompson and Dance (1983), van Benthem-Jutting (1966), Vermeulen
and Junau (2007), and Vermeulen et al. (2015). Note that color indications always re-
fer to living or freshly dead specimens, as the color in older specimens usually degrades,
with an exception for Georissa scalinella (van Benthem-Jutting, 1966), where only old
collection specimens were available.

COL1 genetic divergence

In addition to the molecular phylogenetic and morphological assessment in our species
delimitation, we conducted divergence analysis of partial CO1 genes to provide addi-
tional information to assist in the species delimitation of “scaly” Georissa. Several other
studies on species delimitation in gastropods have also used CO1 mtDNA successfully
(see Liew et al. 2014, Puillandre et al. 2012a, 2012b). Pairwise genetic distances of
CO1 sequences from 89 individuals were computed based on Kimura 2-parameter
with MEGA v. 7.0.26 (Kumar et al. 2016). These comprised of eleven species, includ-
ing the six new species.

Web interface species delimitation using 16S mtDNA

We carried out two more approaches of web interface species delimitation to provide
more insight in our species delimitation, namely, Automatic Barcode Gap Discovery
(ABGD) (http://wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html) (Puillandre et al.
2012a), and Poisson Tree Processes (PTP) (http://species.h-its.org/ptp/) (Zhang et al.
2013). ABGD analysis was carried out using 16S mtDNA sequences of the “scaly group”
Georissa (excluding the outgroup). The parameters were set to default. For PTP analysis,
we used the 16S gene tree generated from IQ-TREE (Nguyen et al. 2014). The param-
eters were set to default. Both ABGD and PTP analyses were conducted using mtDNA
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16S sequences and gene tree based on the available data of all studied taxa. ABGD aims
to partition the species based on the barcode gap (Puillandre et al. 2012a), while PTP
focuses on the branching event of a rooted phylogenetic tree (Zhang et al. 2013).

Results and discussion

Morphology and phylogenetic analyses

Our morphological and phylogenetic studies lead us to conclude that there are at least
13 species of “scaly group” Georissa currently existing in Malaysian Borneo (for detailed
morphological species descriptions, see the species treatments under the Taxonomy
section). For one of these, Georissa scalinella (van Benthem-Jutting, 1966), DNA data
are yet unavailable. Detailed conchological assessments of the “scaly group” show that
at least two species, Georissa bauensis sp. n. and Georissa hosei Godwin-Austen, 1889,
are highly variable (both intra- and inter-populationally) with regard to the “scaly”
shell microsculpture characters (see Fig. 1). Due to the high inter- and intraspecific
variation of these species, identification based on morphological characters alone could
be problematic without prior knowledge of the shell variation within these species.
Furthermore, species similar in shell habitus and scale characters, like Georissa pyrrho-
derma Thompson & Dance, 1983 and Georissa sepulutensis sp. n., often have character
combinations that overlap with either G. bauensis or G. hosei. Therefore, for identifica-
tion of “scaly group” specimens, we found thorough conchological examination of the
shells aided with molecular data is most reliable.

Based on the molecular phylogenetic analyses of the “scaly group” Georissa we find
multiple strongly supported monophyletic groups (bootstrap and posterior output values
ranging from 89-100 and 97-100, respectively) which correspond with subtly different
conchologies. In contrast, Georissa kobelti Gredler, 1902 is paraphyletic, and we treat this
as a single species based on the conchological characters that support they are conspecific.

CO1 genetic divergence

Despite geographic proximity for some populations of morphologically highly similar
forms, the CO1 divergence analysis shows high genetic divergences (e.g. G. bauensis vs.
G. hosei, genetic divergence = 0.12). For some other species, the interspecific genetic di-
vergence is lower, but such species may be surprisingly distinct in shell sculpture (e.g. G.
hadra vs. G. muluensis, genetic divergence = 0.07). As a consequence, we have sometimes
given priority to genetic distinctness, sometimes to morphological distinctness in delimit-
ing species, which means that intraspecific diversity may vary between species. For exam-
ple, we found that G. pyrrhoderma, G. hosei, and G. kobelti are the three species to have the
highest intraspecific divergence (0.06, 0.06 and 0.07, respectively) compared with the rest
of the “scaly group”, where all other species have an intraspecific divergence equal to or
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Figure 1. A-D Intraspecific variation in shell shape and sculpture of Georissa hosei Godwin-Austen, 1889

E-G Intraspecific variation in shell shape and sculpture of Georissa bauensis sp. n. H Georissa pyrrhoderma
Thompson & Dance, 1983 | Georissa sepulutensis sp. n. For comparison with the “scaly group”, two ad-
ditional species are shown that do not belong to the “scaly group”, namely: J Georissa gomantongensis
Smith, 1893 and K Georissa nephrostoma Vermeulen et al., 2015. Localities: A, B Gunung Liak/Padang
(Jambusan, Sarawak) € Bukit Siboyuh (Jambusan, Sarawak) D Bukit Tongak (Bau/Jambusan, Sarawak)
E, F Gunung Podam (Bau, Sarawak) G Wind Cave Nature Reserve (Bau, Sarawak) H Gunung Silabur
(Serian, Sarawak) | Batu Sanaron (Sanaron, Sabah) J Gua Gomantong (Gomantong, Sabah) K Keruak
(Kinabatangan, Sabah). Scale bar 500 pm.

lower than 0.05 (see details in Table 2). Our study reveals that within group divergences
of “scaly” Georissa does not exceed 0.07 for each species, while the divergences between all
species pairs exceed 0.10, with the exception of G. kinabatanganensis vs. G. sepulutensis,
G. bauensisvs. G. silaburensis, G. hadra vs. G. muluensis and G. kobelti vs. G. niabensis.

Web interface species delimitation using 16S mtDNA

To test to what extent automated procedures, based on genetic data alone, could re-
produce our subjective species delimitation, we carried out ABGD and PTP analyses.
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ABGD recursive partition divided the “scaly group” Georissa into no more than six
species at the lowest intraspecific divergence, while the highest divergence grouped all
“scaly group” Georissa into a single species. The ABGD analysis further showed that
partitioning into six species was due mostly to the separation of G. saulae into five dif-
ferent species while the rest of “scaly” Georissa were considered as a single species. This
is possible due to the even higher intraspecific divergence of 16S mtDNA of G. saulae
compared to the rest of “scaly group” taxa (see Suppl. material 2).

While ABGD analysis underestimated the number of possible species in the “scaly
group” of Georissa, PTP analysis based on maximum likelihood delimitation results de-
vided the taxa in at least 15 possible species. The results from this species delimitation
method therefore more closely match our preferred approach (in which we combined
phylogenetic and morphometric assessment). The PTP analysis does, however, differ
from our preferred delimitation at several crucial points. G. saulae, G. kinabatangan-
ensis, G. hosei, G. kobelti, and G. niahensis are each split into two species, whereas the
two sets of species composed of (i) G. hadra and G. muluensis, and (ii) G. bauensis and
G. silaburensis, are each considered as a single species, which make another two species.
Otherwise, PTP analysis resolves the same species as in our preferred resolution (see
Suppl. material 3).

The results from CO1 barcoding, ABGD, and PTP analyses reveal that objective
species delimitation based solely on molecular data will not be successful for “scaly
group” Georissa, at least if one wishes for the taxonomy to reflect morphology as well.
Since most species are allopatric, and therefore the maintenance of species barriers can
usually not be tested, we present our taxonomy as a compromise, which remains to be
further tested by future workers.

Taxonomy
Systematics and descriptions

Class Gastropoda Cuvier,1797
Family Hydrocenidae Troschel, 1856
Genus Georissa Blanford, 1864: 463

“Scaly group”

We here define an informal group of 13 species of Georissa from Malaysian Borneo that
are characterised by one or more spiral rows of scale-like sculptures. As far as they were
known at the time, our “scaly group” corresponds to Thompson and Dance’s (1983)
“hosei group” + “borneensis group” p.p.

Conchological description of a generalised “scaly group” representative. Pro-
toconch. Color (in living or freshly dead specimens): yellow, orange, red or brown.
Sculpture: smooth, meshed, mixed or undefined. Zeleoconch. Color (in living or freshly
dead specimens): yellow, orange, red or brown. First whorl: convex, rounded to flat or
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Figure 2. A Phylogeny from ML analysis with ultrafast bootstrapping (1000 replicates) B Phylogeny
from MrBayes analysis. Analyses were conducted using concatenated sequence alignments of partial CO1
and 16S mtDNA of 133 individuals of “scaly” Georissa from Malaysian Borneo, with Georissa gomanton-

gensis Smith, 1893 as the outgroup.
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