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Traditional molecular methods and omics-techniques across molluscan
taxonomy increasingly inform biology of Mollusca. Recovery of DNA and
RNA for such studies is challenged by common biological properties of the
highly diverse molluscs. Molluscan biomineralization, adhesive structures
and mucus involve polyphenolic proteins and mucopolysaccharides that
hinder DNA extraction or copurify to inhibit enzyme-catalysed molecular
procedures. DNA extraction methods that employ the detergent hexa-
decyltrimethylammoniumbromide (CTAB) to remove these contaminants
importantly facilitate molecular-level study of molluscs. Molluscan pigments
may stain DNA samples and interfere with spectrophotometry, necessitating
gel electrophoresis or fluorometry for accurate quantification. RNA can
reliably be extracted but the ‘hidden break’ in 28S rRNA of molluscs (like
most protostomes) causes 18S and 28S rRNA fragments to co-migrate electro-
phoretically. This challenges the standard quality control based on the ratio
of 18S and 28S rRNA, developed for deuterostome animals. High-AT content
in molluscan rRNA prevents the effective purification of polyadenylated
mRNA. Awareness of these matters aids the continuous expansion of
molecular malacology, enabling work also with museum specimens and
next-generation sequencing, with the latter imposing unprecedented
demands on DNA quality. Alternative methods to extract nucleic
acids from molluscs are available from literature and, importantly, from
communications with others who study the molecular biology of molluscs.

This article is part of the Theo Murphy meeting issue ‘Molluscan
genomics: broad insights and future directions for a neglected phylum’.
1. Introduction
The public databases provide a considerable, ever expanding amount of
sequence data with entries for all extant classes of the phylum Mollusca. The
study of molluscan biology benefits not only from sequence data that resulted
from targeted investigations aimed to resolve specific research questions, but
owing to more and more common use of next-generation sequencing also from
genome assemblies for molluscan species (64 listed in GenBank at the time of
writing, with a bias toward bivalves and gastropods) and numerous sets
of transcriptomic data (over 8000 in Genbank) that reveal gene assemblages of
molluscs in response to different conditions and that aid gene discovery in gen-
eral. This apparent bounty of mollusc-specific information has to be considered
as modest, however, against the great biological diversity of molluscs. A greater
abundance of sequence data still reflects that an initial bias of molecular studies
is towards Gastropoda and Bivalvia, but more recently the other classes of the
Mollusca have also been studied, including the Cephalopoda, Caudofoveata,
Scaphopoda, Polyplacophora, Monoplacophora and Aplacophora [1]. With an
estimated 100 000 living molluscan species that inhabit many diverse types of
habits inmarine, freshwater and terrestrial environments (e.g. [2]), much remains
to be done to achieve an effective sampling of at least key species that begin to
provide a representative sampling of the diversity of molluscan biology.

Because research publications mostly describe successful experiments, it is
not directly evident from the literature that molecular studies are frequently
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challenged by difficulties in obtaining or working with the
nucleic acids from molluscs (both DNA and RNA) that
are so fundamentally needed for molecular study of
molluscan biology. Informal communications among molecu-
lar malacologists, however, frequently discuss methods and
suggestions for effective extraction and use of high-quality
nucleic acids, needed for routine PCR aswell as recent next-gen-
eration (long read) sequencing, especially for molluscan species
that have not been investigated previously. This review will
highlight how difficulties in obtaining genomic DNA influ-
enced initial molecular studies of molluscs, and generally
effective approaches to overcome the underlying causes that
are rooted in molluscan biology. Yet additional problems may
be encountered for characterization of DNA, and also of
RNA. In addition to select relevant literature, informal consider-
ations will also be presented to identify and address such
challenges with a bias that reflects the experience of the
author in gastropod studies.
 oc.B

376:20200162
2. Early molecular studies of molluscs
A survey of the NCBI PubMed databases shows that records of
characterizations of molluscan genes were first reported in the
early 1980s. At this time, a suite of routine methods had
been established for research intovertebrate animals, especially
focused onmammals (humans,mice). For example, in 1982, the
handbook ‘Molecular cloning: A laboratory manual’ by Maniatis
et al. [3] provided an extensive collection of protocols for
obtaining nucleic acids and follow-up experimental analyses
including restriction analyses, Southern andNorthern blotting,
reverse transcription, cloning, sequencing and generation of
both genomic and cDNA libraries. Given the general biological
features shared among animals, it stood to reason to expect that
these approaches would work not only for vertebrates but
could also be applied to study the molecular biology of invert-
ebrate animals, including molluscs.

This assumption proved generally true formolluscanRNA.
Biochemical approaches for isolation of ribosomes provided a
means to purify ribosomal RNA components by size fraction-
ation, allowing for experimental characterization of 5.8S
rRNA usingMaxam and Gilbert-like (chemical fragmentation)
RNA sequencing and producing the first gene sequences
reported for molluscs, including Arion rufus, Aplysia kurodai
(gastropoda) and cephalopods Illex illecebrosus, and Sepia
officinalis [4–7]. Similarly, because ribosomes engage with
gene transcripts for protein translation, precipitation of such
ribonucleoprotein complexes also provided a means to isolate
mRNA that was purified by use of consecutive organic extrac-
tions with phenol and chloroform. Then, through reverse
transcription to generate copy DNA (cDNA) and production
of cDNA libraries, sequences of molluscan protein-encoding
genes were characterized such as neuropeptides that regulate
egg-laying behaviour in Aplysia [8]. Phenol extraction from
cell lysates, without the need for ribosome precipitation, also
yielded bulk RNA that was employed to characterize 18S
gene sequences from Peltodoris nobilis (gastropod), Cryptochiton
stelleri (gumboot chiton) and the Atlantic surf clam Spisula
solidissima [9]. Relatively easily and reliably obtainedwith stan-
dard extraction protocols, more recently also with the use of
guanidinium thiocyanate-based methods as first developed
by Chomczynski and Sacchi in 1987 [10], RNA was used as
the source nucleic acid for cDNA sequences for initial studies
of molluscan genes for neuropeptides [11–13], actin [14],
haemocyanin [15] and many other genes to follow.

Relative to the burgeoning insights into molluscan
biology facilitated by reliable, effective extraction of RNA
for molecular studies, there are remarkably few early investi-
gations that also incorporated analyses of molluscan DNA.
Evidently, the study of DNA enabled significant novel find-
ings. A remarkable effort from 1990 described a gene
encoding for cytoplasmic intermediate filament (F) proteins
of the gastropod Helix aspersa as composed of 10 introns
and 11 exons, spanning over 60 kb of DNA, with different
gene products resulting from alternative splicing [16]. Restric-
tion enzyme analyses demonstrated the presence of a
LINE-like transposon as a frequent repeat in the genomic
DNA extracted from Biomphalaria glabrata [17]. These studies,
however, provide indications that obtaining DNA from these
molluscs was not an easy task. Different methods were listed
for extraction of genomic DNA from B. glabrata, including the
use of CsCl density gradient centrifugation additional to
the standard Maniatis-type methods [17]. The genomic
DNA from H. aspersa was obtained (to quote Dodemont
et al. [16], p.4094) ‘from several tissues using standard
techniques (Maniatis et al. 1982)’ [3], but ‘despite careful prep-
aration none of the various DNAs seemed to have a very high
molecular size (greater than 100 kb) thus precluding the
option of generating cosmid libraries’. Thus, while it was
shown to be possible using various methods and by selective
use of various tissues, molluscs did not easily yield workable
DNA for molecular studies. Personal experience with initial
use of ‘mammalian’-style extraction protocols, consisting of
detergent-mediated cell lysis followed by organic extractions
and alcohol precipitation, also amounted to (unpublished)
frustrations. This approach generally leads to failure to
obtain DNA from the gastropod B. glabrata, now considered
a ‘model snail’ species [18], or it yielded DNA samples that
were not easily amenable to simple molecular techniques
such as restriction digestion.
3. Sticky proteins and slimy DNA; CTAB
and alternatives

Continued research efforts to obtain quality DNA from
molluscs, including the use of methods that had been devel-
oped for other difficult organisms [19,20], indicated that just
like in plants, algea and fungi, problematic extraction and
analyses of genomic DNA were caused by polysaccharides
and polyphenolic proteins, two chemicals known to complex
with DNA and to inhibit DNA-interactive enzymes, respect-
ively [21–23]. It may seem strange that just two types of
molecules hindered DNA extraction for a whole phylum
with high diversity in the number of species, morphology
and biological adaptations to a great variety of environments.
However, recent genome-level analyses of the scaly-foot snail
(Chrysomallon squamiferum), an extremophile gastropod that
has adapted to life by deep-sea thermal vents, revealed
genes involved in shell formation that are highly conserved
among molluscs. This can be interpreted to underscore the
notion that molluscs share a considerable extent of their bio-
logical features [24]. Indeed, polyphenolic proteins are
thought to be involved in molluscan biomineralization
[25,26]. Both polyphenolic proteins and mucopolysaccharides
(long linear polysaccharides, also called glycosaminoglycans)
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are major components of a diversity of molluscan adhesive
structures such as adhesive gels, byssal threads and mucus
used both to capture food particles and as a body covering
throughout the mollusca [27–33].

The pioneering work of the plant and fungal research
communities had found that especially a detergent called
hexadecyltrimethyl-ammonium bromide (CTAB) forms com-
plexes with polysaccharides, depending on (high) ionic
strength [34]. These complexes are removed during organic
extractions such that the mucopolysaccharides do not copur-
ify upon subsequent alcohol precipitation of nucleic acids
[35]. In 1990, Chapman & Brown [36] recognized that invert-
ebrates, including molluscs, are often recalcitrant sources of
DNA, but as an alternative to other (pre-existing) methods
relying on SDS-mediated lysis, repeated organic extraction,
and CsCl centrifugation, they suggested the use of CTAB as
an alternative for DNA extraction. The broad community of
molecular malacologists was more directly introduced to
this approach in 1993 when Winnepenninckx and co-workers
published a CTAB-based method specifically for the extrac-
tion of high molecular weight DNA from molluscs [37].
Over 850 citations to date support the notion that this
method has become an important component of the
molecular toolkit for the study of molluscs.

This protocol involves a modest number of steps. In short,
snail tissues are mechanically disrupted in a CTAB-contain-
ing lysis buffer with proteinase K, beta-mercaptoethanol,
EDTA, NaCl and TrisHCl (pH 8) for digestion at 60°C. The
resulting crude lysate is extracted with chloroform followed
by alcohol precipitation of DNA (and RNA) from the aqu-
eous phase. The pellet is then rinsed and diluted in a buffer
of choice. Personal experience has shown that the procedure
can be scaled up or down (for extractions in 1.7 ml microcen-
trifuge tubes) in order to accommodate extraction of whole
snails of modest size or just fractions of organs/tissues
from a variety of panpulmonates and caenogastropoda. The
protocol is relatively quick and robust, and is easily com-
pleted with a good outcome by novice laboratory workers
including (under)graduate students in laboratory classes.
Other investigators show how flexible the method is to opti-
mize for a DNA extraction of a particular mollusc by varying
incubation times, adjusting CTAB concentration, including an
RNAse treatment to obtain RNA-free DNA, adding
additional organic extractions/ethanol rinses, including
PVP to better counter polyphenolic proteins, or using other
published variations of CTAB protocols [38–42].

Whereas CTAB-based methods are generally effective,
alternative methods may be considered to purify quality
DNA from mucopolysaccharide-rich samples, including
high-salt precipitation [43]; use of benzyl chloride with
repeated extraction [44]; selective binding of DNA to chelex
resin [45,46]; and differential centrifugation [47]. Noting
that CTAB procedures are not always effective, Solokov
developed a method that relies on careful tissue disruption
in a lysis buffer with SDS, proteinase K, EDTA, NaCl and
TrisHCL (pH 7.5), then adding saturated KCl to form
insoluble potassium dodecyl sulfate that coprecipitates muco-
polysaccharides from the tissues extract. The application of
organic extraction and ethanol precipitation then yielded
quality DNA from Polyplacophora, Gastropoda and
Bivalves [48].

The biotechnology industry has incorporated the above
insights and several commercial companies offer different
kits for extraction of quality DNA from challenging biological
samples that contain mucopolysaccharides (such as plant,
fungi), including kits that are specific for mollusca. The litera-
ture shows that these kits are generally effective for DNA
from species across molluscan taxonomy, certainly for routine
processing of greater sample numbers or in combination with
equipment designed for automated, standardized sample
processing (for examples, see [42,49–51]). Comparisons of
different methods often conclude that traditional ’home
spun’ methods (like CTAB and the Sokolov method) show
better yields and quality for DNA extraction relative to com-
mercial kits [46,49]. It seems that efforts to obtain DNA from
a novel mollusc could best start with a consultation with
literature and other molecular malacologists to learn about
likely effective methods. Recommendations may include par-
ticular methods but can extend to suggesting the use of
selected tissues instead of a whole animal. In case of e.g.
endangered species, destructive extraction may be avoided
by non-invasive sampling of mucus secretions, as a potential
source of DNA [52–56]. After initial use of more flexible
laboratory-based protocols, a switch could be made to
commercial kits as is convenient for yield and throughput.
4. Pigments and DNA
The extraction methods above present important develop-
ments that have enabled the study of the molecular biology
of the Mollusca by helping to reduce the negative impact of
polyphenolic proteins and mucopolysaccharides, yet also
other sticky proteins and biochemical compounds may still
co-purifywithmolluscanDNA. The literature does not provide
clear indications that such contaminants inhibit or interfere
with molecular techniques. Nevertheless, informal communi-
cations indicate that some investigators routinely dilute
genomic DNA samples after extraction from molluscs 10- or
50-fold based on the practical observation that this increases
the success rate of PCR reactions. Also, for some molluscan
DNA templates, initially successful PCR will begin to fail
with increased age of the sample, with amplification success
returning only after only re-extraction of DNA sample. These
observations suggest that some, as yet to be characterized,
inhibitor(s) of PCR and perhaps other enzymatic reactions
may co-purify when extracting DNA from molluscs.

Co-purification of some other factors along with nucleic
acids is quite obvious; DNA samples extracted from molluscs
often also contain pigments of various colours. In my experi-
ence, DNA pellets (obtained using a CTAB-based method)
from hygrophylid and stylommatophoran gastropods are
usually grey to dark in colour; the caenogastropoda Potamopy-
grus antipodarum (New Zealand mud snail) even yields
strikingly pitch-black DNA [57]. Other communications, out-
side the literature, mention similar pigmentation of DNA
samples from other molluscs, e.g. shades of yellow, coffee-
like brown and red (ResearchGate thread started by Davide
Guerra; https://www.researchgate.net/post/How-to-deal-
with-pigments-that-move-with-nucleic-acids-during-DNA-
extraction). Such pigments do not seem to obviously inhibit
enzymatic reactions, but it does appear that these contami-
nants interfere with spectrophotometric quantification of
molluscan DNA samples. While I am unaware of specific
reports on thismatter in the literature on themolecular biology
of molluscs, this is suggested by the following observations.

https://www.researchgate.net/post/How-to-deal-with-pigments-that-move-with-nucleic-acids-during-DNA-extraction
https://www.researchgate.net/post/How-to-deal-with-pigments-that-move-with-nucleic-acids-during-DNA-extraction
https://www.researchgate.net/post/How-to-deal-with-pigments-that-move-with-nucleic-acids-during-DNA-extraction
https://www.researchgate.net/post/How-to-deal-with-pigments-that-move-with-nucleic-acids-during-DNA-extraction


embryo adult body

Figure 1. DNA from molluscs is often intensely stained. Extraction of genomic
DNA from the full body soft tissues of adult (Shell length about 8 mm)
Physella acuta (Gastropoda, Heterobranchia, Hygrophila and Physidae),
using a CTAB-based method according to Winnepenninckx et al. [37], routi-
nely yields darkly stained DNA pellets (two replicate DNA samples
precipitated in isopropanol and pelleted by centrifugation, shown on the
right). The coloration is most likely owing to a pigment of unknown
nature that co-purifies with the DNA. It is not a property of the DNA
itself, or of a factor that routinely associates with the DNA: the staining
is not present in DNA samples extracted from embryos (egg masses) of
P. acuta using the same procedure (two replicate DNA pellet samples on
the left). Both types of samples can be used for restriction digestion and PCR.
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Southern blotting experiments with B. glabrata DNA (with
DNA pellets, and resulting liquid-dissolved samples, routi-
nely staining dark), using the recommended 10 mg/lane (as
determined by spectrophotometry) and well-characterized
gene sequences as radio-labelled probes, were prone to yield
only weak banding patterns following autoradiography.
Results were much improved (e.g. [58]) by effectively ignoring
the spectrophotometrically indicated concentration for these
DNA samples and increasing at least two-fold the amount of
DNA used per lane. Analysis of DNA quantity in RNA-free
samples intended for genome sequencing, by staining inten-
sity following gel electrophoresis relative to DNA standards,
indicated that spectrophotometry overestimated the concen-
tration of (pigment-containing) B. glabrata DNA by as much
as threefold. Likewise, quality checks for Illumina genome
sequencing of (pigment-containing) RNA-free DNA samples
from several panpulmonate gastropoda, including species of
Hygrophila and Stylommatophora, provided similar discre-
pancies between DNA quantification by spectrophotometry
versus (Qubit) fluorometry, a method that measures the fluor-
escent signal that results from quantitative, specific binding of
marker dyes only to DNA at the exclusion of other components
in the sample [59]. It may be noted that while spectropho-
tometry detects overall nucleic acids (failing to distinguish
DNA and RNA if both are present), protein and organic con-
tent in a sample, it is best used alongside electrophoresis to
informmore completely on quality, concentration, composition
and degradation of any DNA sample.

Thus it is good to be aware that molluscan DNA may con-
tain pigments and other contaminants. Thesemay not generally
prohibit the molecular study of molluscs but they can interfere
with downstream analyses. In particular, spectrophotometric
quantification of DNA, important for several downstream
procedures including next-generation sequencing, can be chal-
lenged by molluscan pigments that copurify during the
extraction of DNA from molluscs. These contaminants are not
integral components of molluscan heterochromatin. Anecdo-
tally, DNA pellets from albino B. glabrata are less intensely
stained than those from wild-type pigmented snails and selec-
tive use of internal organs that are less pigmented than the
ciliated epithelia that cover the snail body may also reduce
the pigment content of extracted DNA samples. Extraction of
DNA fromwhole body tissues of adult Physella acuta (Physidae,
panpulmonate Gastropoda) yields dark pellets but DNA
extracted from embryos (contained in egg masses, not pig-
mented) is clear to white (figure 1). Finally, a study involving
arthropods indicates that experimentationwith different extrac-
tion methods may also influence the amount of contaminants
that copurify with DNA samples [60]. A general good starting
point for applications that require precise amounts of
input DNA, however, is to rely on fluorometry for accurate
quantification of molluscan DNA.
5. RNA, the ‘not so’ hidden break
As stated above, RNA can be harvested from molluscs
reliably, in a relatively straightforward manner. Beyond the
use of RNA during the initial phase of molecular malacology,
RNA has consistently been applied to drive broad gene dis-
covery in molluscs. This started with expressed sequence
tagging (ESTs) in the late 1990s and now includes RNA-seq
data with the representation of all classes of Mollusca (e.g.
[1,61–63]). Additionally, molluscan RNA continues to be
used successfully for obtaining full-length cDNA sequences
by rapid amplification of cDNA ends (RACE), microarray-
based expression studies and annotation of exons in molluscan
genomes (e.g. [64–66]). Clearly, there are ample demonstrations
that molluscs do in fact yield quality RNA containing full-
length mRNA transcripts that allow productive and meaning-
ful downsteam experiments. A common standard approach,
however, to test the integrity ofmRNA consistently fails to con-
firm the quality of molluscan RNA. This can be quite vexing, in
particular to novice molecular malacologists, raising doubt
about methods and sample quality, especially for use in NGS
RNA-seq when (commercial) facilities may be reluctant to
guarantee productive sequencing for RNA samples that do
not pass such quality control. As discussed below, the quality
of molluscan RNA is not at issue; rather the issue arises
when the method used for quality control fails to consider
differences in the molecular biology of vertebrate versus
(most) invertebrate animals.

First, the logical concept that underlies methods for deter-
mining mRNA quality is that transcripts must be full length
to provide complete information for the transcribed gene
sequence. Progressive degradation reduces particular tran-
scripts to incomplete sequence fragments of varying length.
Accordingly, electrophoretic separation of a quality RNA
sample will resolve as a profile of crisp bands, each represent-
ing complete transcripts of distinct genes. By contrast,
degraded RNA will form a smear owing to the many frag-
ments of randomly overlapping sizes. Protein-coding
mRNA transcripts, however, are a minority component (esti-
mated at between 1 and 5%) among several classes that make
up total cellular RNA [67]; the majority (approx. 85%) consist
of ribosomal RNA (rRNA) sequences that function as struc-
tural components of ribosomes. While traditional gel
electrophoresis lacks sensitivity to effectively resolve and
visualize mRNA transcripts, rRNA molecules are easily
detected. Thus, the presence in gel profiles of two well
resolved, prominent rRNA transcripts, representing 18S
(approx. 2000 nt) and 28S (approx. 4000 nt) was adopted as
a proxy for overall intactness of RNA samples at a time
when molecular biology was focused toward the study of
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Figure 2. Bioanalyzer profiles of two RNA samples of individual adult
Physella acuta (Gastropoda, Heterobranchia, Hygrophila, Physidae).
Following Trizol extraction from whole body soft tissues, 1 µl of Turbo
DNA-free treated RNA analysed using the Agilent RNA 6000 Nano kit with
Agilent Bioanalyzer software v. B.02.08.SI648(S2). Note the single rRNA
peak (between 40 and 45 s), representing both 18S and similarly sized sub-
units 28S rRNA that dissociated during extraction due to the hidden break in
28S. The automatically calculated RIN (note low value) is ignored, rather the
sample is interpreted to be of good quality based on showing well-defined,
narrow peaks (20–45 s), especially the rRNA peak and low signal for larger
sequences (greater than 50 s). (Online version in colour.)
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vertebrate animals. This method has been refined over time
by using densitometry to calculate the ratio of 28S/18S as a
parameter for sample quality. The development of instru-
ments (like the Agilent Bioanalyzer 2100) that use
microcapillary electrophoresis to analyse sample composition
with increased sensitivity led to the development of a calcu-
lation method that integrates the 18S and 28S signals together
with additional parameters to generate an RNA integrity
number (RIN) for RNA samples [68]. Ranging from 1
(degraded) to 10, RIN values of 8 or higher are considered
to represent quality RNA samples.

The unequivocal presence in Mollusca of both 18S and
28S rRNA as structural components of ribosomes that are
essential for protein translation evolutionarily conserved in
eukaryotes is also evidenced by an abundance of sequence
data (e.g. [69]). Gel analyses of molluscan RNA samples,
however, consistently show only one single prominent
rRNA of about 2000 nt, the size of an 18S transcript. A per-
sonal first encounter in the laboratory with this
phenomenon (mid 1990s) led to discussions with other mol-
ecular malacologists and the shared conclusion that this
was just how RNA samples from this gastropod, B. glabrata,
looked on gel.

It is all the more noteworthy that studies by Ishikawa in
the 1970s provide an explanation for the absence of the diag-
nostic gel band for 28S rRNA in gel profiles of molluscan
RNA [70–72]. In brief, the 28S rRNA of deuterostomes
(including vertebrate animals) is transcribed as one contigu-
ous sequence whereas in most invertebrate protostomes
(representing about 95% of animal diversity) including the
mollusca, the 28S rDNA gene is split by a central non-
transcribed region termed the ‘hidden break’. This yields
two distinct, equally sized RNA subunits that combine to
form a functional 28S rRNA, sticking together—not by
covalent bonds—but only by weak forces. Experimental con-
ditions (denaturation or heat) during RNA extraction
commonly disrupt such weak forces (hydrogen bonds) and
the functional 28S rRNA unit of 4000 nt breaks apart into
the two subunits of about 2000 nt each. Owing to similar
sizes, the 28S subunit fragments and the contiguous 18S
rRNA transcript have the same electrophoretic mobility and
resolve as a single band of approximately 2000 nt, which is
not indicative of RNA degradation. Thus, the hidden break
invalidates the use of the relative abundance of 18S and 28S
for quality control of RNA samples.

Characterization and comparative analysis of the rDNA
gene complex of B. glabrata led to the identification of a puta-
tive hidden break sequence in the 28S rDNA gene [73],
predicting 28S subunits of 1791nt and 1946nt, similar in
size to the 1829 nt 18S transcript. Greater than 99.76%
sequence identity indicates that the hidden break impacts in
the same manner the 28S genes of the sister species Biompha-
laria pfeifferi, Biomphalaria sudanica and Biomphalaria
choanomphala [74]. For the study of the phylogenetic distri-
bution of the hidden break, Natsidis et al. [75] developed a
computational approach to detect the hidden break from
RNA-seq data, with positive prediction for 26 of 31 molluscs
tested. Moreover, considering that the hidden break chal-
lenges quality control of RNA samples from protostomes
(95% of animals), they argued for the development of an
alternative to the standard RIN that does consider the effect
of the hidden break [75]. Already, more recent equipment
for evaluation of RNA quality (Agilent tapestation) employs
the so-called RINe (RNA integrity number equivalent), an
alternative method to assign relevant quality scores to RNA
profiles based only on the 18S signal, not considering 28S
[76,77].

In the realization that the presence of both 18S and 28S
bands is not a valid parameter for quality control, there is
no need to repeat RNA extraction efforts in hopes of avoiding
the effects of the hidden break. The author does, however,
still employ Bioanalyzer assays to analyse RNA samples
from gastropod molluscs such as P. acuta, even though this
does not provide a meaningful RIN. Samples that show rela-
tively broad peaks (interpreted as smearing/degradation) are
considered to be of lower quality. On the other hand, well-
defined RNA peaks, especially for the (single) peak repre-
senting the rRNA signal and minimal signal greater than
the rRNA, have been used with good results as criteria to
identify quality samples (figure 2) for RT-PCR, microarray
analyses and RNA-seq.
6. AT-rich rRNA
As stated above, a total molluscan RNA sample contains mul-
tiple classes of RNA, with a great abundance (approx. 80% of
the total) of rRNA sequences that originate from both nuclear
and mitochondrial genomes. The use of reverse transcription
with mixtures of random and poly-T primers to generate
appropriate templates for sequencing will yield cDNA from
mRNA and rRNA alike. The presence of many replicate
copies of just these few uninformative rRNA sequences
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can potentially dilute the capacity of library generation to
capture sequences that derive from protein-coding genes
and compete with the recovery of informative data for tran-
scriptomic studies either by EST sequencing or NGS RNA-
seq. It is often suggested that the mRNA component be pur-
ified from total RNA to circumvent this problem. Unique
among most (but not all) of the various RNA classes [78],
mature mRNA is modified by polyadenylation for stability,
i.e. a string of between 30 and 200 A residues is added at
the 30 terminus of the transcripts. Accordingly, mRNA
sequence can be purified by capturing the 30 poly(A) tail
through hybridization to poly(T) oligos that are coupled to
a solid carrier, at the exclusion of other classes of RNA [79].

Previous personal experience indicates that this method
for enriching mRNA may be defeated by molluscan biology.
A significant challenge that was not discussed in the publi-
cation presenting the gene discovery project using ORESTES
for the gastropod B. glabrata [80] was that several of multiple
mini cDNA libraries, generated by random primer combi-
nations to capture open-reading frame ESTs, yielded 30–60%
rRNA-derived sequences. This high percentage of non-infor-
mative sequences severely impeded progress in cataloguing
the expression of protein-coding genes. Analysis of the under-
lying cause revealed that the contaminant rRNA sequences of
both nuclear and mitochondrial origin generally had a high-
AT content, with these residues frequently organized inmono-
nucleotide sequence tracts. This sequence property caused
poly(T) primers—as well as randomly designed primers that
were high in T content and intended to target open-reading
frames within the mRNA from protein-coding genes—to
also stick (hybridize) to (A)mononucleotide tracts encom-
passed with rRNA sequences and initiate reverse
transcription of the highly abundant rRNA sequences to
cDNA at a ratio much higher than cDNA generation from
mRNA transcripts. Efforts to separate polyadenylated mRNA
from snail RNAbypoly(T) purification did not improve the rela-
tive proportion of protein-coding gene (mRNA) sequences
versus rRNA sequences. This failure to purify the mRNA was
interpreted to result from binding by the poly(T) oligos of not
only polyadenylated mRNA but also A-rich rRNA. To my
knowledge, only few papers consider this issue as a problem
that hampers effective purification of mRNA from B. glabrata,
a gastropod mollusc [81,82]. Ultimately, in case of ORESTES,
the rate of gene discovery was improved by excluding primer
combinations that yielded high proportions of rRNA-derived
sequences.

The take-home message of the previous section is that
the nucleotide composition, particularly AT content, of rRNA
(and potentially other non-coding genes mRNA) may render
poly(T) purification ineffective for mRNA of a particular mol-
lusc. Evaluation of available sequence data for the species of
mollusc to be studied, or of close relatives, may guide the
decision to employ or forgo poly(T) purification of mRNA. It
is of note that mitochondrial genomes of invertebrates are gen-
erally AT-rich [83], and this may of course impact the base
composition of 16S and 12S rRNAsequences. In case of the gas-
tropod B. glabrata (family Planorbidae), both themitochondrial
and the nuclear genomes were found to be approximately 64%
AT-rich [18,84]. So for instance, with the indication of similar
values for P. acuta of the sister family Physidae, with AT rich-
ness of 64% for nuclear genome [85], 69% for the
mitochondrial genome and 72% for the 16S rRNA gene [86],
it may prove challenging to separate P. acuta mRNA from
total RNA by poly(T) purification. It should be noted that
this issue also impacts the study of other (invertebrate) taxa
and that alternative methods are available to deplete highly
abundant rRNA contaminants from mRNA samples such as
subtractive hybridization and using specific guideRNAs to
target rRNA sequences for CAS9-mediated degradation
[87,88].
7. DNA from museum samples
Some research circumstances pose additional challenges to
obtaining quality DNA from molluscan tissues. As a first
example, molecular exploration of the great diversity of
Mollusca may be aided by museum collections. Instead of
having to undertake field collections of molluscs that are
exceedingly rare or that live in isolated, inaccessible habitats
(e.g. deep sea), such specimens may already have been
deposited in museum collections, perhaps many years
prior. Museum samples are likely to have well-documented
taxonomic identifications. Additional to application in taxon-
omy, some museum samples may also be studied using
comparative genomics [89]. Depending on the state of preser-
vation, tissue samples that are decades old can be a source of
DNA. Unfortunately, sample preservation may suffer [90]:
ethanol evaporation may leave specimens in suboptimal
ethanol concentrations, or even dry. A longstanding tradition
of using aldehyde-containing fixatives that are good for
preserving morphology is not beneficial for molecular
studies: aldehyde chemically alters DNA and cross-links pro-
teins with nucleic acids such that DNA is difficult to recover,
usually yielding only small fragments. Depending on sample
quality, however, commercial kits for DNA extraction have
helped to characterize mitochondrial gene sequences from
Deminucula atacellana, a small deep-sea bivalve [91], and
from 30-year-old formaldehyde-fixed aplacophoran molluscs
[92]. Recovery of nuclear genomic DNA for high-throughput
sequencing remains challenging, although progress is being
made with museum samples that were formalin-fixed and
stored in ethanol. A test (employing reptile tissues) showed
that a mild heat and alkali treatment, calibrated to minimize
damage to DNA, can be applied to break protein–DNA cross-
linkages caused by formalin, and DNA can then be obtained
by organic extractions or commercial kits. Analysis by Illu-
mina sequencing did provide good mitogenome sequences
with high coverage but the sample was still too fragmented
to provide nuclear sequences for reliable phylogenetic analy-
sis [93]. Future improvements of such approaches may help
to make molluscan samples from museum collections accessi-
ble for broader genetic analysis. DNA can be recovered from
alcohol-fixed mollusc samples of up to 130 years old for PCR
amplification of mitochondrial genes with several commer-
cial extraction kits. Experimental success was generally
correlated, however, with the age of the sample and the qual-
ity and consistency of fixation [90].

As an alternative to soft tissues, the shells of molluscs
must also be considered as a source of DNA. By the extrac-
tion of ground up shells, Der Sarkissian and co-workers
[94,95] have recovered DNA from a variety of molluscs,
including museum samples, encompassing the genera Arc-
tica, Cernuella, Crassostrea, Dreissena, Haliotis, Lymnaea,
Margaritifera, Mytilus, Pecten, Ruditapes and Venerupis from
marine, freshwater and terrestrial environments. Samples
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were suitable for high-throughput sequencing to provide
sequences from the nuclear genome and complete mitogen-
ome assemblies. Extraction is not always successful, but
remarkably DNA was obtained and successfully used for
genetic characterization from ancient samples of Portlandia
arctica and Mytilus, bivalves recovered from permafrost and
dated at ≥100 000 years old.

8. Modern DNA-omics, successes and challenges
Genome characterization is the second example of
experimental work that places extra demands on obtaining
high-quality DNA from molluscs. Ideally, the DNA sample
represents the full organismal genome, with little frag-
mention and free of inhibitors. The first set of molluscan
genome projects (published 2012–2017), involving Crassos-
trea gigas [66], Lottia gigantean [96], Octopus bimaculoides,
[97], Radix auricularia [98] and B. glabrata [18], relied on
Sanger sequencing and next-generation sequencing (454/
Roche and Illumina), methods that produce relatively
short sequence reads (≤1000 bases). As part of a strategy
to aid assembly of short reads into longer genomic
sequences that is still used to the present day (e.g. [99]),
paired-end sequence reads were collected from the termini
of size-selected genomic sequence fragments (cloned or
direct), ranging up to 10kb or 40kb in length. Isolation of
DNA up to this molecular weight size range was attained
with either CTAB-based extraction [18] or commercial kits
[66,96,97], but greater size is restricted: routine extraction
generates forces that lead to mechanical shearing of DNA
fragments.

High molecular weight (HMW) DNA of greater than
50 kbp in size can be obtained frommolluscs by usingmethods
that have been developed for the generation of large-insert
BAC libraries. For this approach, select organs from a mollusc
are disrupted into monocellular suspensions. The cells are
embedded in agarose plugs that are subsequently incubated
in a cell lysis buffer (containing EDTA, TrisHCl, the detergent
N-Lauroyl sarcosine and proteinase K) overnight at 50°C,
with gentle rotation. DNA that is released from lysed cells is
protected in situ from mechanical shearing by the supporting
agarose matrix. Following partial restriction digestion of the
DNA held in the agarose plug, DNA fragments of up to 500
kbp can be eluted. This approach has yielded BAC libraries
for B. glabrata (Gastropoda), C. gigas and Crassostrea virginica
(both bivalves) containing genomic inserts with average
lengths of 136 kbp, 152 kbp and 320 kbp, respectively
[100,101]. DNA fragments of this size present a considerable
challenge for sequencing (and assembly) with short-read
approaches like first (Sanger) and second (Illumina) generation
sequencingmethods, but are in fact very appropriate templates
for third-generation sequencing approaches like PacBio and
Nanopore that routinely produce long reads from several kilo-
bases up to a record 2.3 megabases [102]. A modified agarose
plug-based approach was used effectively to prepare HMW
genomic DNA for long-read sequencing toward characteriz-
ation of the Pecten maximus (bivalve) genome by, in 2020
[103]. With the increasing popularity of long-read sequencing,
alternative methods have been developed to minimize mech-
anical shearing during extraction in order to prepare HMW
DNA, potentially also from molluscs [104,105], and commer-
cial biotech companies offer an ever-growing variety of kits
for extraction of HMW DNA [106,107].
The great potential of the current next-generation sequen-
cing methods is underscored by a number of studies where
incorporation of positional information recorded from the
organization of sequences around histones with both short-
read and long-read next-generation sequence data has led
to comprehensive genome assembly of Archeteuthis dux
(Giant squid) [108] and yielded chromosome-level assemblies
for two species of giant African land snails [109,110], P. max-
imus (scallop) [103] and Sinonovacula constricta (razor clam)
[110], with such an assembly forthcoming for Meretrix
meretrix (Venus clam; B Allam 2021, personal communi-
cation). The experimental procedures employed for these
efforts (also including [41,42]) indicate that several different
techniques can yield HMW DNA that is suitable for high-
quality characterization of molluscan genomes, including
modern extraction kits as well as traditional ‘Maniatis’-type
lysis and organic extraction.

Despite the success and inherent potential of the above
studies, it still seems premature to consider chromosome-
level assemblies as the standard for molluscan genome charac-
terization. Informal discussions reveal that for molluscs, HMW
DNAdoes not necessarily equatewith qualityDNA that is suit-
able for long reads or other analysis. Using otherwise
functional set-ups for long-read sequencing, analysis of geno-
mic DNA from several gastropods and cephalopods was not
productive. Sequencing failure may be owing to inhibition of
PacBio chemistry by molluscan DNA. In the case of Nanopore
sequencing, molluscan DNA caused extensive blockage of
(sequencing) pores. Such blockage may be owing to secondary
structures resulting from repetitive regions in the molluscan
DNA samples, as similarly proposed for DNA from the black
tiger prawn,Penaeusmonodon [111]. The observation thatNano-
pore sequencing was able to process templates consisting of
PCR-amplified sequences supports an alternative hypothesis
that additional to secondary structures, inhibition could also
result from unknown contaminants that associate with native
DNA from (some) molluscs (E Heath-Heckman 2021, personal
communication). While these obstacles to chromosome-level
assemblies for some molluscs may be overcome in the future,
characterization of challenging molluscan genomes, also with-
out yielding chromosome-level assemblies, remains valid to
move molecular malacology forward.
9. Concluding remarks
During the decades since the early 1980s, molecular malacol-
ogy has flourished by overcoming sticky problems that
impeded access and study of molluscan RNA and DNA. In
hindsight, it should be recognized that these challenges rep-
resent common features of molluscan biology, often shared
by other taxonomic groups including other invertebrate
phyla, fungi and plants. Despite obvious common evolution-
ary ancestry, it may be good to realize that aspects of the
biology of the vertebrate animals for which the initial molecu-
lar biology methods were developed can be quite distinct
from the biology of the majority of life across phylogeny.

With a choice of CTAB-based and other DNA extraction
methods to avoid sticky mucopolysccharides and inhibitory
polyphenolic proteins, and recognizing the impact of sticky
pigments and other factors; the complications for RNA qual-
ity control due to hidden break ‘unsticking’ of 28S rRNA
subunits; and the problems for poly(T) purification of
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mRNA due to sticky A-rich rRNA, and even means to extract
DNA from museum samples or HMW for long-read sequen-
cing, molecular malacology can continue to explore the
biology of the highly diverse Mollusca. A new challenge
posed by molluscan biology, i.e. difficulties with long-read
sequencing of DNA from some molluscs, does not prohibit
meaningful analyses and may be resolved with future techni-
cal improvements. This mission is also supported by new
analytic and bioinformatic strategies that maximize the bio-
logical information—including chromosome-level genome
assemblies—that can be distilled from high-throughput
(genomic) sequence data, whether long reads and short
reads or only short reads if HMW DNA is unavailable.
Against the background of extensive sequence data, effective
isolation of nucleic acids stands at the basis of comparative
genomics to reveal unique aspects of molluscan biology,
such as evolutionary development, immune function, biomi-
neralization and lineage-specific genes [1,112–115].

Of course, the experimental goals of individual investi-
gators will legitimately range from genome assembly to
PCR amplification of a single-gene sequence fragment. This
defines the requirements for the quality and quantity of the
nucleic acids sample to be extracted from the mollusc under
investigation. The literature (in print or electronic format)
gives access to a growing knowledge base that provides an
extensive tool kit with alternative approaches. This benefit
can be increased if future publications also include (brief )
mention of extraction methods that were less productive
with the mollusc of study. Importantly, however, my experi-
ence indicates that direct communication with other
molecular malacologists may help the selection of the likely
most successful tool to work with nucleic acids from a par-
ticular mollusc.
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