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Abstract

New technological methods, such as rapidly developing molecular approaches, often provide
new tools for scientific advances. However, these new tools are often not utilized equally
across different research areas, possibly leading to disparities in progress between these
areas. Here, we use empirical evidence from the scientific literature to test for potential dis-
crepancies in the use of genetic tools to study parasitic vs non-parasitic organisms across
three distinguishable molecular periods, the allozyme, nucleotide and genomics periods.
Publications on parasites constitute only a fraction (<5%) of the total research output across
all molecular periods and are dominated by medically relevant parasites (especially protists),
particularly during the early phase of each period. Our analysis suggests an increasing com-
plexity of topics and research questions being addressed with the development of more
sophisticated molecular tools, with the research focus between the periods shifting from pre-
dominantly species discovery to broader theory-focused questions. We conclude that both
new and older molecular methods offer powerful tools for research on parasites, including
their diverse roles in ecosystems and their relevance as human pathogens. While older meth-
ods, such as barcoding approaches, will continue to feature in the molecular toolbox of para-
sitologists for years to come, we encourage parasitologists to be more responsive to new
approaches that provide the tools to address broader questions.

Introduction

Technological breakthroughs are often the product of scientific knowledge, and can in turn
provide new tools for scientific advances. For instance, technology has empowered the
study of life, from the invention of the microscope to the latest developments in genomics,
imaging and GPS tracking technology. If biologists make rational and unconstrained decisions
about what they study, we might expect that research effort would be allocated to different
types of organisms in proportion to their diversity and abundance, their accessibility, their
importance to society or to scientific progress, and how much funding they are likely to attract.
However, much evidence exists to show that this is not always the case, and that allocation of
research effort to different taxa is biased in many other ways (e.g. Hendriks and Duarte, 2008;
Ahrends et al., 2011; Martin et al., 2012). This may also be reflected in the adoption of techno-
logical breakthroughs, with new research tools applied earlier and more frequently to certain
taxa than others. In this synthesis, we examine discrepancies in the temporal deployment of
new molecular methodologies toward the study of parasitic vs non-parasitic organisms, explore
the possible reasons underlying the observed differences, and look ahead to the near future of
molecular research on parasites.

A priori, there should be no reason why the application of molecular tools to parasitic
organisms should have followed a different trajectory than their application to non-parasites.
Most estimates agree that nearly half the living species are parasites, and that every free-living
species (except perhaps some small unicellular taxa) harbours parasites (Windsor, 1998;
Dobson et al., 2008; Poulin, 2014). Parasites are phylogenetically diverse, having evolved inde-
pendently over 200 times among metazoan lineages alone (Weinstein and Kuris, 2016). They
occur in all types of environment, surpassing their hosts in absolute abundance, and have been
shown to play major roles in host population dynamics (Hudson et al., 1998; Tompkins et al.,
2002; Møller, 2005), community structure (Mouritsen and Poulin, 2005; Wood et al., 2007;
Hatcher and Dunn, 2011), food web stability and energy flow (Kuris et al., 2008; Lafferty
et al., 2008; Selakovic et al., 2014; Preston et al., 2016). Parasites also have huge impacts on
human health. Great white sharks, venomous snakes and killer bees make the headlines,
but parasites kill orders of magnitude more people every year, and cause debilitating diseases
in an even greater number of people (Torgerson et al., 2015). Parasites are also responsible for
reduced production and huge economic losses in livestock farming (Rist et al., 2015), and pose
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serious challenges to conservation biologists and wildlife man-
agers striving to protect the free-living species we cherish the
most (Lafferty and Gerber, 2002; Smith et al., 2009).

Parasites are therefore arguably as (if not more) diverse, ubi-
quitous and important as non-parasitic organisms. When new
research tools become available, one would thus expect them to
be applied to parasites no later than, and as frequently as, they
are applied to non-parasites. For instance, the last several decades
have witnessed the rapid expansion of molecular technologies as a
means to explore the genetic basis of life. Molecular methods are
now part of the standard toolkit of scientists in fields as diverse as
evolutionary biology, taxonomy, ecology, developmental biology,
immunology, medicine, and of course genetics. The growth of
molecular technology has been regularly punctuated by major
advances and their rapid conversion into usable tools. The
molecular genetics era can be split into three distinct periods,
each characterized by its own set of methods, analytical or statis-
tical approaches and possibilities (Parker et al., 1998; Schlötterer,
2004; Metzker, 2005; Schuster, 2007; Metzker, 2009). First, in the
allozyme period, one could quantify differences in amino acid
composition between enzymes from different individuals or spe-
cies, as a proxy for genetic variation. Second, in the nucleotide
sequencing period, it became possible and relatively simple to
obtain actual DNA sequences for multiple genes, greatly expand-
ing our window into an organism’s genetic blueprint. Finally, in
the genomics period, it is now possible to sequence entire gen-
omes, as well as the transcriptomes, of living organisms, providing
a complete picture of their genetic underpinnings.

These developments have provided researchers with an arsenal
of new tools to explore the biology of parasites and non-parasites
alike. Whereas there is no reason why these should be applied
earlier or more frequently to either type of organisms, among
parasites we may expect new molecular methods to be first used
to study human parasites before they are applied to parasites of
other organisms, simply because there is more funding and
greater urgency to investigate the former in order to reduce
human suffering. Furthermore, among both human parasites
and those of other organisms, molecular tools may be applied dis-
proportionately more to certain taxa than others, due to differ-
ences in diversity or perceived importance.

Here, we use empirical evidence from the scientific literature to
test quantitatively the general hypothesis that the application of
molecular tools to study parasites follows the same temporal pro-
file as their application to the study of non-parasites. Also, among
parasites, we test the hypothesis that new molecular tools are first
adopted and used more extensively to study medically important
species than any other type of parasites. More specifically, we
answer the following questions: (i) Are new molecular tools
adopted at the same time for the study of parasites and non-
parasites, and if not, what is the time difference? (ii) How much
of the early adoption of new molecular approaches is driven by
research on medically important parasites? (iii) What are the
most common topics of parasitological research using molecular
approaches, and did these stay the same across the three periods
of molecular research (allozyme, nucleotide, genomics)? (iv)
What are the most commonly studied parasite taxa? and (v)
What is the geographical distribution of molecular parasitological
research? Our review provides a historical overview and illustra-
tion of the growth and development of molecular parasitology,
as well as an exploration of the cultural differences between para-
sitologists and biologists studying non-parasites. We conclude
with central take-home messages and recommendations for the
future growth of parasitological research to assess the ecology
and evolution of these phylogenetically diverse and ecologically
important organisms.

Materials and methods

Data search and compilation

In order to analyse the research output on parasites in the molecu-
lar era, we identified and characterised three distinct periods of
molecular research: the allozyme period, the nucleotide period
and the genomics period. The ‘allozyme period’ is characterised
by the use allozyme techniques (i.e. analysing differences in
enzyme structure between organisms) that were established in
the 1960’s (Hubby and Lewontin, 1966; Schlötterer, 2004). First
conceived in the 1970’s–1980’s but popularised in the 1990’s, the
‘nucleotide period’ is largely characterised by the use of Sanger
sequencing and microsatellites (Sanger et al., 1977; Litt and Luty,
1989; Mathies and Huang, 1992; Richard et al., 2008) and a
small number of markers to distinguish between DNA sequence
variations. Finally, the ‘genomic period’ is characterised by the
onset of next generation sequencing (Solexa, 454, Illumina,
SOLiD, etc.) established after 2005 (Bennett, 2004) and use of
large datasets frequently utilising 1000s of markers on multiple
genomic loci or whole genomes. Although treated as somewhat
discrete periods in this study, in reality they are interwoven and
overlap in time. For example, many genomes were initially
sequenced using Sanger sequencing in the 1990s, but here whole
genome research is classed as part of the genomic period.

For each period, we chose a set of keywords (see Supporting
File S1) that captures the molecular markers, tools and methods
developed and utilized in this context. We examined and com-
piled data on the publication trends of molecular research in
these three periods by conducting a detailed search on the Web
of Science™ for all entries until November 2018. In order to
only capture relevant publications from the respective periods,
we excluded the succeeding period(s) from the searches, e.g.
when searching for the nucleotide period, we excluded search
terms belonging to the genomics period. Moreover, the searches
were restricted to relevant categories (i.e. biological, environmen-
tal, medical sciences, etc.), and to peer-reviewed research articles
or reviews. For the analyses of publication trends in overall bio-
logical research (i.e. research on parasites and non-parasites
together) within each period, we downloaded only the numbers
of publications per year.

We then performed the same search for each molecular era,
with the addition of a range of search terms for parasitic organ-
isms to capture the majority of parasite-related publications
within the three molecular periods. Although we did not include
bacteria, fungi or viruses in these parasite-search terms, we did
not exclude those groups specifically. For the analyses of publica-
tion trends on parasitic organisms, we downloaded the full
records for all parasite-related publications from each molecular
period (including title, abstract, keywords, author country, publi-
cation date and journal). The individual search terms for all
molecular periods, the specific parasite-search terms and the
Web of Science categories are presented in Supporting File S1.

Analyses

All analyses were performed in R (R Core Team, 2018). Data from
the searches was imported into R using the bibliometrix package
(Aria and Cuccurullo, 2017). To determine what proportion of
parasitology research is comprised of medically relevant parasites,
we set up two categories of parasitological research, ‘all parasites’
and ‘medical parasites’. All parasites contained the raw parasite
data as downloaded from Web of Science. The second group,
‘medical parasites’, contained all the papers from within the all
parasite group which were categorised as being medically focused.
Assignment to the medically focused category was done by
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searching across the papers’ abstracts, titles and keywords for a list
of terms associated with either humans (e.g. human, man,
woman) or human-related pathogens and diseases (e.g.
Plasmodium falciparum, Plasmodium vivax, lyme disease).
Details of the terms are available in Supporting File S2. This
resulted in three datasets across the three periods: ‘general’, ‘all
parasites’ and ‘medical parasites’.

To compare when and how fast new techniques were adopted
across the three datasets, research publication trends within each
era and group (‘general, all parasites, medical parasites’) were ana-
lysed from 1960–2017 by plotting the number of publications over
time. To determine whether research focus had shifted across the
three periods within parasitological research (‘all parasites’), we
generated word clouds and networks using publication keywords.
Keywords were first cleaned to avoid duplications due to abbre-
viations (e.g. PCR and polymerase chain reaction) or pluralisation
(e.g. tick and ticks). For the word clouds, we also removed all our
search terms (e.g. ‘nucleotide sequencing’), taxa or disease names
(e.g. ‘malaria’ or ‘Plasmodium’) and molecular markers (e.g.
‘COI’). Word clouds were then generated using the top 40 key-
words across each period in the wordcloud package in R
(Fellows, 2018). Networks for each period were generated using
the ggplot2 and ggraph packages in R (Wickham, 2016;
Pedersen, 2018). Within each of the three periods, keyword
pairs or words that occur together within an individual article’s
keywords were summed across all articles. Networks for each per-
iod were generated using the top 100 keyword pairs that had a
minimum of three counts. To analyse which groups of parasites
are most commonly studied using molecular tools, we quantified
the proportion of papers published per taxonomic group within
parasitological research (‘all parasites’) using a Sankey plot gener-
ated via plotly in R (Sievert, 2018). The focal taxon (or taxa) for
each paper was determined by searching for taxa names across
article description fields (title, abstract, keywords). Papers that
mentioned more than one taxonomic group in the description
fields were either reassigned to a single category (e.g. studies on
arthropods as a vector of Leishmania were assigned to the latter),
or classified as ‘multiple species’ (e.g. studies on both cestodes and
trematodes were assigned to ‘helminths’ but not divided further).
Finally, to visualize the geographic distribution of parasite
research, world maps were generated for each molecular period
with the R package rworldmap (South, 2011). For each publica-
tion the respective country of origin was defined according to
the affiliation of the corresponding author.

The R code for all analyses is available in Supporting File S2.

Results

The database search on the three periods of molecular research
resulted in a total of 1.33 million publications, the majority of
which appeared during the nucleotide period (Table 1). Studies
on parasitic organisms constituted less than five percent of the
total research output and were lowest in the genomics period.

The temporal publication trends show that parasite research in
each molecular period followed the same overall patterns as the
general output over the years (Fig. 1A). The sudden jump in pub-
lication numbers from 1990 to 1991 is an artefact of the Web of

Science search algorithm (see Pautasso, 2014) and does not allow
an accurate comparison of pre- and post-1990 publication patterns.
However, since we are interested in the differences between overall
publication trends and subsets of these datasets (studies on para-
sites and medically relevant parasites), and the artefact applies to
all these groups equally, this does not distort our analyses. Post
1990, publication output in the nucleotide and genomics periods
continually increased, while the allozyme dataset revealed a
decreasing publication trend. Parasite research output followed
these general trends but at a slightly more conservative rate, i.e.
they show a slower increase in the nucleotide, and a slower decline
in the allozyme periods (see Supporting Fig. S3). Within the para-
site subsets across all periods, medically relevant parasites dominate
the research output, making up 65–70% of publications. Across all
periods of molecular research, early publications almost exclusively
comprise studies on medically relevant parasites (Fig. 1B–D); the
larger nucleotide and genomics datasets show that research on non-
medical parasites only appears in reasonable numbers after a delay
of several years, and starts to slowly increase thereafter.

Word clouds and networks of publication keywords show the
predominant research fields and topics of parasitological research
using the three molecular approaches (Figs 2 and 3; see
Supporting File S4 for a large version of Fig. 3). Across the
three periods, there is a shift in the main focus of research from
discovery and taxonomy in the allozyme period to phylogeo-
graphic and disease diagnosis in the nucleotide period, to finally
evolutionary genetics and comparative genomics in the genomic
period. A large proportion of the top words in all periods are dir-
ectly related to medical research, e.g. epidemiology, diagnosis. The
most interconnected terms within the networks are related to the
techniques that define each period (e.g. allozyme, polymerase
chain reaction, genomics). In contrast with the later periods, med-
ical research in the allozyme period focuses largely on Leishmania
with no reference to Plasmodium and malaria.

The Sankey plot reveals the most commonly studied parasite
taxa from all periods and illustrates the strong research focus on
protist parasites, in particular Plasmodium, Trypanosoma,
Leishmania, and Toxoplasma (Fig. 4, see Supporting File S5 for
an interactive version of the figure). While research on protists
remains dominant across all periods, there is a shift in its relative
contribution from 56% in the allozyme period to 45 and 41% in
the nucleotide and genomics period, respectively, while research
interest in other parasite groups increases (e.g. arthropods, multiple
species). The analysis of the geographical distribution of molecular
parasitological research shows the vast majority of publications ori-
ginate from the United States, with the exception of research during
the allozyme period where Brazil and Europe were considerable
contributors (Fig. 5, see Supporting File S6 for an interactive ver-
sion of the figure). Although the United States remains the highest
contributor, within the last 10 years, particularly the last 2 years, a
growing number of publications originate from China within both
the nucleotide and genomic periods.

Discussion

Since parasites play central roles in all ecosystems and their evo-
lutionary trajectory is closely linked with that of their hosts,

Table 1. Number of publications in the three periods of molecular research

Allozyme period Nucleotide period Genomics period Total

General research 19 418 1 046 366 264 699 1 330 483

All parasites (% of general) 823 (4.2) 51 135 (4.9) 9616 (3.6) 61 574 (4.6)

Medically relevant parasites(% of all parasites) 568 (69) 34 697 (67.9) 6281 (65.3) 41 546 (67.5)
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research on parasitic organisms is central to our understanding of
most fundamental biotic interactions and concepts. Parasitic life
styles have evolved multiple times, and parasitic organisms are
estimated to account for 30–50% of global biodiversity
(Windsor, 1998; Dobson et al., 2008; Poulin, 2014; Weinstein
and Kuris, 2016). We therefore hypothesized that new molecular
tools would be applied to parasites no later than, and as fre-
quently as, they are applied to non-parasites.

Our results suggest a more complex picture. Only less than 5%
of the 1.3 million publications in our dataset deal with parasitic
organisms. Moreover, within these publications on parasites,
almost 70% of the studies focused on medically relevant taxa.

In particular, protists of the genera Plasmodium, Trypanosoma,
Leishmania, and Toxoplasma, as well as mites and ticks (Acari)
and the disease agents transmitted by these vectors, have been
the predominantly studied parasite groups. Other important dis-
ease agents attract far less attention. In fact, the molecular
research output on Plasmodium alone (10 800 publications)
exceeds the combined publication volume on all helminths (10
600 publications). Likewise, not all so-called neglected tropical
diseases (NTDs) receive similar research attention; while
Trypanosoma (3750 publications), Leishmania (2930 publica-
tions) and Schistosoma (2100 publications) are relatively well-
studied groups, other pathogens, such as Ascaris and hookworms

Fig. 1. Number of studies published during the three molecular periods from 1960 to 2017 (research articles and reviews). (A) General research output and
parasite-related publications in each period; (B) Output of publications on parasites and medically relevant parasites in the allozyme period; (C) Output of pub-
lications on parasites and medically relevant parasites in the nucleotide period; (D) Output of publications on parasites and medically relevant parasites in the
genomics period. The sudden jump in publication numbers from 1990 to 1991 is an artefact of the Web of Science search algorithm (see results).
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receive far less attention (550 and 200 publications, respectively),
despite more than a quarter of the world’s population being at risk
of infection with these soil-transmitted helminths (Jourdan et al.,
2018). Overall, these publication trends in molecular research on
parasites seem to support recent findings that research effort on
different parasitic pathogens does not reflect the actual human
disease burden they inflict, and highlights that some medically
relevant taxa remain severely understudied (Furuse, 2019).

Beyond this uneven research focus within the group of medic-
ally important parasites, our results show that the vast majority of
parasite species are not studied with these molecular tools, regard-
less of whether the true diversity of parasitic organisms is closer to
the higher or lower end of current diversity predictions (see
Poulin, 2014). Due to the large dataset with over one million pub-
lished articles and similar relative numbers of medically relevant
parasites across all periods of molecular research, we believe our
results are representative of the general trends in parasite research.
Nevertheless, it would be interesting to see if this discrepancy
between predicted biodiversity of parasites and research output,
as well as the strong focus on medically important taxa, are simi-
larly pronounced for other methodological approaches, such as
electron microscopy and modern imaging technologies.

The comparison of general and parasite-related publication
output in the scientific literature indicates some dissimilarities
in the temporal trends, i.e. in the nucleotide period, parasite
research output showed a slower increase relative to the general
field, whereas the output in the allozyme period decreased at a
slower rate than the general field. This might suggest that parasite
research is slightly more conservative in using these molecular
tools. It could be that the way in which parasitologists were
trained led to possible cultural differences between them and biol-
ogists studying non-parasites, influencing their willingness to
adopt new techniques from other fields. However, it must be
noted that no difference was apparent in the rapidly developing
genomics field.

Given the substantial global burden parasitic diseases impose
on humanity (see GBD 2015 Disease and Injury Incidence and
Prevalence Collaborators, 2016), it is not surprising that new
molecular methods are first used to study these medically relevant
parasites, in order to better understand their biology and distribu-
tion, and develop control approaches, treatments and vaccines to
reduce human suffering. While during the 1990s, cost per mega-
base (mb, i.e. a million bases) exceeded 10 000 USD and initial
genome projects ran into the hundreds of millions (the human
genome project alone is estimated at 2.7 billion USD), recent
years have seen the cost of sequencing drastically reduced (2017
estimate <0.1 USD per mb) (Hall, 2013; National Human
Genome Research Institute, 2018). Moreover, beyond sequencing

costs, the increasingly complex datasets in the genomics period
require thorough bioinformatic analyses that needed to become
more accessible (Muir et al., 2016). This would explain why, in
both the nucleotide and genomics periods, it took years for
research on parasites other than medically important ones to
get started.

We were interested in finding out what topics parasitological
research addresses using molecular approaches, and whether
these stayed the same across the three periods of molecular
research. The word clouds reveal a gradual shift from predomin-
antly species discovery (taxonomy and population genetics) dur-
ing the allozyme period to studying the relationships among
various species (phylogeny) during the nucleotide period, and
finally addressing broader theory-focused questions (evolution)
in the genomics period. Correspondingly, the networks suggest
an increasing complexity of topics and research questions
addressed with more sophisticated methods from the allozyme
to the genomics period. Additionally, the networks reveal more
detailed changes in the application and research foci of the differ-
ent molecular methods. While medical research in the allozyme
period focuses largely on Trypanosoma and Leishmania with no
reference to malaria, the later nucleotide sequencing and genom-
ics periods show a greater diversity of disease-related studies, most
likely due to the larger number of studies in the datasets, and a
strong emphasis on Plasmodium and malaria research.

The distinctive cluster in the nucleotide era network (Fig. 3B)
that links the keywords ‘morphology’, ‘taxonomy’ and ‘phylogeny’
highlights the common use of integrative molecular and morpho-
logical approaches to identify and describe new parasite species.
Indeed, ‘integrative taxonomy’ has replaced classical taxonomy
in the early 2000s, right in the middle of the nucleotide period
(Dayrat, 2005). Nucleotide sequencing approaches (e.g. barcod-
ing) have become practical, reliable and cost-efficient tools to
address these issues and uncover hidden and cryptic parasite
diversity in ecosystems (e.g. Locke et al., 2010; Selbach et al.,
2015). Moreover, many parasites have complex life cycles with
morphologically highly distinct stages in different hosts; these
stages are therefore difficult to match and assign to the same spe-
cies (Poulin and Leung, 2010; Locke et al., 2013). Consequently,
many parasite life cycles are not yet fully described, and modern
molecular tools are proving invaluable to resolve life cycles (e.g.
Jensen and Bullard, 2010; Blasco-Costa et al., 2016). Since
much of parasite diversity is still unknown and our discovery
efforts lag well behind our knowledge of free-living diversity
(see Jorge and Poulin, 2018), these well-established molecular
approaches are helping to close this gap.

Despite the global disease burden caused by many parasite
taxa, the geographical distribution of molecular parasitological

Fig. 2. Word clouds highlighting the most common research fields in the individual molecular periods. (A) Allozyme period; (B) nucleotide period; (C) genomics
period. The more frequently a term is used in the keywords, the larger and darker it is shown in the word cloud.
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research is highly uneven. Across all three periods, the research
landscape is dominated by a few individual countries, in particu-
lar the United States. Only the allozyme period shows a wider dis-
tribution with Brazil and Europe (France and the United
Kingdom) contributing markedly to the overall research output.
The higher number of studies from Brazil can likely be explained
by the strong research focus of allozyme studies on Leishmania
spp. and Trypanosoma cruzi that cause leishmaniasis and
Chagas disease, respectively. Both represent important public
health problems in Brazil, with Chagas disease alone resulting
in an average of 5000 deaths per year (Alvar et al., 2012; Ferro
e Silva et al., 2018). It must be noted however that our assessment
of the geographical distribution of research is based on the affili-
ation of the corresponding author and therefore typically shows
the origin of the funding rather than the study region or the loca-
tion of collaborators (e.g. a study on malaria vectors in Venezuela
by a senior author based at a research institute in the United
States will be associated with the latter). Although scientific
instruments, such as thermocyclers and sequencers, have become
more readily available and cheaper and the overall costs for
molecular analyses have decreased, in less economically developed
regions such equipment and consumables often remain highly
expensive (see van Helden, 2012), making it even harder for
researchers in these countries to utilize molecular tools.

With countries in other regions, especially China in East Asia,
increasing their research and development expenditure (UIS,
2019; World Bank, 2019) and many of the world’s largest genomic
institutes and projects, e.g. Beijing Genomics Institute and
Genome Asia 100k, being focused on Asia, we expect a further
shift in these patterns in the future. Looking at the research out-
put from the last five years supports this and reveals a strong
increase in publications from China in the nucleotide and genom-
ics fields. Moreover, since some major parasitic disease agents,
such as Schistosoma japonicum (Gryseels et al., 2006; Wang
et al., 2009) or Toxoplasma gondii (Zhou et al., 2011) are of public
health and economic importance in Asia, we expect an increased
research focus on these parasites and their vectors.

We predict that genomic research on parasites will continue to
expand as part of the search for new anti-parasite drugs and vac-
cines, but parasitological research using Sanger sequencing will
not decline as fast as it might for non-parasitic organisms. In con-
trast to many groups of free-living organisms, much of parasite
biodiversity remains to be found and recorded. Accordingly,
widely used gene markers (such as the mitochondrial COI or
the nuclear 28S rRNA genes) will continue to play key roles in
parasite discovery and taxonomy for years to come.

At the same time, the slower adoption of new ideas or tech-
nologies in basic parasitological research than in general biology
should be remedied. New molecular approaches, such as environ-
mental or eDNA analysis, where DNA (or RNA) is extracted from
environmental or organismal matrices, provide promising tools

for the study of parasitic organisms (Bass et al., 2015).
However, although eDNA surveys have found diverse applications
to study free-living organisms (e.g. Thomsen and Willerslev,
2015; Stat et al., 2017; Hering et al., 2018; Lacoursière-Roussel
et al., 2018), parasitologists have so far been slow to adopt these
methods, with a few exceptions (e.g. Huver et al., 2015; Carraro
et al., 2018; Rusch et al., 2018). This slow adoption is apparent
in other areas, too. For example, although the microbiomes of
parasites are now recognised as hugely important for understand-
ing their biology and controlling them (Jenkins et al., 2019), a
coordinated effort to characterise and analyse parasite micro-
biomes is only a recent initiative (Dheilly et al., 2017), appearing
years after the establishment of other large-scale, organised pro-
grammes such as the Human Microbiome Project, or the Earth
Microbiome Project.

One way for the faster incorporation of new developments in
the study of parasites would be for the walls isolating different
research areas to come down. There exists no society, conference
or journal devoted exclusively to the study of non-parasitic organ-
isms. Indeed, conferences and journals of ecology, evolutionary
biology, or molecular genetics welcome papers on both parasites
and non-parasites. In contrast, there are multiple societies, confer-
ences and journals of parasitology, focused solely on the study of
parasites. This one-sided compartmentalisation of the study of life
may be responsible for the delayed integration of technologies
developed originally for the study of non-parasites, by researchers
focused on the study of parasites. The onus is therefore on para-
sitologists to reach across and fully join the wider biological
research community.

Progress will come from the right blend of old and new tech-
nologies. However, novel approaches and methods need to infil-
trate parasitological research faster than they have for the field
to meet its future challenges, from making headway with the dis-
covery of parasite biodiversity to the mitigation of their impact on
human health.

Conclusions
(i) Our analysis of publication trends shows that parasite-

focused research in the three molecular periods (allozyme,
nucleotide, genomics) follows the same overall patterns as
the general biological research over the years but at a slightly
more conservative rate. Despite the great diversity as well as
ecological and medical importance of parasites, the total
number of studies on parasitic organisms constitutes less
than five percent of the total research output across all
molecular periods.

(ii) Medically relevant parasites, in particular protists, dominate
parasitology research, making up almost 70% of publications.
Across all periods of molecular research, early publications
almost exclusively comprise studies on medically relevant

Fig. 5. Maps showing the publication output (research articles and reviews) during the three molecular periods from 1960 to 2017. (A) Allozyme period; (B) nucleo-
tide period; (C) genomics period. Based on the affiliation of the corresponding author.
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parasites and research on non-human parasites only appears
in significant numbers after a delay of several years.

(iii) Our analysis reveals a gradual shift in research focus between
the three periods, from largely species discovery studies (tax-
onomy and population genetics) in the allozyme period, to
investigating the relationships among various species (phyl-
ogeny) during the nucleotide period, and finally addressing
broader theory-focused questions (evolution) in the genom-
ics period. Altogether, this suggests an increasing complexity
of topics and research questions that can be addressed with
the development of more sophisticated molecular tools.

(iv) With the exception of the allozyme period, the research out-
put on molecular parasite research is dominated by authors
affiliated with, and presumably financed by, institutions in
the United States. Molecular tools are now far more cost-
effective and accessible to researchers around the world,
and the geographic distribution has begun to shift in recent
years as other regions, particularly China, develop their gen-
omic research.

(v) Altogether, we conclude that molecular methods provide
powerful tools for research on parasitic organisms, including
their diverse roles in ecosystems and their importance as
human pathogens. Older methods, such as barcoding
approaches using the COI gene, will continue to provide
valuable items in the molecular toolbox for parasite research
for years to come, since much of parasite biodiversity is still
undiscovered. At the same time, we encourage researchers to
be on the lookout for, and quickly integrate, novel
approaches and methods to advance research on parasitic
organisms.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0031182019000726.
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