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Abstract: Diatoms are among the most diverse and environmentally significant protists on Earth. Like many
other organismal groups, a large portion of their diversity appears to lie beyond the resolution of the traditional
light microscopy—based methods routinely and sometimes exclusively utilized in their investigation. Although
the technological and conceptual developments in the fields of molecular biology and bioinformatics unlocked
a remarkable opportunity to study diatoms in a previously unimagined depth and breadth, molecular diatomists
anecdotally claim that diatoms remain genetically understudied compared to other taxa. However, this claim
has never been quantified and rigorously tested. Therefore, we performed a bibliometric analysis of over 42,000
WoS—indexed diatom documents published in the past 35 years, between 1988 and 2023. The claim is confirmed:
only ~15% of the analyzed diatom literature incorporated molecular data, about half compared to other groups,
including other algae, cyanobacteria, plants, fungi, and animals. Interestingly, research for all groups seems
to asymptotically saturate with molecular methods once they are used in about one—third of the documents
annually, an observation which has important implications. In addition, past trends in the use of molecular data
in diatomology were explored and some future ones were predicted.
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INTRODUCTION

Diatoms (Bacillariophyta) are single—celled photoauto-
trophic eukaryotes (or algae) encased in silica cell walls
called ‘frustules’. These frustules are highly ornamented,
and for over 300 years have served as the primary guide
for exploring diatom diversity (RounD et al. 1990). With
an estimated 100,000 extant species (MANN & DROOP
1996; MANN & VANORMELINGEN 2013), diatoms are a-
mong the most diverse, abundant, and environmentally
significant protists on Earth, playing an important role in
the biogeochemical cycles (e.g., silica, oxygen, carbon)
and food webs of many aquatic and semiaquatic ecosys-
tems (e.g., FALKOWSKI et al. 1998). As such, they have
immense potential not only in the fundamental research
fields such as ecology, evolution, and paleolimnology
(e.g., LEwis et al. 2008), but also in applied disciplines
such as biomonitoring (e.g., SMOL & STOERMER 2010),
biotechnology (e.g., Hu et al. 2008) and nanotechnology
(e.g., DRUM & GORDON 2003). Many of these rely increa-
singly on molecular methods for the characterization and

study of diatom strains, populations, and communities.

Over the last few decades, molecular analytical
methods have effectively transformed our understan-
ding of the natural world, in terms of quantifying and
investigating the origins of Earth’s diversity, as well
as understanding how communities are assembled at
both local and global scales. While there have been
major milestones in molecular technologies over the
last century (e.g., WATSON & CRICK 1953; SANGER et al.
1977; MULLIS et al. 1986), the advent of next—generation
sequencing (MARDIS 2013) has arguably had among the
greatest impacts on the widespread use of molecular
methods in the life sciences due to an increased quality
and quantity of generated data, as well as improved af-
fordability. As a result, the number of molecular—based
studies in the life sciences has greatly increased over the
last decades, including within diatomology.

The first diatom DNA sequence (SSU rDNA of
marine Skeletonema costatum (Greville) Cleve) was
published in 1988 (MEDLIN et al. 1988), heralding the
onset of the molecular age for diatomology. Nearly
two decades later, the first (Thalassiosira pseudonana



Hasle et Heimdal; ARMBRUST et al. 2004) and second
(Phaeodactylum tricornutum Bohlin; BOWLER et al. 2008)
diatom genomes were published, followed by the first
multigene diatom phylogenies (ALVERSON et al. 2007;
THERIOT et al. 2010). Also, in the last couple of decades,
identification through short DNA fragments extracted
from both diatom strains (DNA barcoding; HEBERT et
al. 2003) and environmental samples (metabarcoding;
e.g., FICETOLA et al. 2008) became increasingly wide-
spread, revolutionizing how diatom lineages and com-
munities are characterized and studied.

Although the intricately ornamented silica frus-
tules of diatoms exhibit immense morphological diversi-
ty, it does not match their enormous species diversity, as
evidenced by numerous discoveries of cryptic species
across the diatom tree of life (e.g., MANN & Evans 2008;
PinseeL et al. 2020). Under such circumstances, and given
the importance of diatoms in biomonitoring and other
applications (SMOL & STOERMER 2010), DNA (meta)
barcoding shows particular promise thanks to its ability
to identify organisms objectively, affordably, and (once
the reference barcode databases are sufficiently deve-
loped) without a need for specialized knowledge of the
local floras (MANN et al. 2010). As a result, broadscale
biogeographical assessments are possible (e.g., MALVI-
yA et al. 2016; CHONOVA et al. 2023), as well as the study
of even the most extensive cryptic species complexes
(such as Pinnularia borealis Ehrenberg, with over 100
discovered species and ca 400 estimated; PINSEEL et al.
2020) which are practically irresolvable using traditional
microscopy—based methods.

Yet, a notion exists within the (molecular) diato-
mological community that these methods have not been
used to their potential and, as a result, that diatoms are
genetically understudied in comparison to other taxono-
mic groups. However, this claim remains anecdotal, as it
has never been rigorously tested. Here, 35 years after the
publication of the first diatom DNA sequence (MEDLIN et
al. 1988), we put the claim to the test by performing a bi-
bliometric analysis of diatomological research published
between 1988 and 2023, along with research published
for other taxonomic groups for comparison. Specifically,
we asked: (1) Are molecular methods utilized less fre-
quently in the field of diatomology compared to the other
taxonomic fields? (2) What do we study with molecular
methods in diatomology? (3) Can we identify some past
trends in the use of molecular methods in diatomology,
and can we make some predictions for its future?

MATERIALS AND METHODS

Data collection. Only WoS—indexed documents published
between 1988 and 2023 were targeted. For diatoms, three main
bibliometric datasets were assembled: (1) a dataset containing
all the diatom research (denoted as ‘whole’), (2) a dataset
containing only the molecular diatom research (‘molecular’),
and (3) a dataset containing only the non—molecular diatom re-
search (‘non—molecular’). Additionally, (4) a dataset containing
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diatom research utilizing electron microscopy was assembled
(‘em”) for reasons discussed below (RESULTS AND DISCUSSION).

The query for the ‘whole’ dataset consisted of a taxon—
defining element and a timespan—defining element. Diatoms
were defined by (diatom® NOT diatomite* NOT diatomous*
NOT diatomic* NOT diatomaceous earth) OR (bacillariophy*)
searched through titles, keywords, and abstracts using the Topic
field (TS). The timespan was defined by PY=(1988-2023).
The query for the ‘molecular’ dataset was identical except
for an addition of a part broadly defining molecular data,
i.e., molecular OR DNA OR rDNA OR RNA OR rRNA OR
eDNA OR aDNA OR “gene” OR genetic OR DNA barcod*
OR metabarcod* OR SSU OR 16S OR 18S OR LSU OR 28S
OR 5S OR rbe* OR cox1 OR COI OR COXI OR psb* OR
matK OR microsatellite* OR MSAT* OR AFLP OR RFLP OR
*genom* OR *proteom* OR *transcript* OR *metabolom* OR
amplicon OR NGS OR next-generation sequencing OR HTS
OR high—throughput sequencing OR Sanger sequencing OR
nucleotide OR SNP* OR PCR OR polymerase chain reaction
OR *exom* OR exon* OR intron*, likewise searched through
TS. The ‘non—molecular’ dataset was obtained by removing the
documents of the ‘molecular’ dataset from the ‘whole’ dataset
in R version 4.2.1 (R Core Team 2022) using the function
anti_join() in the dplyr v. 1.0.10 R package (WIcKHAM et al.
2023). The ‘em’ dataset was obtained as the ‘whole’ with the
addition of electron microscopy defining part searched through
TS: SEM OR “electron microscop*” OR TEM OR EM OR
ultrastructur*.

For the comparison with other taxonomic groups, ana-
logical ‘whole’ and ‘molecular’ datasets (i.e., differing only
in the taxonomic parts of the queries) were assembled for
cyanobacteria, rhodophytes, chlorophytes sensu stricto (i.e.,
green algae excluding charophytes), charophytes, phaeophytes,
chrysophytes s.s. (i.e., excluding synurophytes), synurophytes,
eustigmatophytes, dinophytes, cryptophytes, euglenophytes,
glaucophytes, embryophytes, fungi, and metazoans. These were
selected to broadly represent major algal and/or multicellular
groups with an aim to compare diatoms to (1) comparable groups
(algae), i.e., composed of unicellular primary producers with si-
milar research history, and (2) presumably the most explored
groups (i.e., land plants, fungi, and animals; e.g., PAWLOWSKI et
al. 2012; LARSEN et al. 2017). Cyanobacteria, formerly known
as the blue—green algae, were included for historical reasons.
Likewise, mostly multicellular phacophytes and rhodophytes
are included to cover all major lineages traditionally studied
by the science of algology. The overall dataset analyzed in this
study potentially exceeds four million documents (Tab. S1).

Prior to downstream analyses, datasets were subjec-
ted to additional filtering to remove residual documents that
matched the queries but not necessarily the intended scope
of the analyses. All datasets were downloaded on 1 January
2024. Nevertheless, some database lag is inevitable, meaning
that some documents published in 2023, and possibly even in
2022, were not yet present in the WoS database by the down-
load date. The exact search queries are summarized in the
Supplementary Material (Note S1). The datasets are publicly
available in BibTeX format in JK’s repository (https://www.
researchgate.net/profile/Jan—Kollar—6).

Data analysis. Data were analysed in R v. 4.2.1 (R CORE
Team 2022) using packages bibliometrix v. 0.3.0 (ARIA &
CuccuruLLo 2017), dplyr v. 1.0.10 (WickHAM et al. 2023),
tidyverse v. 1.3.2 (WickHAM et al. 2019), and ggraph v. 2.1.0
(PEDERSEN 2024). Besides basic descriptive statistics, some of
the known mathematical principles of scientific bibliometrics
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were explored, namely Lotka’s Law (LoTkA 1926) and Brad-
ford’s Law (BRADFORD 1934). For a given scientific field, Lot-
ka’s Law predicts the number of authors with a given number
of publications. On the other hand, Bradford’s Law identifies
core journals for the given field, i.e., journals collectively publi-
shing one—third of the field’s scientific production. In addition
to these quantitative insights into the assembled datasets, we
were interested in what topics are studied with molecular
methods in diatomology, suspecting that it might be important
for interpreting the results. For practical reasons, this conceptu-
al structure of the field was explored only for a subset of the
diatom ‘molecular’ dataset.

Firstly, core molecular diatom research was identi-
fied by searching diatoms (taxonomic part of the query) and
molecular data (methodological part; Note S1) only through
document titles (TI) and author keywords (AK), instead of
more inclusive topics (TS; thus omitting abstracts and WoS’s
Keyword Plus®). Secondly, to further reduce the dataset, only
documents broadly focused on diatom diversity, ecology, and
evolution (including areas such as diatom taxonomy, biogeo-
graphy etc.) were targeted using the WoS categories: WC=
(“Plant Sciences” OR “Evolutionary Biology” OR “Ecology”
OR “Biodiversity Conservation” OR “Marine Freshwater
Biology” OR “Oceanography” OR “Environmental Sciences”
OR “Limnology” OR “Microbiology” OR “Multidisciplinary
Sciences” OR “Palaeontology” OR “Biology”) NOT WC=
(“Biotechnology Applied Microbiology”). This reduced the
dataset size to 20% of the original ‘molecular’ diatom dataset,
and the result was denoted as the ‘mol-eco—evo’ dataset.

The conceptual structure of the field of molecular di-
atomology was explored using several kinds of analyses im-
plemented in the bibliometrix R package. Firstly, a coupling
analysis constructed a network of documents based on shared
references. In other words, if both document A and document
B reference document C, then documents A and B are con-
sidered similar, i.e., their connection within the network is
strengthened (ARIA & CuccURULLO 2017). Secondly, a co—
citation analysis constructed a network of documents based
on how often they are co—cited by other documents. In other
words, if both document A and document B are referenced by
document C, then documents A and B are considered similar.
Finally, co—occurrence was constructed with Keywords Plus®
as the unit of analysis instead of documents, contrary to the
previous two. The logic of the analysis is as follows: Both
keyword A and keyword B are found in the same article.
Therefore, both keywords describe related topics and are thus
clustered together.

RESULTS AND DISCUSSION

Dataset properties

The ‘whole’ dataset of diatom research published be-
tween 1988 and 2023 contained 42,215 documents.
These were published in 3,543 sources (journals,
books, etc.) by 76,125 authors, with 32.9% based on
an international collaboration. Only 32.4% of authors
published >2 documents, in accordance with a predi-
ction by Lotka’s Law (LoTka 1926; Fig. S1).

The molecular diatom research of the past 35
years (the ‘molecular’ dataset) was encapsulated in
6,496 (15.4%) documents published in 1,162 sources.
These were produced by 18,049 authors, with 37.7%

resulting from international collaborations. An ave-
rage document in the ‘molecular’ dataset was 10.4
years old, written by 5.1 co—authors, and received
36.6 citations. In comparison, the ‘non—molecular’
dataset encapsulated 35,719 (84.6%) documents pub-
lished in 3,206 sources by 65,310 authors, and 32.0%
of these resulted from international collaborations. An
average ‘non—molecular’ document was 14.2 years old,
written by 4.2 co—authors, and received 31.0 citations.
Therefore, molecular diatom research seems to be (on
average) conducted by larger, more international research
teams, and receive more attention from the scientific
community based on citations per document (Fig. 1).
In all three datasets, the most frequent document type
was research article (86.2 + 0.7%) and the molecu-
lar diatom research included relatively more reviews
than the non—molecular (7.7% vs 3.2%, respectively),
possibly reflecting both the relative novelty of the mo-
lecular methods to the community (compared to the
long—established methodologies of non—molecular di-
atom research) over the studied timespan and the dy-
namic nature of their development.

It was argued that for some research ques-
tions in some areas of diatom studies (e.g., diatom
taxonomy, phylogenetics, and classification) suffi-
cient resolution is achievable by supplementing the
standard light microscopy observations with electron
microscopy (EM), which greatly enhances the range
of available characters that are potentially informative
for diatom species delimitations, identifications, and/
or phylogeny reconstructions (e.g., WITKOWSKI et al.
2015). Therefore, to obtain some insight into the ques-
tion of whether diatomists tend to substitute molecular
data with EM, the dataset containing research utilizing
EM was additionally assembled (the ‘em’ dataset). It
contained 3,216 documents (7.6%) published in 739
sources by 7,161 authors. Around 42% of the documents
resulted from an international collaboration. An aver-
age ‘em’ document was 11.8 years old, written by 4.0
co—authors, and received 21.8 citations. These results
do not seem to support the idea of the substitution of
molecular data with electron microscopy observations,
and surely not at the community—wide scale. While it
may be possible that EM—users tend to mention elec-
tron microscopy in titles and keywords less frequently
compared to mentions of molecular data/techniques by
molecular diatomists, this is unlikely to obscure the
results as the search through Topic field (TS) includes
other bibliographic data, such as abstracts.

Lastly, the subset of the molecular dataset used
to analyze the conceptual structure of the field (the
‘mol-eco—evo’ dataset) contained 1,295 documents
(20% of the ‘molecular’ dataset), published in 270
sources by 3,820 authors. Almost 44% of these docu-
ments originated through international collaboration.
An average document in this dataset was 9.6 years old,
written by 5.3 co—authors, and received 33.3 citations.
Comparison of diatoms and other taxa
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Fig.1. Annual scientific production in diatomology between 1988 and 2023: green = ‘whole’ (n = 42,215 documents); blue = ‘non—-molecular’
(35,719); yellow = ‘molecular’ (6,496); grey = ‘em’ (electron microscopy; 3,216); dashed lines = major milestones in the development of mole-

cular technology (1°* = first commercial PCR thermocycler; 2™ = second—generation sequencing platforms developed; 3
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third—generation sequencing technology commercialized). Trends of annual production (both ‘whole’ and ‘molecular’) observed in different
parts of the timespan (e.g., exponential increase after 1989, or sudden drop in 2022-2023) are universal across taxa (Fig. S3). The drop in 2022
and 2023 was most likely caused by database lag, although some influence of the COVID-19 pandemic cannot be excluded.

The proportion of research incorporating molecular me-
thods to study diatoms accounted for 15.4%, around half
of the average proportion found in the other taxonomic
groups (30.1 + 7.4%; Fig. 2). Similarly, the proportion of
molecular research in other algae averaged at 29.2 + 8.1%,
or with the inclusion of cyanobacteria which were his-
torically treated as blue—green algae, 29.8 + 8.0%. The
closest proportions to diatoms were found in eugleno-
phytes (17.9%), and golden algae (i.e., chrysophytes and
synurophytes with 21.1 + 4.9%), whose taxonomy is lar-
gely based on the morphology of solid shell structures
(such as loricae or silica scales; e.g., KRISTIANSEN 2005),
similarly to diatoms. These were followed by groups
composed largely of macroscopic photoautotrophs,
such as embryophytes, charophytes, and phacophytes
(26.7 £ 1.1%). Thus, the anecdotal claim, namely that
molecular methods are underutilized in the field of di-
atomology compared to other taxonomic groups, seems
valid. Note that while designing the query for assembling
the dataset, extensive testing was performed to find a
reasonable balance between data quantity and quality.
Nevertheless, this main result, namely that diatoms are the
least explored by molecular means, and that it is roughly
by half compared to the other taxa, was consistent across
designs. For example, an application of a stricter query
(searching only through document titles and keywords,
in comparison to the final query, which searched also

through abstracts) resulted in a far smaller dataset of
ca 18.9 thousand diatom documents, with 1.6 thousand
of them utilizing molecular methods. These 8.5% were
again roughly half of the average found for other taxa
(15.8%) when applying the same stricter query design.

Surprisingly, the proportion of research utilizing
molecular methods over time was discovered to be
approximately asymptotic in most of the taxonomic
groups, with a notable exception of the diatoms (see
Fig. 3, eventually Fig. S2, and Fig. S3). While the
trend was unclear for a subset of taxonomic groups
due to strongly oscillating curves in their plots (i.e.,
eustigmatophytes, glaucophytes, and synurophytes),
upon closer examination of the dataset, it is clear that
these patterns are due to the relatively small size of the
respective datasets (with the ‘whole’ research of 35
years encapsulated in 543, 439, and 367 documents,
respectively). However, this same ambiguity cannot be
claimed for the diatoms, whose dataset was the fifth lar-
gest among the compared groups (with >42,000 docu-
ments), surpassed only by embryophytes (ca 1.9 million
documents), metazoans (1.6 million), fungi (0.3 milli-
on), and cyanobacteria (49,000; Tab. S1). Furthermore,
even cryptophytes, with the ‘whole” dataset composed
of a relatively modest 3,158 documents, exhibited an
approximately asymptotic relationship between time
and the proportion of molecular research (Fig. S3).
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Fig. 2. An overall proportion of 1988-2023 research incorporating molecular methods in a study of different taxonomic groups: the proportion
in diatoms is roughly half compared to the averages based on the rest of the taxonomic groups (30.1%), the rest of algae (29.2%), and the major
macroscopic groups (metazoans, fungi, and embryophytes; 31.5%). The algal average is not dramatically inflated by the top—scoring small
groups, namely glaucophytes and eustigmatophytes (algal median is 28.0%).

Furthermore, as the curve in diatoms does not show any
signs of levelling off (Fig. 3), we hypothesize that the
plateau of the asymptote remains distant.

Universally across taxonomic groups, the plots
of annual scientific production show certain trends, or
changes in publication rates (Fig. 1, Fig. S3). Firstly, a
period of exponential increase in annual scientific pro-
duction between 1989 and 1991 may be partially con-
nected to the introduction of the 1% commercial PCR
thermocycler to the market, but an analogical increase
in ‘non—molecular’ research suggests other influences,
such as the spread of information technologies, or even
drastic geopolitical changes induced by the dissolution
of the Soviet Union. Secondly, production rate changes
over the period between ca 2002 and 2015, correspon-
ding with the development and commercialization of
the second—generation sequencing technologies such
as 454 pyrosequencing and Solexa/Illumina—sequen-
cing (SaraM et al. 2023). Thirdly, a further increase in
production rate between 2016 and 2021 correlates with
the advent of a third—generation sequencing technology
Oxford Nanopore (WANG et al. 2021). Finally, a sudden
drop in 2022-2023 is most likely caused by database
lag, meaning that some documents published in 2023,
and possibly even in 2022, were not yet uploaded to the
WoS by the download date. Nevertheless, some influence
of the COVID-19 pandemic cannot be excluded. More
certainty on this matter can be achieved by repeating
the analysis in a few years, once the database lag can

be excluded.

These above—mentioned correlations do not ne-
cessarily imply causation, which are beyond the intended
scope of this contribution. Nevertheless, increases in both
‘molecular’ and ‘non—molecular’ research suggest that
advances in sequencing technology are not the (sole)
cause of increases in scientific productivity, although
they can affect the field indirectly (e.g., the knowledge
gained from the sequencing of the representative ge-
nomes can stimulate both molecular and non—mole-
cular research performed on given taxa, by raising new
questions and opening previously unknown research
routes; e.g., THEISSINGER et al. 2023). In addition, both
the development of a sequencing technology and sci-
entific productivity are surely influenced by increasing
computational capacities, as well as by generally growing
numbers of scientists worldwide (FORTUNATO et al. 2018).

Molecular saturation of the research fields

Perhaps more importantly, the asymptotic relationship
between time and proportion of molecular research was
found universally across taxa, and it seems to always
plateau between roughly 25 and 45% (Fig. 3 and Fig. S2),
i.e., when around one—third of the research incorporates
molecular data, suggesting saturation of the research
fields by molecular methods. The universal existence of
this saturation level for molecular methods is intriguing
and has relevant implications.

Firstly, although diatoms are demonstrably and considerably



understudied with molecular methods in comparison
to other taxa (Fig. 2), no ‘call to (molecular) arms’ is
needed because the proportion of diatom molecular
research is increasing (Fig. 3), and there seems to be
an endpoint (i.e., the saturation level of ca 1/3). Thus,
both trajectory and target exist, and therefore, it is only
a matter of time before diatomology matches the other
fields in the use of molecular methods. Based on the
trends depicted in Fig. 3, we predict that diatomology
might reach the threshold of ~1/3 molecular research,
and thus possibly a saturation of the field by molecular
methods, somewhere between 2033 and 2043.
Secondly, concerns exist that molecular methods
may overrun taxonomic fields, leading to a loss of ex-
pertise in areas of organismal morphology and anatomy
(e.g., EBACH et al. 2011; LOBL et al. 2023). However,
the existence of the saturation level would imply that
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individual research fields cannot be easily overrun by
molecular methods. On the contrary, our results suggest
that most of the research (possibly around 2/3 annually)
does not, and likely will not, include any molecular me-
thods at all. While molecular methods allow for the study
of organisms in a previously unimagined depth (e.g.,
via whole genome sequencing) and breadth (e.g., via
environmental metabarcoding), there always will be a
lot to study without them, although this is more true for
some research aims and scales than others. For example,
exploration of diversity in taxonomic groups with a wide-
spread occurrence of cryptic species, such as diatoms,
benefits greatly from the resolution and practicality of
molecular data, although alternative approaches are not
impossible (e.g., geometric morphometrics, crossbreeding
culture experiments, physiological culture experiments;
MANN & Evans 2008). Likewise, large—scale surveys of
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Fig. 3. Development of a proportion of molecular research over time between 1988 and 2023: a comparison of diatoms (red) and other taxa
(pastel colours in the background); black dotted line = an average for the other—than—diatom taxa depicted. Only taxa with datasets larger than
10,000 documents are shown (an analogical plot including groups with datasets larger than 2,000 documents may be explored in Supplemen-
tary Material, Fig. S2). Except for diatoms, development of the annual proportion of molecular research in a vast majority of groups seemed
approximately asymptotic (Fig. S3), suggesting saturation of the fields (e.g., zoology, mycology, botany) by molecular methods.
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biodiversity, especially microorganismal, would be either
unfeasible or indeed impossible (e.g., in the case of bac-
teria) without an employment of modern environmental
DNA metabarcoding techniques (MALvIYA et al. 2016).

Finally, although the saturation level for molecu-
lar research seems to be currently around one third, it is
not a physical law, and the proportion may change with
future advances in our technology and knowledge. For
example, an invention of a new sequencing technology
(or technology in general, e.g., artificial intelligence), or
a continuous increase in the affordability of established
ones, may shift the saturation level. Similarly, our know-
ledge of some taxonomic groups may theoretically reach
a point when further deployment of molecular methods
will yield only diminishing results, thus potentially lea-
ding to a decrease of the saturation level for a given group.

Molecular diatomists and where to find them

Based on the corresponding author’s affiliation, most of
the diatom research, both molecular and non—molecu-
lar, originates from G7 countries (USA, Germany, Uni-
ted Kingdom, France, Canada, Japan, Italy) and China,
collectively producing 56.9% of all diatom research,
and 68.8% of molecular diatom research. This overall

UsA |

CHINA -

GervANY 22.3%
UNITED KINGDOM [ 12.8%
FRANCE 19.7%
cANADA I  11.4%
JaraN 20.4%
Ty 24.6%
RUussiA I °.7%
sPAIN I  11.6%
AUSTRALA T  12.7%
INDIA I 3.3%
KOREA I 22.6%
NETHERLANDS [ 11.7%
SWEDEN [ 15.9%
BeGiuM I 10.7%
POLAND I 8.4%
NORWAY [ 13.0%
DENMARK [ 13.9%
CzeCH RepuBLIC [l 20.2%
0 1000 2000 3000

pattern is universal across science (e.g., OLIVEIRA et al.
2022). Among countries producing at least 50 molecular
diatom documents over the past 35 years, the top 10 in
terms of proportion included five of the G7 countries
(i.e., Italy with 24.6% of diatom research incorporating
molecular methods, Germany with 22.3%, Japan with
20.4%, France with 19.7%, and USA with 17.8%), South
Korea (22.6%), China (21.3%), Czech Republic (20.2%),
Sweden (15.9%), and Denmark (13.9%; Fig. 4).
Bradford’s law (BRADFORD 1934) identified 21
journals as core for molecular diatomology, publishing
one third of all the diatomological documents incorpora-
ting molecular data (Fig. S4). The top five are Journal of
Phycology, PLOS One, Frontiers in Microbiology, Phyco-
logia, and Scientific Reports, collectively publishing 13%
of all molecular diatom research of the past 35 years. For
the subset of molecular diatomology broadly focused on
diatom diversity, ecology, and evolution (the ‘mol-eco—
evo’ dataset), Bradford’s law identified 8 core journals,
adding European Journal of Phycology, Protist, and Di-
atom Research to the five mentioned above, collectively
publishing 34.6% of such research. In other words, a
researcher who would follow these eight journals alone
would cover one third of molecular research focused on

17.8%
21.3%
[l non-molecular
molecular
4000 5000 6000 7000 8000

Number of documents

Fig. 4. Geography of the diatom research based on corresponding author’s affiliation: proportions of molecular research are given as percenta-
ges; only countries producing at least 50 molecular diatom research documents over the past 35 years (1988-2023) were included.



diatom diversity, ecology, and evolution.

Conceptual structure of molecular diatomology
The following qualitative part of our study is inevitably
more dependent on interpretation than the more quan-
titative section above, and thus conclusions should be
made with caution. Therefore, we will outline only some
of the broadest results below. For practical reasons,
these are based on a subset of the ‘molecular’ dataset
focused broadly on diatom diversity, ecology, and evo-
lution (i.e., the ‘mol-eco—evo’ dataset, containing 20%
of the ‘molecular’ dataset). Nevertheless, an interested
reader is encouraged to download the datasets, explore
the data, and make interpretations of her/his own.

Consistently across analyses (Fig. S5-7), this da-
taset was divided into two major clusters, representing
potential subfields of molecular diatomology. Based on
both specific documents (e.g., see Fig. S6) and keywords
frequently found within these clusters (e.g., see Fig. S7),
we interpreted and labelled them as (gen)omics and
molecular taxonomy in a broad sense (i.e., including
DNA barcoding, biogeography etc.). The consistent se-
paration of these clusters suggests that the two subfields
may be relatively independent of each other, with only
modest overlap among researchers, and a relatively low
frequency of referencing across the clusters. This seems
also apparent from available conference programs of
International Diatom Symposia and European Diatom
Meetings (which seem to attract the molecular taxonomy
community), and Molecular Life of Diatoms (assembling
the genomics community).

In some of the analyses (e.g., coupling network;
Fig. S5), the third cluster separated and, based on
both individual documents and frequent keywords such
as ‘metabarcoding’, ‘biomonitoring’, ‘environmental
DNA’, ‘rbcL’ and ‘high—throughput sequencing’, the
cluster was labelled metabarcoding. Its relatively high
Mean Normalized Global Citation Score (BORNMANN
& HaunscHILD 2016) compared to the other two clusters
(Fig. S5) means that it generally includes documents
with above—average citation rates compared to other
documents of the same age, suggesting a relatively big
impact of metabarcoding (as far as citations can be ta-
ken as a proxy for an impact) and making it a ‘rising
star’ of the field.

Diatom genomics, the second world

Since the field was consistently divided into molecular
taxonomy sensu lato and genomics, we decided to ex-
plore whether the relative genetic underexploration of
diatoms, the main finding of this study, is equally valid
for both major subfields. Concerning the number of
whole annotated genomes, thirteen for thirteen diatom
species were listed in GenBank by the end of the studied
timespan (https://www.ncbi.nlm.nih.gov/datasets/ge-
nome; accessed on the 1% of January 2024). When all
nuclear genomes are searched (meaning also unannota-
ted, unpublished, Metagenome Assembled Genomes or
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MAG:s etc.), sixty—six diatom genomes are retrieved
from the database (Fig. S8).

Using the same data source for the other taxono-
mic groups revealed that diatoms rank relatively high
among algae, surpassed only by two other algal groups
in number of annotated genomes (chlorophytes s.s. and
dinophytes with 58 and 17, respectively; Fig. S§8A),
and by one in their number of all nuclear genomes
(chlorophytes s.s. with 257; Fig. S8C). Thus, while di-
atoms are considerably genetically understudied in the
subfield of molecular taxonomy, the same may not be
true for the subfield of diatom genomics where, on the
contrary, they might be among the best—explored algae.
In addition, the development of a cumulative number
of genomes over time seems exponential (especially
when all nuclear genomes are considered; Fig. S8D),
meaning that we may expect far more diatom genomes
in the very near future (Fig. S§8B and D).

This rough estimation is based on a simple metric
of the number of genomes alone. However, the overall
picture drawn from the subfield of genomics would like-
ly change once the numbers of genomes (or, better, the
number of species with reference genomes sequenced) are
weighted by the expected species richness of the groups.
Then, diatoms with their relatively high species rich-
ness estimates compared to the other taxonomic groups
(ANDERSEN 1992; PAwLOWSKI et al. 2012) might easily
fall in rank behind many of the less species—rich algal
groups, although this may be prevented by ambitious
projects such as 100 Diatom Genomes (https://jgi.doe.
gov/csp—2021-100—diatom—genomes).

Frustules, a blessing and a curse in diatomology?
Despite the industrial applications and ecological im-
portance of diatoms (both in serving as the base of local
foodwebs and their role in global elemental cycles), it
might seem shocking that this group would lag behind
others in terms of molecular studies. On the contrary, one
would believe that, given their importance, molecular
inquiry would create a research niche that needs to be
filled, and would be filled, potentially quicker than other
less diverse, abundant, and functionally relevant groups.
However, our work shows that this is not the case. While
causation was not explicitly the point of our exercise, the
question seems inevitable: Why are molecular methods
utilized less frequently in the study of diatom diversity?
In our opinion, several factors may be involved.
Firstly, culturing necessary for the generation of
pure genetic lineages may be more challenging for ben-
thic diatoms compared to most other algae due to their
ability to adhere strongly to a substrate (typically glass or
plastic labware) through the specialized structures such
as a so—called raphe or mucilaginous stalks. Especially
in the case of the former (i.e., the raphid diatoms, which
compose a bulk of the known diatom diversity; NAKOV
et al. 2018), standard single—cell isolations require con-
siderable skill to detach the targeted individual from the
substrate (typically with a laboratory needle) without
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breaking its relatively fragile frustule, and capturing it
(typically with an automatic pipette or glass micropipette
held in the other hand, sometimes even with mouth—con-
trolling the influx) within a few seconds before it attaches
again. In addition, even when the single—cell isolation is
successful, many diatom species have proven unculturable
under standard culturing conditions and/or in standard
culturing media (MANN & CHEPURNOV 2004). Although
this would make sense given the relatively large species
diversity of diatoms compared to other algae (ANDERSEN
1992; PaAwLOWSKI et al. 2012), with species adapted to
many different environmental conditions, this has never
been quantified for diatoms to the best of our knowledge
(unlike for bacteria, nicknamed the Great Plate Count
Anomaly; e.g., HARWANI 2012), making it yet another
anecdotal claim worth checking.

Secondly, it may be harder to successfully process
diatom cultures in a molecular laboratory and obtain
diatom DNA sequences than it is for other groups. While
this should also be tested, the major difference between
diatoms and other algae is the possession of a solid silica
frustule encasing cells, which may complicate the release
of DNA. This might be evidenced by our ‘in—house’ lab
experiments, which suggest that the incorporation of a
mechanical homogenization step (through so—called
beadbeating of cultures with zirconium beads) into the
DNA extraction protocol increases DNA yields by as
much as an order of magnitude. Whether this is true for
other algae groups as well shall be tested in the future.
On the other hand, recent studies proved successful in
genetic transformations in several diatom species, pos-
sibly suggesting that frustules might not be an impene-
trable barrier to the movement of (at least some) DNA
elements (e.g., NASER et al. 2022; OxkADA et al. 2023).
A final consideration is that the large species diversity
of diatoms (reflected also in their genetic diversity)
produces challenges for selecting DNA primers needed
for amplification through Polymerase Chain Reaction
(PCR; MuLLIs et al. 1986). Nucleotide substitutions oc-
curring in standard primer binding sites were reported
even in groups of closely related diatom lineages (e.g.,
KOLLAR et al. 2019), and this is further epitomized in
the diatomists’ struggle to find a single DNA barcode
marker for diatoms as a group, resulting in a dual bar-
code system that diatomology effectively utilizes today
(MANN et al. 2010).

Finally, we suggest that the diatomological com-
munity is relatively reluctant overall to incorporate mo-
lecular methods for historical reasons. Prior to the mo-
lecular age, diatomists had a great advantage compared
to (most of the) other algologists — diatoms have frustules.
These intricately ornamented silica shells provide a
wealth of taxonomically relevant characters which were,
compared to the morphologies of most other algae (in
contrast sometimes called soft algae), solid, relatively
stable, and later explorable in great detail by scanning
electron microscopes. It thus comes as no surprise that
the classification system, built on such a solid foundation

for almost three centuries, is being supplemented with
molecular methods only reluctantly. This is in stark
contrast to the morphologically more challenging algal
groups (e.g., chlorophytes notorious for a huge variety
of so—called ‘green balls’), whose specialists might have
been more eager to embrace the increased resolution
provided by molecular data.

In addition, we would not underestimate an influ-
ence of human emotions (and natural attraction towards
visual regularities and beauty) in shaping scientific fields.
Charles Darwin famously wrote in the 4" edition of On
the Origin of Species (Darwin 1866): “Few objects are
more beautiful than the minute siliceous cases of the
diatomaceae”. Such feelings might potentially add to
the reservedness of the community towards molecular
methods, with the perception that adopting them would
move the field away from the physical beauty that at-
tracted many researchers to diatoms in the first place, and
provided the field with such a rich history for centuries.

CONCLUSION

Over the past decades, the technological and conceptu-
al developments in the fields of molecular biology and
bioinformatics have unlocked a remarkable opportunity
to study diatoms in a previously unimagined depth and
breadth. Despite this, diatomology was found lagging
in use of molecular methods behind fields occupied
with the study of other taxonomic groups such as other
algae, plants, fungi, and animals. Nevertheless, even
in diatomology, the use of molecular methods is on
the rise, which should sooner or later lead to the mole-
cular saturation observed in other taxonomic fields. In
particular, the metabarcoding wave seems to be rising,
and we can thus expect to see more community—level
explorations of diatom diversity, biogeography, and
ecology in the near future. Similarly, we can expect
far more genomes (especially MAGs, and organellar)
and transcriptomes, promising deeper understanding
of diatom evolution, ecology, and environmental roles.
Let us conclude with the word of clarification: Despite
using the term ‘molecular diatomology’ frequently above
for convenience, we do not really think that it should be
distinguished as a separate scientific field. Rather than
by methods, we think we should distinguish ourselves
based on the foci of our study, being it diatom diversity,
ecology, bioindication, physiology or biotechnology.
These, then, should be studied with whatever methods
are the most appropriate.
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