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1 Introduction

Human-mediated environmental change is impacting every corner of our planet (Pereira
et al,, 2010). The 2022 Intergovernmental Panel on Climate Change (IPCC) reported that
climate change will cause increased extreme weather events, water and food insecurity,
species loss, and declines in human health (IPCC 2022). Apart from climate impacts,
anthropogenic effects on ecosystems also include moving species from one area to another
either unintentionally (i.e, ballast or fouling) or intentionally (i.e., aquarium trade,
aquaculture, biocontrol, or assisted migration). If the organism is released into the new
environment, it has the potential to become a damaging invasive species. Not all invasive
species are damaging, but the lack of evolutionary history between the invader and recipient
community creates novel interactions with the potential to be antagonistic (Gilman et al.,
2010). Invasive species can be found in all ecosystems and are documented on every
continent (Simberloff, 2013; Bergstrom, 2022). If they do have an impact, they could affect
food supply, fisheries and agriculture, human health, and ecosystem functioning (Charles
and Dukes, 2008). For example, European green crab, Carcinus maenas, has negatively
affected the softshell clam fishery as well as native eelgrass beds which help prevent coastal
erosion (Garbary et al., 2014). Elsewhere, the domestic cat, Felis catus, decimates local bird
and other small prey populations (Baker et al., 2005). In some cases, invasive species have
benefit, including recreational value, such as introduced deer or salmonids, or regulatory
services that help clean up waterways (Sax et al., 2022). Despite perceived benefits, ecological
and cultural effects must be considered across ecosystems and temporal scales.

In 2014, the Invasive Species Specialist Group (ISSG) of the International Union for
Conservation of Nature (IUCN) created a list of “100 of the World’s Worst Invasive Alien
Species.” While invasive species not included in the list are also impactful, these 101 species
were selected due to their relatively large impacts on humans and ecology (Global Invasive
Species Database, 2005). This list has been useful for increasing global awareness and
galvanizing research and mitigation efforts but is not perfect. For example, one recent study
looked at the impact of marine invasive species and found that the listed five marine species
(Caulerpa taxifolia, Mytilus galloprovincialis, Carcinus maenas, Undaria pinnatifida, Pterois
spp. and Mnemiopsis leidyi) had little to no ecological impact on their invaded environments
and a short-lived media impact (Geraldi et al., 2019). Furthermore, only one species of a
given genus was chosen for the “Worst” list, where in some instances several congeneric
species have invaded regions (e.g., North American freshwater systems by Dreissena spp.).
The worst invasive species list includes fungi, plants, invertebrates, and vertebrates affecting
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six of seven continents. As of yet, none of these listed invasive species
have reached Antarctica, though several species may have the
physiological capacity to survive if introduced (Tepolt and
Somero, 2014). While the World’s 100 Worst Invasive Alien
Species List ought to be updated to better reflect the impacts and
taxonomic breadth of invasive species, it remains widely cited (more
than 2,600 times as of August, 2018) in the scientific literature and its
species serve as models for invasion issues (Geraldi et al., 2019).

As invasive species continue to spread and threaten native
biodiversity, detection and management are critical to protecting
ecosystems, fisheries, and human wellbeing (Pimentel et al., 2004).
Our ability to combat invasive species is hindered by lack of genetic
information (Matheson and McGaughran, 2022), highlighted by the
fact that 52 of the World’s Worst species do not have a fully
sequenced reference genome listed in NCBI's Genbank. Having a
full genome for these species would augment early detection through
environmental DNA or ploidy testing, and allow for investigation
into population genetics, transcriptomics, genomics, and control
methods such as genetically modifying organisms. Here, we
advocate for full genome sequencing for the remaining World’s
Worst species, outline a plan for collecting the remaining specimens,
and calculate the cost of completing the remaining sequencing. Our
ability to manage invasive species using genomics-based research is
within reach (Sepulveda et al., 2020).

2 Why?

Full genome sequencing has a variety of applications, from early
species detection to population control, with several applications
highly relevant for invasive species management (Figure 1).
Environmental DNA (eDNA) methods have been used for the
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early detection of species in aquatic ecosystems (Ficetola et al.,
2008; Sepulveda et al., 2020). Environmental DNA is shed into the
environment (air, soil, ice, and water) as an organism undergoes its
normal activities; respiring, reproducing, and naturally exuding
fluids and cells (Deiner et al, 2017; Taberlet et al., 2012). This
eDNA can be extracted from a sample and used in molecular
techniques to detect single species (e.g., quantitative polymerase
chain reaction [qPCR]), the presence of males (e.g., via PCR
targeting Y-linked genes like mammalian SRY), intraspecific
genetic  diversity (e.g.,
polymorphisms),

microsatellites and single-nucleotide
of (e.g.,

metabarcoding). Due to the sensitivity of these methods, eDNA

or a community species
techniques can be used without direct capture of an organism,
allowing for early detection of invasive or cryptic species. Indeed,
several studies have found eDNA methods are to be a valuable part
of early detection strategies for invasive species (reviewed in Fonseca
et al,, 2023). Whole genome sequencing for the remaining World’s
Worst Invasive Species would assist in eDNA invasive species
detection by broadening the loci available for metabarcoding and
qPCR assays to ensure species specificity. For example, when
developing eDNA assays to detect a certain species, often looking
outside of the typically used barcode genes provides increased
opportunity to ensure species specificity (Lim and Thompson,
2021). Further, whole genome sequencing would open the door
for broader use of molecular tools for population genetics
applications that can require dozens to thousands of informative
loci (Sigsgaard et al., 2016; Wheat et al., 2016; Adams et al., 2019,
Adams et al., 2022; Andres et al., 2021, Andres et al., 2023).
While early detection with eDNA is one use of whole genome
sequencing, it is but one of many potential applications for the use of
these data. Whole genomes will bolster population genetic/genomic
studies by providing a map for low-coverage genome sequencing.
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Conceptual diagram outlining benefits of whole genome sequencing for the study of invasive species.
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Population level research focusing on invasive species can help
researchers gather information on the amount of introduction
events (propagule pressure), genetic bottlenecks, generation time,
natural selection, and genetic drift of the population in the recipient
community. Additionally, these data can be used to investigate gene
expression (transcriptomics) for the invading and native species and
can then be used to identify novel genes that are under selection and
up/downregulation. Furthermore, by comparing intraspecific and
interspecific similarities in the genomes of invasive species, there is
potential to predict future invasions through genomics informed
species distribution modeling (Hamelin and Roe, 2020; Hudson
et al,, 2021). For example, genetic mapping of Ophiostoma novo-
ulmi helped identify the gene transfer that causes Dutch elm disease
to be incredibly invasive (Paoletti et al., 2006).

Lastly, whole genome sequences can assist in control methods
for invasive species. These applications include genetically
modifying organisms to decrease fecundity or otherwise decrease
population levels using molecular techniques such as CRISPR/Cas9
(Liand Scott, 2016). Ploidy testing can be useful for assessing harms,
as polyploidy in plants has been shown to increase invasiveness
(i.e., Beest et al., 2012), and natural or synthetic ploidy may decrease
the success of an invasive species. Transgene-based gene drives use
RNA or polypeptides to modify an organism’s effect on the recipient
community. Gene drive methods have been investigated for invasive
mosquitoes to decrease disease transmission and have been
considered to control reproduction of mice populations on
islands (Gierus et al., 2022; Harvey-Samuel et al., 2019). Indeed,
with any use of genome editing, ethical and biological considerations
must be taken to mitigate any potential negative effects.

3 Estimated cost of sequencing and
sample collection

Currently, genomic sequencing costs are conservatively
estimated to be approximately $5,000 per Gb of the genome,
based on externally sourced prices from a number of commercial
facilities (A. Mahon, unpublished data). Genome sizes for each of
the species lacking a sequenced genome were estimated by
comparing data from closely related species (Leitch et al., 2019;
Gregory, 2022). Other genome sizes have been estimated through
real-time PCR or flow cytometry (Wilhelm et al., 2003; Johnston
et al., 2019; Leitch et al,, 2019; Gregory, 2022). To obtain the best
estimates for genome sizes, if many related species had their
genomes sequenced, the estimated genome size represents an
average of those species (see Supplementary Table S1 for
estimates). If between two and five related species had their
genomes sequenced, the estimate reflects the largest genome size.
For these 52 species, total sequencing cost is estimated to be less than
$600,000. One species, Pinus pinaster, has a large, estimated genome
size, which may be inflating the cost to sequence and should be
investigated further.

The true global costs of invasive species are largely unknown and
unquantified. However, Cuthbert et al. (2022) estimated the cost,
with 60 of the 100 worst invasive species for which estimates are
reliably known, to be at least $148.9 billion (USD), or approximately
248 times greater than the total cost ($0.6 million USD) of
sequencing the 52 un-sequenced invasive species. The economic
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benefits of the 100 worst invasive species, such as Oreochromis
mossambicus as a food source, are also largely unknown (but see Gu
et al., 2019) for a discussion of a cost-benefit trade-off for tilapia).
However, if the invasive species is a net benefit overall, there are
emerging conservation and management benefits to also having the
whole genome sequencing information available (Shafer et al., 2015).

We strongly recommend that sample collection and sequencing
occur in the native range of the organism in question if possible.
Sequencing from the native region ensures that any loss in diversity
resulting from genetic bottlenecks, which are common in invasive
species populations if few organisms are introduced, will not skew
the genomic data. This recommendation only stands if the organism
is not endangered or hybridized in its native range; to our
understanding, none of these 52 species fall into this category,
however  Oreochromis — mossambicus is  considered “near
threatened” in its native range due to hybridization (Firmat et al,
2013). We also recommend that the samples be processed in the
native region, if possible, for both logistical and equity reasons. First,
given complications arising from the Nagoya protocol and
restriction on shipping samples in ethanol, sequencing nearby the
point of collection would be easier and cheaper. Further, sequencing
locally would direct scientific funds more equitably across the world,
helping to build and strengthen genomics capacities in underserved
areas that would improve research and public health both locally and
globally (Blasiak et al, 2020; Knyazev et al, 2022). If local
sequencing is not possible, we recommend using the Nagoya
protocol for data sharing to ensure there is an equal benefit to all
participating groups, with consent and cooperation with indigenous
groups and communities (Convention on Biological Diversity,
2011). Invasive species genomes may benefit these groups by
decreasing the risk of invasive species impacts on local
ecosystems and food security via enhanced early detection and
mitigation tools, so we believe sharing this knowledge with them

quickly and accurately is extremely important.

4 Discussion

The World’s 100 Worst Invasive Species list aims to unite
researchers and managers around the world to mitigate the
spread and harms of biological invasions. Genomics can play a
key role in this aim, but is currently hampered by lack of reference
genomes, even though obtaining such genomes is easier and more
affordable than ever. We see a great opportunity for collaborative
efforts to obtain these missing genomes and increase genomic
world.  To
opportunity, researchers and funders must recognize that the
benefits of reference genomes extend further than individual

research capacity throughout the realize this

projects and value these contributions accordingly. In this way,
we can propel invasion genomics research forward in a way that
benefits the world equitably.

A significant number of the World’s Worst Invasive Species do
not have their genome sequenced. As we have highlighted here,
genome sequencing will help with the early detection of these
invaders and increase our general knowledge of invasion biology
and population ecology. Ultimately, filling this genetic knowledge
gap may allow scientists to work towards molecular strategies
leading to the control or eradication of pests. Sequencing costs

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1258880

Lancaster et al.

are continuing to drop. As calculated here, the remaining
sequencing could be done for less than $1 million dollars. We
hope that by calculating the cost and suggesting a way forward,
this message will motivate groups of researchers to complete the
required sequencing of the World’s Worst and carry on with other
more costly invasive species (Cuthbert et al., 2022).
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