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Abstract: 

Phylogeographic studies are helpful in reconstructing invasion history and population dynamics. 

Since the first introduction of Amynthas species into the United States in the 1930’s, Amynthas 

species (invasive jumping worms) have spread throughout the eastern United States and into 

Canada. Three Amynthas species, Amynthas agrestis, Amynthas tokioensis, and Metaphire 

hilgendorfi, all affect productivity and nutrient cycling in soil and forested ecosystems. Recent 

studies have used the COI barcoding region to track invading taxa and elucidate cryptic 

diversity.  

This study investigates populations of Amynthas species on the Hamilton College campus. Using 

the COI barcoding region to conduct a phylogeographic investigation, we analyzed (n = 80) 

specimens and found five distinct haplotypes on the Hamilton College campus. Three lineages 

were Amynthas tokioensis, the other two haplotypes were Amynthas agrestis and Metaphire 

hilgendorfi. The largest species sampled was Amynthas tokioensis (n = 63). Amynthas agrestis 

and Metaphire hilgendorfi had 11 and 5 individuals identified, respectively. Low haplotype 

diversity suggests a low rate of invasion and few introduction events. The large Amynthas 

tokioensis population and three haplotype lineages suggest that the species is more established in 

upstate New York. Amynthas tokioensis could also be outcompeting the other two species.  
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Introduction 

Importance 

Over the past two decades, the pace of worldwide industrialization and globalization has 

dramatically increased (Schult et al. 2016). The global connectivity of human populations has 

had wide-ranging effects on our communities and natural environments (Crowl et al. 2008). New 

trade routes between previously disconnected and isolated countries, as well as enhanced 

transportation technology, have quickened the spread of non-native species (Schult et al. 2016). 

U.S. international trade and travel has provided pathways for foreign species transmission and 

introduction that were not possible a few decades ago (McCay et al. 2020). As global 

infrastructure continues to grow, human-mediated transportation pathways, such as airplanes or 

cargo barges, have further accelerated the rate of dispersal of non-native species (Schult et al. 

2016; McCay et al. 2020). This is because invasive species are likely to spread through pathways 

that have high levels of human activity (Cameron & Bayne 2009; Novo et al. 2015). These 

pathways have large dispersal corridors that are permeable to invasion and are regularly 

disturbed, making them susceptible to opportunistic fast-growing species (Cameron & Bayne 

2009; Ruis and Turon 2012). The trans-oceanic transportation of invasive species can occur in 

the ballast water of ships, in organic materials, or with plants and produce (Cameron et al. 2008; 

Schult et al. 2016; Chang et al. 2016).  

Corn et al. 1999 estimated that of the 50,000 species in the United States, 4,300 were 

non-native and invasive species. While invasive species stem from many geographic regions 

around the world, an increasing number of invasive species are coming from Asia (Crowl et al. 

2008). Numerous non-native species from Asia, such as carp, mussels, and earthworms, have 

successfully implanted themselves within North American ecosystems and have caused great 

ecological and economic damage (Crowl et al. 2008). Here in New York State, species such as 

the Asian Longhorn Beetle and Hydrilla, both which originate around Australia and Asia, have 

recently had devastating effects on terrestrial and aquatic environments (DEC). In fact, invasive 

species are the second leading cause, after human population growth, of species and population 

extinction and endangerment in the United States (Crowl et al. 2008). Invasive species alter 

ecological dynamics, shift richness and abundance, and drive extinction (Cameron et al. 2008; 

Crowl et al. 2008; Chang et al. 2016; Schult et al. 2016). Annually, invasive species cost the U.S. 
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an estimated 120 billion dollars in environmental damage and restoration efforts (Crowl et al. 

2008).  

While conservationists and scientists recognize the importance of understanding how 

invasive species affect different ecosystems, little attention has been devoted to invasive soil-

dwelling organisms despite their importance to soil ecosystems (Novo et al. 2015). Invasive 

Asian earthworms, in the genus Amynthas and family Megascolecidae, have been of particular 

concern because of the harmful effects they have on soil ecosystems, causing significant changes 

in forest ecosystems (Schult et al. 2016). This serves to orient the reader to Asian invasive 

earthworms. Specifically, three species of Asian invasive earthworms, referred to as invasive 

jumping worms, common in New York (McCay et al. 2020; Chang et al. 2021). These three 

species, Amynthas agrestis, Amynthas tokioensis, and Metaphire hilgendorfi, all have established 

populations locally (Chang et al. 2021).  

 

Taxonomy and origin 

Amynthas agrestis, Amynthas tokioensis, and Metaphire hilgendorfi are referred to as 

pheretimoids (McCay et al. 2020). Pheretimoids belong to the Megascolecidae family in 

the Pheretima complex (Chang et al. 2016; McCay et al. 2020; Chang et al. 2021), this complex 

includes members of Amynthas, Metaphire, Pheretima species, and related genera. Worldwide, 

soil organisms make up around one fourth of described biotic life, earthworms comprise about 

3,700 species (Dacaens et al. 2013). There are more than 1000 described species of pheretimoids 

worldwide, and the species-rich group is dominant in forest, grassland, and agricultural 

communities around the Asian-pacific (Chang et al. 2021). Amynthas and Metaphire originate in 

tropical and temperate East Asia, mainland Southeast Asian, and Australia (McCay et al 2020; 

Chang et al. 2021). However, pheretimoids have become abundant in South Africa, South 

America, Oceania, and North America (McCay et al 2020). Many studies have referred to their 

spread as a “second earthworm diaspora” (McCay et al. 2020). There are 16 pheretimoid 

earthworm species currently known to have invaded North America (Chang et al. 2021).  

Invasive jumping worms are now widespread in the Eastern United States. Amynthas 

agrestis, Amynthas tokioensis, and Metaphire hilgendorfi have been identified throughout the 

Southeast, Mid Atlantic, and Northeast (Schult et al. 2016; Chang et al. 2016). Chang et al. 2016 

identified the range of Amynthas agrestis, Amynthas tokioensis, and Metaphire hilgendorfi to 
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extend as far west as Wisconsin and Illinois and as far north as Maine. They have not yet been 

documented in the U.S. west of the Rocky Mountains (Chang et al 2021). This may be because 

habitat matching facilitates invasion, the similarity of subtropical and temperate climates in 

Asian countries helped Amynthas first colonize the southern U.S (Novo et al. 2015). Locally in 

Clinton, New York, studies from the past decade have identified Amynthas agrestis 

and Amynthas tokioensis (Bohlen et al. 2004; Schult et al. 2016; Chang et al 2021). However, 

research in the Reynolds lab at Hamilton College have sampled all three species, including 

Metaphire hilgendorfi which wasn’t shown to be present before.  

 

Morphological characteristics and life history 

Pheretimoids have common morphological characteristics (McCay et al. 2020). These 

three species look very similar and, because they live in the same habitat, they are all often 

mistakenly identified as Amynthas agrestis (Chang et al. 2016; Chang et al. 2018). In general, 

earthworms are identified by their internal and external reproductive organs, length, color, 

segmentation, and size (Chang et al. 2021). Because of this, identifying juveniles by 

morphological characteristics to the species level is not possible, in adults it is still difficult to 

identify individual specimens to the species level because of male reproductive degeneration and 

parthenogenesis (Chang et al. 2021). They have long bodies and cocoons that are resilient and 

long lived (McCay et al. 2020). This, combined with the fact they have broad diets and face low 

predation and parasitism rates, allows them to rapidly spread and colonize new environments 

(McCay et al. 2020).  

In North America, there are several regional/common names for Asian invasive 

earthworms, these earthworms are named for behavioral characteristics (Chang et al. 2021). In 

Kansas, invasive Asian earthworms are called disco-worms but in a majority of the United States 

they are known as jumping worms (Chang et al. 2021). Invasive jumping worms earned their 

name because of their serpentine motion and ability to jump on surface soils. Not all 

pheretimoids jump, however that jumping motion is an unintended consequence of their violent 

thrashing form of locomotion (Chang et al. 2021). 

Amynthas agrestis ranges from 70-160 mm by 5-8 mm in size and usually has 63-110 

segments. Specimens are red, yet the species is difficult to identify because of the lack of post-

clitellar genitalia. Amynthas agrestis is epi-endogeic and has invaded U.S. forests because of its 
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dietary flexibility. The species competes for local niches with species such as millipedes and is 

commonly used in commercial mulch for horticulture and landscaping, which most likely has 

quickened their spread. Amynthas tokioensis is slightly smaller, ranging from 30-125 mm by 3-7 

mm in size. The species has 84-102 segments that are colored red or brown. The species has post 

clitellar genitalia markings with small, circular disks on each side. The species was historically 

referred to as Pheretima levis or Metaphire levis and is believed to have been directly introduced 

from Japan in 1947 (Chang et al. 2021). Reproduction of Amynthas tokioensis is parthenogenetic. 

Metaphire hilgendorfi was first known as Amynthas hilgendorfi in North America. The species is 

109-170 mm by 6-8 mm in size and has 98-118 segments. Usually, specimens are red or reddish 

brown when alive. Metaphire hilgendorfi is only one of two species present in the United States 

that has spread far north into Canada (All from Chang et al. 2016).  

The three species share an annual life cycle. Cocoons overwinter from the end of 

November to April (McCay et al. 2020). Cocoons are especially hearty and resilient; they extend 

propagules that help them endure tough winter conditions or overpopulation waiting for the right 

time to hatch (McCay et al. 2020). In May and June juveniles hatch and mature, from July to 

October adults prepare for mating (McCay et al. 2020).  

 

Invasion history and ecological effects 

Native earthworms were exterminated from most of North America during the 

Pleistocene glaciations more than ten thousand years ago (Cameron et al. 2008; Schult et al. 

2016; Chang et al. 2016). As the Wisconsin glacial shield retreated, few native earthworms were 

left. European earthworms were introduced to the Americas during European colonization, most 

likely introduced through the dumping of materials used in ballast and transport of goods and 

materials on ships (Cameron et al. 2008; Schult et al. 2016; Chang et al. 2016). Today, the 

dominant earthworm species currently inhabiting North America are native to Europe (Schult et 

al. 2016). While European earthworms have had significant ecological impacts on Northern 

ecosystems, Amynthas are of special concern because their environmental effects and range are 

not fully understood (Schult et al. 2016).  

Amynthas agrestis, Amynthas tokioensis, and Metaphire hilgendorfi are common 

throughout the eastern United States despite their relatively recent introduction and highly 

damaging to forested ecosystems (Chang et al. 2021). Amynthas agrestis, Amynthas tokioensis, 
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and Metaphire hilgendorfi were not present within the United States until the 1930’s. Amynthas 

agrestis was first sampled in 1939 in Maryland. Amynthas tokioensis was first sampled in 1947 

in New York City. Metaphire hilgendorfi was first sampled in 1948 in Albany, New York 

(Chang et al. 2021). Some scientists believe that these species arrived with cherry trees donated 

by Japan to the United States that were planted around Bethesda, Maryland and Washington 

D.C. (Chang et al. 2021). However, presumably invasive jumping worms had more than one 

introduction event as U.S. trade increased with the Pacific over the last century (Schult et al. 

2016). Once within the United States, invasive earthworms most likely spread along commonly 

used transportation routes such as highways (Cameron et al. 2008). Amynthas have especially 

high rates of mobility, reproduction, and are epigeic, which allows species to be opportunistic 

and respond to environmental disturbances that other species cannot (Novo et al. 2015). Notably, 

Amynthas’ ability to aestivate, its physiological plasticity, and parthenogenesis could also aid in 

invasion (Novo et al. 2015).  

Asian invasive jumping worms have wide-ranging effects on the abiotic and biotic 

environment (Bohlen et al. 2004; Novo et al. 2015; Laushman et al. 2018). Earthworms are 

ecosystem engineers, causing significant changes to the structure and functioning of the 

ecosystems they inhabit by burrowing, mixing, and casting soils (Vitousek 1990; Bohlen et al. 

2004; Cameron et al. 2008). Ecosystem engineers are defined as organisms that directly or 

indirectly modulate the availability of biotic and abiotic resources (Vitousek 1990). Earthworms 

are specifically allogenic engineers because they change biotic and abiotic materials from one 

state to another (Vitousek 1990). This is opposed to autogenic ecosystem engineers that change 

the environment through their own physical structures, an example of which are beavers 

(Vitousek 1990). Earthworms change the ecosystem, specifically soils, through altering the 

physical environment and limiting the quality and quantity of resources available to native 

species (Cameron et al. 2008; Novo et al. 2015; Schult et al. 2016). Because earthworms modify 

the surface soil, which is essential for plant and fungal growth (Bohlen et al. 2004; Laushman et 

al. 2018).  Therefore, earthworm invasions have significant impacts on nutrient cycling, food 

webs, and plant communities that depend on the exchange of resources and energy between the 

soil and upper-level ecosystems (Bohlen et al. 2004; Laushman et al. 2018). Earthworm 

invasions can rapidly alter soil structure, humus forms, and plant communities (McLean & 

Parkinson 2000; Bohlen et al. 2004; Schult et al. 2016; Laushman et al. 2018). This occurs 
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because earthworms consume some of the carbon stored in leaf litter and redistribute it much 

more quickly than normal environmental processes (Laushman et al. 2018). In addition, their 

burrowing and feeding behavior redistributes nutrients and changes the properties of soils and 

soil pH (McLean & Parkinson 2000; Bohlen et al. 2004). Earthworms shift the soil cycling from 

a slower cycling system, dominated by fungi, to a faster cycling system, dominated by bacteria 

(Bohlen et al. 2004). Dramatic changes in litter-soil composition and habitat have cascading 

effects in the organisms living in it (Bohlen et al. 2004; Cameron et al. 2008; Schult et al. 2016).  

Organic material within soils provides microhabitats for microbial and fungi communities 

(McLean & Parkinson 2000). Due to the feeding behavior and effects of earthworms on soil 

composition, disturbed soils tend to favor opportunistic fast-growing fungi and limit competition 

(McLean & Parkinson 2000; Bohlen et al. 2004). Some studies have found that earthworm 

invasions alter local microbial and fungi communities (McLean & Parkinson 2000). In some 

cases, the effects of epigeic invasive earthworms correlated positively with fungal dominance 

and negatively with fungal richness and diversity (McLean & Parkinson 2000).  

Invasive earthworms can have detrimental effects on vertebrates as well. Earthworms are 

important in Red-backed salamander diets (Bohlen et al. 2004; Student & Marchand n.d.). 

Salamanders eat earthworms which are a protein rich food. The presence of earthworms in adult 

salamander diets has been seen to increase adult salamander health and fecundity (Bohlen et al. 

2004; Student & Marchand n.d.). However, some studies have found that there is a negative 

correlation between the presence of earthworms and juvenile salamander health (Bohlen et al. 

2004; Student & Marchand n.d.).  

 

Phylogeography 

Assessing, researching, and addressing the effects of invasive jumping earthworms 

requires a comprehensive understanding of species and population distribution. Multiple 

methodological processes have been used to identify species and track their distribution 

throughout the United States. Phylogeography is an integrative discipline that attempts to 

understand the geographic and spatial ordination of genotypes (Rius & Turon 2012; Novo et al. 

2015). Phylogeography aims to investigate the relationship among geographic history and the 

mechanisms driving speciation (Rius & Turon 2012). Phylogeographic analyses have been used 

to create haplotype networks, mismatch analyses, genetic differentiation estimators, and 
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phylogenies (Ruis and Turon 2012). This approach has become important in the study of 

invasive and non-native species because phylogeography can be used to reconstruct the history 

of species invasion and can help in predicting or managing the spread of invasive species (Schult 

et al. 2016). Phylogeographic analysis can determine if non-native populations are founded by a 

single or multiple introduction event (Cameron et al. 2008). Populations introduced through a 

single introduction event tend to show reduced genetic diversity and variation compared to 

populations founded through multiple introductions events (Cameron et al. 2008). Single 

introduction events result in genetic bottlenecking that leads to reduced genetic diversity (Novo 

et al. 2015). Because founding events will dramatically decrease genetic variation within new 

populations, invasive populations should be less genetically diverse than the populations which 

they come from (Ruis and Turon 2012; Novo et al. 2015). However, there are various other 

mechanisms that can affix and reduce genetic variation, such as reproductive isolation due to 

mutation or hybridization (Ruis and Turon 2012). Some founding populations do not experience 

reductions in genetic diversity because their fixed alleles confer reproductive success potential 

(Ruis and Turon 2012). Multiple introduction events promote successful colonization and 

invasion because they enhance genetic diversity and, subsequently, suggest the rapid adaptation 

and expansion of a species range (Cameron et al. 2008; Novo et al. 2015). 

Phylogeographic analysis hinges on a healthy sample size of specimens and assumes 

long-term natural evolutionary processes occur (Ruis and Turon 2012; Novo et al. 2015). The 

term should only be used to refer to specific analytical methods used to infer historical processes 

leading to modern geographic distribution (Ruis and Turon 2012). Phylogeography, being 

hypothesis driven, also depends on certain assumptions about mutation, drift, and migration 

being at equilibrium (Ruis and Turon 2012; Chang et al. 2021). There are also unique benefits of 

phylogeography, each specimen within a study can be individually identified, and molecular 

methods/barcodes of identification are available for pheretimoid earthworms.  

 

Molecular markers and DNA barcoding 

An essential discovery in evolution biology and ecology is the discovery of molecular 

markers (Dai et al. 2012). The use of molecular markers and DNA barcoding is revolutionary 

because it allows for the identification of specimens when morphological identification isn’t 

possible. Earthworm identification at the species level requires high-level taxonomic expertise 
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and is prone to error (Decaëns et al. 2013). This is because earthworms lack common, stable 

diagnostic characteristics (Decaëns et al. 2013). Juveniles also commonly lack many of the 

sexual attributes that can be used to identify adults and other traits can be environmentally 

induced (Decaëns et al. 2013). DNA barcoding has been tied to not only in species diversity 

research, but has been essential in cryptic diversity, alpha taxonomy, and phylogeography and 

population genetics (Decaëns et al. 2013). While DNA barcoding most likely can’t help with 

supra-specific species level identification and analysis, the phylogeographic information it 

contains is beneficial at the species and community level (Decaëns et al. 2013). Notably, one of 

the first uses of DNA barcoding in the phylogeographic analysis of earthworms was the Chang 

and Chen 2005 study that used COI patterns to propose the biogeographical history of Amynthas 

species in Taiwan. In our research, DNA barcoding could be specifically used in the 

phylogeographical study of distribution, nucleotide, and haplotype diversity to recreate and 

interpret the history of local Amynthas invasions.  

Many scientists have argued that the COI barcoding region should be a global standard 

for identification (Hajibabaei et al. 2007, Decaëns et al. 2013, and Nouri-Aiin et al. 2021). The 

mitochondrial cytochrome c oxidase subunit I (COI) has been used as a standard genetic marker, 

or barcode, for animals because of its stability (Cameron et al. 2008; Dai et al. 2012; Schult et al. 

2016; Chang et al. 2021). The 5’ end of the COI gene has proven less effective with diverse taxa 

such as algae and fungi (Dai et al. 2012). Studies have suggested using various parts of the 

mtDNA to look for other barcode loci (Dai et al. 2012). The nuclear ITS regions ITS1 and ITS2 

have been used for barcoding in fungi and plants (Dai et al. 2012). DNA barcoding is based on 

the premise that individuals within a species have distinct mutations within the genome 

(Hajibabaei et al. 2007). Specifically, variation within these short genetic sequences allow 

researchers to determine genetic and phylogenetic relations because genetic variation between 

species exceeds that within species (Hajibabaei et al. 2007).  

Like the barcode itself, methods of analysis are wide ranging depending on each study’s 

intended purpose. Phylogeographic models can be used to characterize the dynamics of invasive 

species spread (Lustig et al. 2017). Examples of methods include Bayesian methods, clustering 

methods, tree-based models, and distance-based models (Dai et al. 2012). Analyses of nuclear 

and mitochondrial genetic material can reveal origins and phylogeography of invasive species 

(McCay et al. 2020). Specific models can even account for the role of landscape structure, 
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dispersal patterns, and survival and reproduction rates within a population (Lustig et al. 2017). 

Genomic data is invaluable in addressing taxonomic mysteries. Phylogeographic analyses are 

most used to detect patterns of evolutionary change over time and space. However, 

phylogeographic analyses can also be used to track cryptic invasions, species origin and 

pathways, invasion events, and assess hybridization and introgression (Ruis and Turon 2012). 

Well established phylogeographic analyses, such as FST and AMOVA, can be based on changes 

in allele frequency. Bayesian models and highly advanced GTR+I+G evolutionary are also 

commonly used in phylogeographic analysis (Ruis and Turon 2012; Schult et al. 2016). These 

analyses are essential in the management and control of invasive species.  

 

Genetic isolation, PCR, and sequencing 

The genetic identification of individual specimens, specifically of the COI gene, follows 

well understood protocols (Cristescu 2015). Samples used for genetic identification are usually 

snippets of tissue or tail snips. Total genomic DNA is extracted from tissue using DNA isolation 

and purification kits such as the DNeasy Blood & Tissue Kit (Cristescu 2015; Nouri-Aiin et al. 

2021). Isolated gDNA is then washed, purified, and cleaned for PCR amplification (Nouri-Aiin 

et al. 2021). The ~650 base pair fragment of the COI gene is amplified using kits like the 

HotStartaq Plus mm Kit; COI primers are well known, and PCR products usually need to be 

visualized on agarose gels before they are sent to laboratories for exact genomic sequencing. 

Some species can be identified using much shorter segments of the COI gene, especially in 

samples that have been degraded (Hajibabaei et al. 2007). PCR is usually conducted using 

MegaCOI-F and MegaCOI-R primers (Cristescu 2015). There are distinct PCR protocols for 

amplifying the COI and ITS regions. The COI PCR is 94°C for 2 minutes, 40 cycles of 94°C for 

20 seconds, 54°C for 20 seconds, 72°C for 45 seconds, and a final extension at 72°C for 10 

minutes (Dai et al. 2012). Sequencing is usually done by an outside laboratory and sent back to 

scientists for phylogeographic analysis (Cristescu 2015). Once genetic sequences are identified 

they are compared to known earthworm sequences using the BLAST function in GenBank.  

Many molecular markers and analytical approaches have been employed to reconstruct 

invasion histories from genetic information (Schult et al. 2016; Decaëns et al. 2013; Dai et al. 

2012). However, there are next generation techniques that can be used for DNA extraction, 

amplification, and sequencing that aren’t as labor intensive and costly as traditional DNA 
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barcoding. Nouri-Ajin et al. 2021 developed a method that can distinguish between species of 

concern using simple gel electrophoresis of amplified PCR products. Specifically, the multiplex 

protocol targets differences within the COI gene of Amynthas agrestis, Amynthas 

tokioensis, and Metaphire hilgendorfi. The protocol identified differences within the COI gene of 

each species to yield different amplicon sizes. Thus, after isolating genetic material PCR is 

conducted with species specific primers that will replicate regions of distinct sizes. This allows 

the use of simple gel electrophoresis to differentiate between Amynthas agrestis, Amynthas 

tokioensis, and Metaphire hilgendorfi. The method costs a fraction of the cost of COI 

identification and sequencing because it doesn’t involve sending products to a separate lab, and it 

has been proven to be 100% effective and accurate with all three Amynthas species discussed 

here (Chang et al 2021; Nouri-Ajin et al. 2021).  

 

Invasive species management 

The control of invasive species has become one of the most expensive and urgent tasks in 

the U.S. (Vitousek 1990; Crowl et al. 2008). Invasive species have profound consequences on 

the ecosystems they occupy (Crowl et al. 2008). While Amynthas invasions may not have 

disastrous effects on forest ecosystems, the disturbances they cause make secondary invasions 

more likely (Vitousek 1990). Preservation and conservation measures have traditionally worked 

to protect natural communities from disturbances (Vitousek 1990). However, modern empirical 

evidence and theory has demonstrated moderate levels of disturbances promote maximum 

species richness (Vitousek 1990). Therefore, conservation and preservation plans addressing 

Amynthas invasions should look to balance disturbances caused by Asian invasive earthworms 

with ecological disturbances, such as fires, storms, and droughts, important in maintaining 

ecosystem health. 

Amynthas management and control plans have developed in complexity over the past 

decade. Early detection is essential for stopping the future spread of invasive organisms. The use 

of citizen science, awareness, and hotline programs all help in tracking the spread of invasive 

species in real time (McCay et al. 2020). Master gardeners and composters, specifically, are 

groups that are highly trained in identifying earthworm species and are likely to come in contact 

with them regularly (McCay et al. 2020). EMG hotline exists for reporting invasive specimens 

and programs such as WormWatch and Open-Air Laboratories are engaging citizen scientists in 



14 
 

soil reporting and monitoring programs throughout the eastern U.S. and United Kingdom 

(McCay et al. 2020). Because pheretimoids, such as Amynthas agrestis, Amynthas 

tokioensis and Metaphire hilgendorfi, are epi-endogeic and spend time at the soil surface, 

researchers have looked at if physical control is possible. Hand collection does not seem 

practical because many adults will burrow. Prescribed fires have been used to treat infected 

forests, because cocoons cannot survive temperatures above 40o C. This is one possible option 

for treatment (McCay et al. 2020). While studies have found Amynthas specimens are killed by 

prescribed fires, most research found no significant difference in populations between 

experimental burn-plots and control plots (McCay et al. 2020). Identifying thermal limits of 

Amynthas cocoons, juveniles, and adults could create novel ways to treat them using composting 

and solarization. Chemical control is also difficult because there are no known pesticides 

currently (McCay et al. 2020).  

 

Aims and hypothesis 

This study intends to look at the species history, geographic origin, and spread, of Asian 

invasive earthworms. We investigate the history of these earthworms’ invasions into the local 

upstate New York region, and how phylogeography can be used to study their invasion history.  

The aim of this study is to use previously captured Amynthas agrestis, Amynthas 

tokioensis, and Metaphire hilgendorfi to explore the genetic diversity and phylogenetic 

relationships of each species within local populations on the Hamilton College campus. 

Furthermore, using genetic and phylogenetic relatedness we aim to investigate the history of 

jumping worms’ invasions into the local upstate, New York region.  
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Methods 

Sample collection and preservation 

Amynthas samples were collected in September and October of 2020 on the Hamilton 

College campus. Earthworms were sampled at distances of 0, 10, 20, 30, and 40 meters from a 

nearby path in the Root Glen near Bundy Café at five-minute search intervals. Samples (n = 94) 

were extracted manually by hand. After collection, worms were anesthetized in 10% ethanol. A 

tail snip of 1–2 mm of tissue was taken and preserved in RNAlater for total genomic DNA 

isolation in the Reynolds Lab at Hamilton College.  

 

DNA extraction and amplification 

For DNA extraction, amplification, and sequencing, tail snips were removed from 

RNAlater and digested with proteinase K and gentle agitation for 12 hours at 56oC. Once tissue 

was broken down, total genomic DNA was isolated via elution using the QIAGEN 

(Germantown, MD; www.qiagen.com) DNeasy Blood & Tissue Kit (Appendix 1). The gDNA 

was labeled and stored at -20oC.  

The COI (cytochrome c oxidase subunit I) gene was chosen for amplification and 

specimen identification as described above (Hajibabaei et al. 2007; Decaëns et al. 2013; Nouri-

Aiin et al. 2021). MEGA primer sequences, designed specifically for Amynthas agrestis, 

Amynthas tokioensis, and Metaphire hilgendorfi (Schult et al. 2016), were used for polymerase 

chain reaction (PCR) amplification, using QIAGEN HotStarTaq DNA polymerase (Appendix 2). 

MegaCOI-F primers were [5’-TAYTCWACWAAYCAYAAAGAYATTGG-3’]. MegaCOI-R 

primers were [5’-TAKACTTCTGGRTGMCCAAARAATCA-3’].  

Forty PCR cycles of denaturation at 95°C, annealing at 40°C, and extension at 72°C were 

preceded by 95°C for 5 minutes to activate the DNA polymerase and followed by 5 mins at 72°C 

and stored until collection at 4°C and stored long-term at -20°C. PCR amplicons were visualized 

on 1% Agarose with 0.5X TBE buffer (Appendix 3). Agarose gels were imaged on Bio-Rad 

Chemidoc Xrs+ System using UV trans illumination to check for amplification success and 

purity before sequencing (Appendix 4).  

 

COI barcoding 
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COI barcoding of the specimen samples collected (n = 94), 54 specimen samples were 

processed in academic year 2020-21 and 40 were processed during academic year 2021-22 (by 

the author and Kiana Arcayena). Amplicons were sent to GENEWIZ for sanger sequencing 

(South Plainfield, NJ; www.genewiz.com) (Appendix 6). Sequences were edited in Unipro’s 

UGene. Consensus sequences were constructed from forward and reverse contiguous sequences 

using MUSCLE alignment. Species identification was done using NCBI Nucleotide Blast 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi), based on percent identity and E-value (Appendix 7).   

Sequences PCR# 29.6, 29.8, 30.4, 30.5, 30.6, 30.7 and 30.8 were omitted because of 

errors in sanger sequencing. Previously, seven sequences were omitted from analysis during 

analysis conducted during the 2020-2021 academic year.  

Consensus sequence alignment and neighbor-joining tree construction, to confirm species 

identification, was completed using UGENE (http://ugene.net). Consensus sequences from 

Amynthas samples were aligned using MUSCLE (Appendix 8).  

Aligned sequences were trimmed and a neighbor joining tree was created using PHYLIP 

neighbor joining and the Kimura distance matrix model (Appendix 8).  

 

Haplotype analysis 

Haplotype analysis was conducted to determine genetic structure of the populations 

present.  Unique haplotypes and haplotype diversity were analyzed using FASTA Tools Unique 

Sequences Program from NCBI 

(www.ncbi.nlm.nih.gov/CBBresearch/Spouge/html_ncbi/html/fasta/uniqueseq.cgi). Haplotype 

relationships and nucleotide diversity were analyzed using PopART 

(http://popart.otago.ac.nz/index.shtml). Haplotype relationships were discovered using a 

minimum spanning network model. Files needed for FASTA and PopART programs were edited 

in TextEdit. Polymorphic sites as well as uncorrected pairwise p-distances among lineages and 

within lineages were considered using MEGA (Appendix 9). Each haplotype was searched for in 

NCBI Blast to establish at what other locations each has been sampled. Each haplotype was 

identified as the same by a 100% query match. Accession numbers were paired with studies and 

the geographic locations of where each five haplotypes have been sampled was noted.  

The alignment and reading of base specimen sequences was completed four times to 

ensure accuracy. Deviations in the number of distinct haplotypes identified by UGENE, FASTA, 
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and PopART led us to reanalyze data. Through three primary analyses, errors in sanger 

sequencing reads could have affected the accuracy of sequence alignment and haplotype 

analysis. Some sequences had read errors due to high static or low signal clarity and so did not 

align with high accuracy. These sequences were isolated and read errors were identified using 

sanger sequencing electropherograms to identify nucleotide bases. After clarifying nucleotide 

bases, sequences were realigned and analyzed in UGENE, FASTA, and PopART.  
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Results 

Population structure 

In total, 80 of 94 collected specimens were sequenced and identified as Amynthas 

species. There were 63 Amynthas tokioensis, 11 Amynthas agrestis, and 5 Metaphire hilgendorfi 

specimens (Fig. 1), by percentage 78.8%, 13.9%, and 6.3%, respectively. Species identifications 

from NCBI Blast were corroborated using a neighbor joining tree, a bottom-up clustering 

method, to identify distinct lineages and species (Fig. 2). Of the 80 specimens, 60 were from the 

Bundy Café site and 20 were from the Root Glen site. At Bundy Café, there were 48 Amynthas 

tokioensis, 11 Amynthas agrestis, and 1 Metaphire hilgendorfi specimens; at the Root Glen site, 

15 Amynthas tokioensis, 0 Amynthas agrestis, and 5 Metaphire hilgendorfi specimens (Fig. 3).  

 

 

 
Figure 1 shows the number of specimens (n = 80) identified as Amynthas tokioensis, Amynthas agrestis, and Metaphire 

hilgendorfi on the left. On the right, the Amynthas species population is broken down into percentages. 
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Figure 2 shows the phylogenetic neighbor joining tree created in UGENE for sequenced specimens (n = 80). Amynthas 

tokioensis specimens are highlighted in yellow on the left. Amynthas agrestis are grouped in red and Metaphire hilgendorfi is 

grouped in green on the right. 

 

Haplotype analysis 

Five unique haplotypes were identified. The minimum spanning tree illustrates 

relatedness and the lineages of Amynthas species present (Fig. 4). Each distinct haplotype is 

identified by species: Amynthas tokioensis 1 (T1), Amynthas tokioensis 2 (T2), Amynthas 

tokioensis 3 (T3), Amynthas agrestis 1 (A1), and Metaphire hilgendorfi 1 (H1) (Fig. 5). All three 
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Amynthas tokioensis haplotypes were present at both Bundy Café and Root Glen sites, as was the 

single haplotype of Metaphire hilgendorfi. The single Amynthas agrestis haplotype was present 

only at Bundy Café.  

 
Figure 3 shows the number of Amynthas species identified at each study site. The study sites are highlighted in yellow. The 

majority of specimens came from Bundy Café and Amynthas tokioensis dominates both populations. No Amynthas agrestis were 

found at the Root Glen study site. 
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Figure 4 shows the minimum spanning tree created in PopART for all specimens (n = 80). Haplotypes are divided from each 

other by hash marks. One hashmark is one nucleotide difference. Specimens from the Bundy Café site are shown in blue, while 

specimens found at the Root Glen site are green.  

Haplotype lineages 

Haplotype T1 had 20 individuals and was identified to be Amynthas tokioensis. Using 

NCBI Blast results, the haplotype lineage was identified internationally in Japan and in the 

United States in Arkansas and Missouri. Haplotype A1 had 11 individuals and was identified to 

be Amynthas agrestis. NCBI Blast results showed that the haplotype was found in Japan and the 

South Kuril Islands of Russia. Haplotype T2 had 8 individuals and was Amynthas tokioensis. 

NCBI Blast results showed that the haplotype was identified in Japan, the South Kuril Islands, 

and the northeast United States. Haplotype T3, the largest lineage, had 35 individuals and was 

Amynthas tokioensis. This haplotype was found internationally in Japan, the South Kuril Islands, 

and the northeast United States. More specifically, Schult et al. (2016) identified this lineage of 

Amynthas tokioensis in upstate, New York at locations in Clinton and Hamilton, New York. The 

final Haplotype H1 had 5 individuals and was Metaphire hilgendorfi. Like other lineages, this 

lineage was identified in Japan and the South Kuril Islands (Fig. 6). 
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Figure 5 shows the specimens in each distinct haplotype. Each haplotype is labeled in the same order found in Fig. 6, with the 

number of specimens as well as specimens labels below.  

 

 
Figure 6 shows the distribution of each haplotype. Each haplotype was found in Japan, Amynthas species native range. Four of 

the haplotypes were found in the South Kuril Islands of Russia, just north of Japan. All Amynthas tokioensis haplotypes have 

been sampled in the United States, as well as locally in New York.  

 

Discussion 

 

Amynthas species as successful invaders of the Hamilton College campus 
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Our results show that all three species of Amynthas that are found in North American 

invasive jumping worm populations have successfully invaded the Hamilton College campus. 

These earthworms have potential to be highly invasive (Cameron & Bayne 2009; Novo et al. 

2015) and the presence of all three Amynthas at Hamilton is most likely aided by their high 

mobility, reproductive rate, and parthenogenesis (Chang et al. 2021). Whether Amynthas species 

are present at other sites on the Hamilton College campus remains to be seen. Research suggests 

that these species invade along corridors and pathways that have high levels of human activity 

(Cameron & Bayne 2009; Novo et al. 2015). Amynthas tokioensis and Amynthas agrestis have 

been previously identified in upstate New York by Schult et al. (2016) and Chang et al. (2018). 

These studies did not identify Metaphire hilgendorfi in the Utica area, however, and this study 

represents the first local record of M. hilgendorfi. 

 

Population structure and dynamics on the Hamilton College campus 

Jumping worms were more prevalent at the Bundy Café site compared to the Root Glen 

site. While Amynthas tokioensis and Metaphire hilgendorfi were present at both study sites, 

Amynthas agrestis was only present at the Bundy Café site. It is possible that introduction at both 

sites occurred independently, through different introduction pathways. The sites are separated by 

0.34 miles, a pathway, and a river, so spread directly and solely from one site to another is 

unlikely (Fig. 4). Thus, the presence of A. agrestis may indicate a more frequent introduction 

events, different in species composition, at the Bundy site 

On the other hand, assuming that Amynthas agrestis was also introduced to the Root Glen 

site at some time in the past, competitive exclusion could account for the distinct composition of 

Amynthas species at both study sites and lack of Amynthas agrestis in the Root Glen. Previous 

Amynthas studies have suggested that these species compete for ecological niches leading to 

competitive exclusion (Chang et al. 2018). The universal prevalence and abundance of Amynthas 

tokioensis, also seen on the Hamilton College campus, suggests the species possesses qualities 

which make it dominant in forested landscapes (Schult et al. 2016; Chang et al. 2018; Chang et 

al. 2021). This species could be outcompeting other Amynthas species for resources. Novo et al. 

(2015) found a negative correlation between invading Amynthas species. Meaning high 

abundance of one Amynthas correlated to low abundance of another. Novo et al. (2015) 

mentioned this could be due to competition or preferences in soil, altitude, and habitat. Co-
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invasion between the three species is possible as all have rapidly colonized North America. 

Invasive jumping worms can have detrimental effects to nutrient cycling and soil productivity 

(McCay et al. 2020; Chang et al. 2021). This could also benefit Amynthas species because 

disturbed environments are much more susceptible to invasion by non-native species (Cameron 

et al. 2008). Amynthas species have an annual life cycle, a broad diet, low predation and 

parasitism rates, and are epigeic allowing them to outcompete native species (Chang et al. 2016; 

McCay et al. 2020; Chang et al. 2021). Primary invasions by all three species could be followed 

by periods of resources partitioning and niche segregation.  

 

Haplotype diversity 

The haplotype diversity of Amynthas tokioensis as compared to the other two species 

indicates that there may have been multiple introduction events for this species. Or, that a single 

introduction event from an origin population that possessed (only) all three haplotypes.  It is also 

possible that the same haplotype may be introduced multiple times. Low haplotype diversity 

suggests a low occurrence of introduction events as well as high rates of competition between 

lineages (Cameron et al. 2008). Multiple introduction events of the same haplotype, however, 

could support Amynthas tokioensis dominance in local communities. Individuals are regularly 

introduced along corridors, pathways, or in soil samples such as compost or mulch (Cameron et 

al. 2008; Cameron & Bayne 2009). The suitability of horticultural materials for Amynthas might 

also explain the sympatric occurrence of these lineages. Schult et al. (2016) also identified three 

lineages of Amynthas tokioensis in central New York as well. However, only one haplotype from 

Schult et al. (2016) was identified on the Hamilton College campus out of 24 total haplotypes.  

 

Haplotype lineages 

 All five haplotypes were identified to occur in their native range of Japan (Fig. 5), and 

thus originated from there. The three Amynthas tokioensis haplotypes were also identified 

outside of their native range. T1 was identified in Arkansas and Missouri, T2 was identified in 

the northeast United States, and T3 was identified in upstate New York (Fig. 6). This suggests 

these species are spread widely throughout South Asia and are regularly transported 

internationally via anthropogenic transportation. The relative recency of studies such as 

Shekhovtsov et al. (2018), show how human-mediated transportation pathways, like as airplanes 
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or cargo barges, can rapidly accelerated the rate of dispersal of non-native species (Schult et al. 

2016; McCay et al. 2020). The presence of haplotype T1, T2, and T3 in Arkansas, Missouri, and 

the northeast United States shows that Amynthas tokioensis is very well established (Fig. 6). T3, 

being the most abundant lineage at Hamilton, is also found throughout the United States (e.g., 

Schult et al. 2016), suggesting that this lineage is extremely well established as an invasive 

species in North America.  

 

Introduction events 

 Again, Amynthas agrestis was first discovered in Maryland in 1939 (Chang et al. 

2021). Amynthas tokioensis and Metaphire hilgendorfi were first discovered in 1947 and 1948, 

respectively, in New York City (Chang et al. 2021). The discovery and sampling history of 

Amynthas agrestis suggests that the species has invasively spread significantly northward, yet 

still is becoming established in the area of central NY. Amynthas tokioensis and Metaphire 

hilgendorfi have invaded northwest into upstate New York in the past decade based on sampling 

conducted in Chang et al. (2017) and Schult et al. (2016). Metaphire hilgendorfi has recently 

been established in the Utica area as it was not present in Chang et al. (2017). However, slight 

distinctions in morphological characteristics and a lack of sampling data could be contributing to 

the gaps in knowledge as to the extent of these species spread (McCay et al. 2020; Nouri-Aiin et 

al. 2021). 
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Conclusion 

Larger importance 

Since the introduction of invasive jumping earthworms to the United States almost a 

century ago, invasive megascolecidae have had wide-ranging effects on the biotic and abiotic 

environment. Amynthas agrestis, Amynthas tokioensis, and Metaphire hilgendorfi, have been 

identified as invasive species of particular interest because of their ecological impacts. As these 

earthworms continue to colonize the northeast, an effective understanding of their invasion and 

movement patterns is fundamental to environmental and conservation approaches. 

Phylogeographic research is one method through which the invasion history of populations can 

be investigated to further create a conservation approach to address their future spread. 

Collecting and identifying specimens using DNA barcoding is essential for phylogeographic 

analysis into invasion history and species distribution. Hopefully, phylogeographic analyses can 

be used to help combat the spread of Amynthas throughout the U.S. Locally, further sampling 

could be completed to gain a holistic understanding of Amynthas populations.  

 

Further Research 

Sampling could be completed in a wider array of environments around the Hamilton 

College campus to gain a greater understanding about how Amynthas species are introduced. A 

deep investigation into the origins of these five unique haplotypes could also aid in 

understanding how/where invasive jumping worms have been introduced to the Hamilton 

College campus. Because of the relatively low diversity of haplotypes, which indicate a low 

invasion rate, longitudinal studies could be conducted to investigate population Amynthas 

population dynamics. Studies such as Novo et al. (2015) indicate these dynamics are still mostly 

unknown.  
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