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The mechanisms supporting regeneration and successful recovery of function have
fascinated scientists and the general public for quite some time, with the earliest
description of regeneration occurring in the 8th century BC through the Greek
mythological story of Prometheus. While most animals demonstrate the capacity for
wound-healing, the ability to initiate a developmental process that leads to a partial or
complete replacement of a lost structure varies widely among animal taxa. Variation also
occurs within single species based on the nature and location of the wound and the
developmental stage or age of the individual. Comparative studies of cellular and molecular
changes that occur both during, and following, wound healing may point to conserved
genomic pathways among animals of different regenerative capacity. Such insights could
revolutionize studies within the field of regenerative medicine. In this review, we focus on
several closely related species of Lumbriculus (Clitellata: Lumbriculidae), as we present a
case for revisiting the use of an annelid model system for the study of regeneration. We
hope that this review will provide a primer to Lumbriculus biology not only for regeneration
researchers but also for STEM teachers and their students.

Keywords: clitellate, molecular resources, stem cells, neurophysiology, invertebrate biology, STEM education

1 INTRODUCTION

Regeneration—the ability to regrow body parts lost to injury—has fascinated scientists and the
general public at least since the 8th century BC, as shown by the Greek myths of the Lernaean Hydra
or Prometheus and his continuously regenerating liver. Although most animals demonstrate capacity
for wound-healing, the ability to initiate a developmental process leading to partial or complete
replacement of a lost structure varies widely among animal taxa (Bely and Nyberg, 2010). Given that
humans are located towards the rather poorly-regenerating end of the spectrum, it is not surprising
that we look with awe to those groups that can regrow a limb, a tail, a head, or even a complete body
from a small fragment. Variability in regenerative potential is not only found between species, but
may also occur within a species depending on the nature and location of the wound and the
developmental stage or age of an individual. Comparative studies of cellular and molecular changes
that occur both during and after wound healing may point to conserved genomic pathways among
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animals of different regenerative capacity. Such insight could
revolutionize studies within the field of regenerative medicine.

Although the phenomenon of regeneration has been known
for millennia, scientific inquiry of its developmental mechanisms
began during the 18th century, and remains an active field to date.
However, none of the model systems that ushered the entry of
developmental biology into the molecular era (e.g., Drosophila fruit
flies, Mus mice, C. elegans nematodes) served as good regenerative
models, prompting the need for the development of alternative
models to study this biologically and medically important
phenomenon. Along with planarians, cnidarians, arthropods and
amphibians, marine, freshwater, and terrestrial annelids have been a
traditional alternative to study regeneration, and they still provide an
excellent platform for this purpose. Many annelid lineages show
amazing abilities to regrow an entire new body from a single
fragment, while others (sometimes closely related) find themselves
incapable of regenerating heads, or even tails (Zattara and Bely,
2016). Despite their foundational importance, many basic questions
about the developmental mechanisms underlying annelid
regeneration are still open, and only recently are being addressed
using modern molecular approaches (Ozpolat and Bely, 2016;
Zattara, 2020; Kostyuchenko and Kozin, 2021).

One of the models that has been pivotal to annelid regeneration
research is the genus Lumbriculus (Clitellata: Lumbriculidae). Also
known as blackworms, they are taxonomically related to leeches
and other mud-dwelling clitellates. Some species can regenerate an
entirely new body from a fragment only 1/50th the size of the
original animal. Such remarkable regenerative capabilities include
the ability to recover structure and function along most of the
anterior-posterior body axis. In addition, Lumbriculus worms
subjected to long-term deprivation of nutrients will still direct
resources to regeneration following amputation, further attesting to
the high regenerative capacity of this annelid (Nikrad and Tweeten,
2014). Overall, studies using Lumbriculus offer a rich history with a
focus on the morphological, cellular, physiological, and proteomic
changes occurring within a regenerating worm fragment.

In this review, we first summarize the past, present, and future
of regeneration research using Lumbriculus. To provide context
for its use as a model system, we take a tour through the past—the
pioneering work that started at the turn of the last century and
continued during the first half of the 20th century-, the
present—the  overarching questions currently  driving
research—and the future- ushered by development of
accessible  sequencing and  molecular  techniques—of
Lumbriculus as a study system. We then explore the potential
of Lumbriculus outside of the research labs, as a tool for STEM
Education.

2 THE PAST: THE PIONEERS WHO
DESCRIBED LUMBRICULUS
REGENERATION

2.1 The Early Years: From the 18th to the
Mid-20th Century

Lumbriculus worms have been among the earliest annelids used
to experimentally investigate regeneration: working in France at
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the mid-18th century, Bonnet (1745) determined that a single
individual could be cut in 16 pieces, and each piece would
regenerate a complete worm; he also found that regenerated
worms can be repeatedly cut and still retain the ability to
regenerate. Over a hundred years later, the search for adult
correlates of embryonic germ layers by experimental
embryologists led Biilow (1883) in Germany to resume studies
on this group, this time focusing on generating detailed
descriptions of the regenerative process and the embryonic
layer of origin of the cells that form the regenerated organs in
the head and tails. This question also occupied Harriet Randolph
(1892), who investigated regeneration in earthworms
(Lumbricidae), sludge and water-nymph worms (Naididae),
and in Lumbriculus. She started her work at Bryn Mawr
College (PA, United States) advised by the renowned
embryologist E. B. Wilson, and later at the University of
Zirich (Switzerland) helped by A. Lang. Her results were
published in a seminal pair of publications, in which she
proposed that several mesodermal structures in the regenerate
derived from segmentally iterated reserve mesodermal stem cells,
which she named neoblasts, that laid dormant on the peritoneal
epithelium, lateral to the ventral nerve cord (Randolph, 1891;
Randolph, 1892). German, Russian and US researchers were also
sectioning and studying regenerating Lumbriculus (von Wagner,
1900; Morgan, 1901; Iwanow, 1903; von Wagner, 1906; Morgulis,
1907; Miiller, 1908; Morgulis, 1909; Krecker, 1910); research was
driven by questions about the origin of the regenerated
mesoderm, the differences between head and tail regeneration,
and the patterns of regenerative responses that varied depending
on the antero-posterior location of the regenerating tissues, the
size of the fragments, and environmental and internal conditions.
Most of this early phase of Lumbriculus research has been
summarized by Stephenson (1930) in his monograph on
oligochaetes.

2.2 Axial Regeneration: An Act in Five
Stages

Work by researchers mentioned above resulted in a very complete
description of the morphological and histological processes
associated with anterior (head) and posterior (tail)
regeneration (Stephenson, 1930; Herlant-Meewis, 1964). After
transverse amputation, the remaining worm fragments present a
cut surface that can be anterior- or posterior-facing, which
undergoes wound healing. After healing, anterior regeneration
is triggered at anterior surfaces, resulting in the growth of a new
anterior end (i.e, a head), while posterior regeneration is
triggered at posterior surfaces, resulting in the growth of a
new posterior end (ie., a tail). Annelid heads and tails are
organized quite differently: heads include a non-segmental
terminal prostomium followed by several segmental units, an
antero-dorsal cerebral ganglion, ectodermal mouth, and pharynx,
and distinctively patterned ventral nerve cord ganglia; in turn,
tails have a non-segmental terminal pygidium adjacent to a
posterior growth zone (PGZ) which generates proximal
posterior segmental units (Zattara, 2020). Thus, anterior and
posterior regeneration reconstruct a considerably different suite
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FIGURE 1 | Regeneration and asexual reproduction in Lumbriculus. (A) Generic stages of annelid regeneration. Dashed line: cut/regenerated tissue; dark gray:
non-segmental tissues; dark red: mitotically active areas; gray shading: differentiating segmental tissues. (B) Asexual reproduction by fission. Coloring as in A. (C-H)
Histological sections through early (C), middle (E) and late (G) anteriorly regenerating individuals, and early (D), middle (F) and late (H) posteriorly regenerating individuals.
(C-H) After lwanow (1903); all labels are direct or interpreted translations of the original German labels.

of organs. Despite these differences, both types of regeneration  2.2.1 Stage 1: Wound Healing

processes can be divided in five stages (Figure 1A): 1) wound  Immediately after amputation, body wall circular muscles
healing; 2) blastema formation; 3) blastema differentiation; 4) located adjacent to the cut site contract quickly to close off the
resegmentation; and 5) growth (Zattara, 2020). coelomic cavity and minimize contact with the external medium.
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Sometimes, this fast movement closes the body wall around the
cut end of the gut, which is left protruding; if this happens, the gut
withdraws or pinches off the exposed end. Usually, epithelial cells
from the epidermis at the edges of the cut extend to cover and seal
the wound, and the same happens with the gut epithelium, which
closes forming a blind end; in some cases, the edges of the
epidermis and gut come into contact and fuse directly instead,
closing out the wound and restoring a posterior opening (von
Wagner, 1900; von Wagner, 1906). At this stage, and especially
for anterior surfaces, most mitotic activity is shut down (Figures
1C,D). Damaged epithelial cells and muscle fibers degenerate and
die, their remains being engulfed by phagocytes that migrate
towards the wound site (Iwanow, 1903). The interstitial spaces
between epidermis and gut become filled with blood lacunae.

2.2.2 Stage 2: Blastema Formation

Soon after wound healing, neurites originating in nerves from the
ventral nerve cord and peripheral nerves invade the wound site
(Figure 1C). Around the same time, local cell proliferation is
upregulated, particularly within the epidermis and gut. Many of
the proliferating cells ingress from the epidermis and start
forming a mass of unpigmented, undifferentiated cells known
as blastema (Figure 1E). Randolph (1891), Randolph (1892),
Iwanow (1903), von Wagner (1906) and Sayles (1927) describe
the migration of large cells (named neoblasts) that migrate
towards the wound site, proliferate there and contribute to
formation of the blastema (Figures 1D,F,H); other studies in
this species failed to find neoblast migration, especially during
anterior regeneration (Stephenson, 1930). At this stage, it is also
common to see muscle cells losing their fibrilar shapes and
detaching as free myocytes into the coelomic cavity (Figure 1E).

2.2.3 Stage 3: Blastema Differentiation
After accreting, the blastemal mass begins to differentiate into distal
non-segmental regions: a cone-shaped prostomium in anterior
regenerates (Figures 1E,G) and an anus-bearing pygidium in
posterior regenerates (Figures 1F,H). In anterior regenerates, cells
derived from anterodorsal epidermal proliferation and ingression
begin to differentiate into a cerebral ganglion, and a band of
epidermal cells located at the ventral edge of the prostomium
invaginate to form a stomodeum (Figure 1G) (von Wagner,
1897; von Wagner, 1900; Iwanow, 1903). Blastemal cells around
the blind end of the gut develop to form a pharynx (Figure 1G),
which will eventually meet the stomodeal invagination and open as
a new mouth. By this stage, neurites have already formed an
anterior dorsal loop connecting the developing cerebral ganglion
with the ventral nerve cord. Cells derived from ventral epidermal
proliferation ingress and surround these neurites, eventually
developing into the anterior ventral cord ganglia (Iwanow, 1903).
In posterior regenerates, ventral epidermal proliferation, and
cell ingression, potentially along with the neoblast progeny, give
rise to the primordia of the new posterior growth zone, along with
the posterior ventral nerve cord ganglia (Randolph, 1892; von
Wagner, 1900; Iwanow, 1903; von Wagner, 1906). At the
posterior end, the epidermis invaginates towards the blind end
of the gut until they connect, re-establishing the anus (von
Wagner, 1906; Wenzel, 1923).

Past, Present, Future of Lumbriculus

In both anterior and posterior regenerates, proliferation
located proximal to the prostomium/pygidium intercalate
tissues that will form the segments. Muscle fibers from
existing longitudinal bands extend over the blastema until they
reach the terminal caps, while circular muscle rings form
apparently de novo (von Wagner, 1900; Iwanow, 1903; von
Wagner, 1906; Wenzel, 1923). Endothelial tissue develops
around the blood lacunae and restores the main ventral and
dorsal vessels (Iwanow, 1903).

2.2.4 Stage 4: Resegmentation

At this stage, the blastemal mass becomes organized into more
discrete clusters of dorsal, lateral and ventral cells. The dorsal and
lateral clusters develop into chetal sacs that secrete locomotory
chaetae (von Wagner, 1906). The ventral clusters form the nerve
cord ganglia. The brain completes its differentiation, and fibers of
circular muscle form fine rings between the epidermis and the
longitudinal muscle. At the posterior end, the regenerate
transitions to developing new segments at its new posterior
growth zone, as during normal growth.

2.2.5 Stage 5: Growth

Regenerated structures complete differentiation and the
regenerate grows in size to adjust the proportions with the
original tissues to fully restore functionality.

2.3 Coda: Asexual Reproduction by Fission
As with many other annelids lineages, Lumbriculus have co-opted
their amazing regenerative abilities to evolve facultative asexual
reproduction  (Zattara, 2012; and Bely, 2016).
Lumbriculus are known to reproduce by breaking up into two
or more fragments, each of which reforms the missing parts and
become a fully functional individual (Figure 1B); this fissioning
behaviour can occur within the water or inside desiccation-
resistant cysts (Stephenson, 1922; Cook, 1969). Unlike injury-
driven regeneration, Lumbriculus fragmentation results from an
autotomy reflex that causes a sudden contraction of circular
muscles at a very specific location along a segmental unit
(Lesiuk and Drewes, 1999); in other words, and similar to
other animals presenting autotomy reflexes, Lumbriculus have
a particular “breaking plane.” This breaking plane is characterized
by the presence of an epidermal serotonin immunoreactive nerve
ring (Figures 2B-E, white arrowheads) (Martinez, 2005; Zattara,
2012); since treatment with nicotine, a cholinergic agonist, blocks
the autotomy reflex (Lesiuk and Drewes, 1999), it is possible that
the mechanism to trigger this reflex depends on acetylcholine-
mediated activation of serotonergic neurons.

Zattara

3 THE PRESENT: BURNING TOPICS IN
LUMBRICULUS REGENERATION
RESEARCH

3.1 Cryptic Diversity Within Lumbriculus:

Opening the can of Worms
For more than a century, Old and New World regeneration
biologists reported working on the same species, Lumbriculus
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FIGURE 2 | Lumbriculus nervous system morphology and sensory field regeneration. (A) Schematic representation of the anterior nervous system, showing the
ventral nerve cord (vnc), dorsal cerebral ganglion (cg), prostomial nerves (pn1-4) and segmental peripheral nerves (I-IV). (B-E) Ventral nerve cord and peripheral nerve
roots; all panels show the same whole-mounted specimen, oriented anterior to the left; arrowheads point at the segmental fission planes. (B) Confocal image of
immunohistochemical labeling of acetylated tubulin (green) and serotonin (red-white); DNA counterstain (blue) shows cell nuclei. (C) Differential interference contrast

(DIC) image showing the main neuropil of the nerve cord flanked by muscle bands. (D) Depth coded confocal stack of phalloidin-labeled F-actin showing longitudinal,
circular and diagonal muscle fibers. (E) DIC image showing the epidermis. (F) Confocal stack showing a stretch of nerve cord immunolabeled against serotonin (center);
the laterals are two virtual Z-sections showing the medial (mgf) and lateral giant nerve fibers (Igf). The double-headed arrows show the anterior (A)/posterior (P) and dorso
(D)/ventral (V) orientation in the center and lateral panels respectively. (G) Transmission electron microscopy image of a thin transverse section in the anterior region of the
nerve cord, showing the medial (mgf) and lateral giant nerve fibers (Igf) surrounded by myelin-like sheaths (arrowheads); ms: muscle bundle; np: neuropil; pk: perikaryon
(neuronal cell body); vbv: ventral blood vessel. (H-J) Reestablishment of the anterior medial giant fiber (MGL) and posterior lateral giant fiber (LGL) sensory fields after
amputation and regeneration. (H) Intact worm. (1) Amputated worm fragments. (J) Regenerated fragments redrawn after Isossimow (1926), color/nerve nomenclature
after Zattara and Bely (2015).
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variegatus (Miller, 1774). In 1895, Smith described worms
collected near Havana, Illinois (United States) as a separate
species, Lumbriculus inconstans, which was later folded as a
subspecies of L. variegatus (Brinkhurst and Cook, 1966). A
further revision (Brinkhurst, 1986) describes four species: L.
variegatus (Miiller, 1774), L. inconstans (Smith, 1905), L.
ambiguus (Holmquist, 1976), and L. genitosetosus (Holmquist,
1976). In all of these cases, the primary classification descriptors
were the number and arrangement of reproductive structures in
sexually mature worms. Christensen (1980) reported that worms
collected in Denmark differed in their DNA content, ranging
from diploid (34 chromosomes) to 11-ploid. While there are no
significant morphological differences between worms from
different sources, recent molecular phylogenetic analyses of
various populations based on cytochrome c oxidase subunit 1
and 16S rRNA sequence data have shown that populations of
Lumbriculus form differentiated genetic clusters, strongly
suggesting a significant cryptic diversity of species among the
initially monotypic genus (Gustafsson et al., 2009). The study
found that all sequenced individuals clustered within two clearly
distinct clades (aptly named Clade I and Clade II), with
representatives of both clades in both Europe and North
America. Clade I included worms obtained from the
Environmental Protection Agency laboratory (Dultuh, MN),
Aquatic Foods (Fresno, CA) and several natural habitats in
Europe and North America. Clade II comprised worms from
habitats in Sweden, and populations isolated from natural
habitats in the United States including worms collected from
the Gull Point slough in Iowa by the Drewes lab (1996). Genetic
differences of up to 17.7% between clades I and II suggest that
divergence in these populations occurred in the distant past.
Cytological analysis (Gustafsson et al., 2009) and flow cytometry
analysis of DNA content (Tweeten and Morris, 2016) of several of
these genetically analyzed populations showed that worms in
Clade I are polyploid while Clade II worms are diploid. DNA
analysis, together with differences observed in total protein
profiles and hemoglobin linker proteins (Tweeten and Morris,
2016), support designating the diploid and polyploid populations
of Lumbriculus as distinct species.

This results in a taxonomic dilemma, as the ploidy of the type
species described by Miiller (1774) is not known. Research that
can be inferred to have used either polyploid worms (Phipps et al.,
1993) or diploid worms (Drewes and Brinkhurst, 1990) both
name the worms as Lumbriculus variegatus. With criteria
focusing on reproductive structures, the current classification
system excludes many polyploid populations that, due to high
chromosome numbers, likely reproduce asexually and lack
reproductive structures (Christensen, 1984). Others may
reproduce through parthenogenesis where reproductive
structures are abnormal or substantially reduced. Clearly
criteria beyond reproductive structures need to be applied in
resolving the identity and diversity of species within the
Lumbriculus complex. Recognizing the unresolved issues
regarding the taxonomy of Lumbriculus, current taxonomic
keys (Brinkhurst and Gelder, 1991) provide a set of
characteristics that identify Lumbriculus from different sources
only to the genus level: prostomium without proboscis, bifid

Past, Present, Future of Lumbriculus

chaetae with reduced upper tooth, lengths of 50-100 mm,
anterior greenish pigmentation, and extensively branched
lateral blood vessels. The worms are further described as
reproducing either asexually or sexually (lack retractable penises).

The occurrence of both diploid and polyploid populations
imposes a taxonomic challenge, but also provides unique
opportunities for investigations of regeneration within these
contexts. Since ploidy levels impact physiology, gene
expression, response to environmental stresses, and rates of
cell proliferation, comparative studies could be conducted,
examining the impact of chromosome numbers on wound
healing and downstream events occurring during regeneration.
What potential differences are there in the regeneration process
between diploid and polyploid forms of the worms? Are there
differences in the regenerative capacity of a diploid, sexually
mature worm producing cocoons compared to that of polyploid
asexually reproducing worm? What differences in responses
might be observed through comparative transcriptomics
between diploid and polyploid Lumbriculus when exposed to a
variety of environmental stresses?

3.2 Cell Migration and Proliferation: The

Quest for the Neoblasts

Ever since Randolph (1891), Randolph, (1892) described the
migration and proliferation of putative reserve stem cells to
form the posterior blastema of Lumbriculus, the role of these
cells has been hotly debated. Zhinkin (1932), Zhinkin (1936),
Turner (1934), and Turner (1935) found that formation of both
anterjor and posterior structures was blocked when amputated
fragments of Lumbriculus were exposed to x-rays to inhibit
mitosis. Non-irradiated tissues, through histological analysis,
showed proliferation of ectodermal cells that were linked to
regeneration of nerve ganglia and the ventral nerve cord.
Other cells thought to be neoblasts appeared to migrate to the
wound site where they proliferated and gave rise to blood vessels
and muscle cells in the regenerating tissue. Stephan-Dubois
(1956) also proposed that neoblasts migrated into blastemal
tissue where they proliferated and contributed to regenerating
tissues. More recent experiments in which fragments of
Lumbriculus were treated with colchicine and vinblastine,
inhibitors of cell proliferation, prevented regeneration of heads
and tails (Tweeten and Anderson, 2008). These results suggested
that cell proliferation occurred throughout the regenerative
process. Fragments allowed to regenerate for 24, 48, 72, or
120 h before being exposed to colchicine showed no further
regeneration when treated with this drug. Direct evidence for
cell proliferation was observed through uptake of 5-bromo-2-
deoxyuridine (BrdU), a thymidine analog, into regenerating
tissues (Tweeten and Anderson, 2008; Zattara and Ozpolat,
2021). BrdU uptake was detected within the first 24h of
regeneration, with the greatest uptake occurring at about 120 h
into regeneration.

Cell migration also was found to be essential to the
regenerative  process (Tweeten and Anderson, 2008).
Treatment of worm fragments with locostatin and latrunculin
B, inhibitors of cell migration, completely inhibited tail
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regeneration and partially blocked head regeneration. Other
insights regarding cell migration during regeneration in
Lumbriculus came from studies on serine proteases (Tweeten
and Reiner, 2012). Given that some serine proteases play a role in
the remodeling of the extracellular matrix that accompanies cell
migration (Friedl and Gilmour, 2009), a fluorescently labeled
reagent (Williams and Mann, 1993) that irreversibly binds to
serine proteases showed high levels of these enzymes in the
intestine of Lumbriculus. After treating worms with this
reagent and then cutting the worms at the midgut level,
movement of labeled intestinal cells into the developing
blastema was observed. These results suggested that migration
of differentiated intestinal tissue accounts, in part, for formation
of the pharynx during regeneration. That serine proteases might
play a role in the migration process was indicated by inhibition of
head and tail regeneration by aminoethyl benzenesulfonyl
fluoride, a serine protease inhibitor (Tweeten and Anderson,
2008).

Despite a long history of study, definitive evidence of neoblast
migration is still scarce: wound-directed migration of neoblast-
like cells has only recently been directly observed using time-lapse
imaging in the freshwater clitellate Pristina leidyi (Zattara et al,
2016). However, 130 years after Randolph’s first paper, the role
played by these migrating neoblasts in Lumbriculus (and other
clitellates) is still unclear.

3.3 Regeneration and the Nervous System:

Regeneration Meets Neurophysiology

The oligochaete central nervous system (CNS) generally consists
of a cerebral ganglion (brain; a fused supra-esophageal ganglion)
which is located in prostomium and is connected to the
subesophageal ganglion and subsequently a ventral nerve cord
(VNC) via two circumesophageal connectives (Stephenson, 1930;
Bullock, 1965; Jamieson, 1981). In lumbriculid worms, the VNC
extends down the length of the worm and gives rise to four pairs
of segmental nerves within each segment (except segments 1 and
2; Figures 2A,B) (Bullock, 1965; Hessling and Westheide, 1999).
These segmental nerves extend laterally around the body wall and
are the source of synaptic input (sensory) and output (motor)
within the clitellate CNS (Stephenson, 1930; Bullock, 1965;
Jamieson, 1981). Groups of different types of neurons
(sensory, motor, and interneurons) converge and are
organized within each segment of the VNC (Jamieson, 1981).
Axons of some of these sensory and motor neurons extend
through the segmental nerves, while others extend into the
neuropil of the VNC. Thus, the neuropil is a site of
integration of many synaptic events that underlie the function
of the worm’s neuronal circuits controlling behavioral reflexes
(Bullock, 1965; Giinther and Walther, 1971; Jamieson, 1981;
Purschke, 2015).

Lumbriculus exhibits anterior-posterior gradients in behavior
that are easily monitored (Drewes and Fourtner, 1990; Lesiuk and
Drewes, 2001). With its tail extended into the water column,
Lumbriculus is exposed to predation and thus has evolved rapid
escape reflex behaviors that aid in survival tactics (Drewes, 1984;
Zoran and Drewes, 1987). Specifically, stimulation of segments in
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the posterior 2/3 region of the worm’s body (Figure 2H, LGF)
results in posterior shortening or tail withdrawal (Drewes, 1984;
Zoran and Drewes, 1987; Drewes and Fourtner, 1989; Drewes and
Fourtner, 1990). Also, touch-stimuli applied to segments found in
the anterior 1/3 region of the worm’s body (Figure 2H, MGF)
result in a quick anterior shortening or head withdrawal (Drewes,
1984; Zoran and Drewes, 1987; Drewes and Fourtner, 1990).
Stimulation of anterior segments also results in a 180° turn or
reversal locomotor response away from the aversive stimulus,
whereas stimulation of posterior segments elicits rapid
undulating swim movements (Drewes, 1999). These behaviors,
which are specifically activated by anterior- or posterior-specific
sensory inputs, are also mediated by body region-specific motor
networks.

A conserved feature of virtually all oligochaetes is the presence
of three giant fibers (Figures 2F,G), located in dorsal regions of
the ventral nerve cord (Bullock, 1965; Jamieson, 1981; Zoran and
Drewes, 1987; Hessling and Westheide, 1999; Purschke, 2015).
Each of these giant nerve fibers is derived from a chain of giant
axons which arise from segmentally arranged interneurons whose
cell bodies are found just ventrally within the neuropil (Bullock,
1965; Giinther and Walther, 1971, Jamieson, 1981: Purschke,
2015). These three giant fibers include one medial (MGF) and a
pair of lateral giant (LGF) axons (Figures 2F,G). Giant axon dye-
filling in Lumbriculus demonstrates that these axons are septate in
nature; having distinct, segmental divisions separated by a
membranous septum (Lybrand et al, 2020), as opposed to
being syncytial, where there are no cellular divisions and thus
a continuous cytoplasm between cells. Moreover, each
segmentally arranged giant axon 1is connected via gap
junctions (i.e., electrically coupled) allowing for uninterrupted
through-conduction of nerve impulses along the length of the
giant fiber system (Mulloney, 1970; Brink and Ramanan, 1985).
Each giant fiber (GF) has 2-4 ventrally projecting collaterals and
one cell body per segment. Additionally, in most oligochaetes,
one lateral giant fiber (LGF) collateral forms a cross-bridge with
the contralateral LGF within each segment. These
interconnections are undoubtedly the basis for observed
electrotonic coupling between the LGFs and the resultant
bilateral synchronization of LGF action potentials during spike
propagation (Drewes, 1984). It has also been demonstrated that
lumbriculid giant fiber axons are ensheathed by glial cell
membranes, resulting in layers of myelin surrounding the
axons (Figure 2G) (Giinther, 1976; Roots and Lane, 1983;
Purschke, 2015; Knowles, 2017; Lybrand et al., 2020). The
presence of myelination on giant fiber axons functions to
increase conduction velocity along the length of the giant
fibers and thus is thought to be the basis of observed rapid
escape reflexes (Zoran et al., 1988; Drewes and Fourtner, 1990;
Martinez et al., 2008).

Rapid escape reflexes initiated following noxious stimulus
(i.e., a potential predatory threat) are mediated by the giant
fiber pathways. Activation of these giant fibers via sensory
stimuli (e.g. tactile or photic) results in the rapid conduction
of nerve impulses down the length of the fiber that, in turn,
activate motor neurons, which impinge upon longitudinal
muscles responsible for body shortening (Drewes, 1984;
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Drewes and Fourtner, 1989; Drewes and Brinkhurst, 1990).
Moreover, these rapid escape reflexes are differentially
regulated by the medial and lateral giant fibers. That is, head
withdrawal reflexes, in response to sensory stimuli to the anterior
1/3 of the body, are governed by the medial giant fiber (MGF) and
tail reflex responses are governed by the lateral giant fibers (LGF)
(Drewes and Fourtner, 1990; Lesiuk and Drewes, 2001).
Interestingly, there are a few segments (Figure 2H, segments
38-58 in a worm of 150 segments) in which both a head and tail
withdrawal can be elicited and both MGF and LGF activation is
detected (Drewes and Fourtner, 1990). Thus, giant fiber function
is governed by discrete sensory fields, with the anterior 1/3 body
region falling within the MGF sensory field and the posterior 2/3
body region comprising the LGF sensory field. Interestingly,
although these three giant fibers are conserved among virtually
all oligochaetes, there is a fundamental difference in these rapid
escape pathways between terrestrial worms (most susceptible to
anterior predatory attack) and aquatic worms with tails extended
from the substrate burrows (susceptible to posterior attack).
Specifically, LGF sensory fields, giant fiber diameters,
conduction velocities, and synaptic efficacies have become
highly adapted for speed during aquatic worm (tubificid and
lumbriculid) evolution (Zoran and Drewes, 1987).

The nervous system is known to play a prominent role in
animal regenerative processes (Kumar and Brockes, 2012). In
annelids, removing the ventral nerve cord from the segments
adjacent to an amputation site can inhibit or greatly delay the
regeneration process, while transplantation or deviation of the
nerve cord into a wound can induce ectopic regenerates (Hyman,
1940; Herlant-Meewis, 1964; Boilly et al., 2017). This role of the
nerve cord is conserved in Lumbriculus: regeneration occurs only
in the presence of a cut end of the VNG, and the blastema begins
to form next to the VNC end; furthermore, extirpation of
fragments of the VNC results in the formation of ectopic
lateral regenerates, adopting anterior (head) or posterior (tail)
morphologies depending on the facing of the cut VNC end (von
Haffner, 1928; von Haffner, 1931; Zhinkin, 1935). In turn, cell
proliferation activity and neoblast migration has been proposed
to be necessary for nervous system regeneration (Zhinkin, 1936).
Within the nervous system, the recovery of function upon
regeneration appears especially evident. Studies first carried
out by electrophysiologists in the late 1970s (Giinther, 1976;
Drewes et al, 1978), demonstrated remarkable recovery of
nervous system function. More recent studies demonstrated
re-emergence of neuronal activity as early as 24-h post-
amputation (Lybrand and Zoran, 2012; Lybrand et al., 2020).

The importance of nerve injury for the induction of the
regenerative process has been clearly demonstrated utilizing a
unique developmental paradigm which involves the formation of
an ectopic head along the anterior-posterior axis of the worm
(Martinez et al, 2008). Injury to the ventral nerve cord is
necessary for the regeneration of proper function along the
anterior-posterior axis (Martinez et al, 2008). This rapid
recovery of function in the regenerating worm fragment
highlights the extensive capacity for regeneration and recovery
demonstrated by lumbriculid worms. Most recently, patch clamp
recordings carried out with regenerating worm fragments,
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removed from the posterior end of the worm, demonstrated
the emergence of medial giant fiber (MGF) post synaptic
potentials 24 h post-amputation (Lybrand et al., 2020). These
posterior regenerating fragments undergo the most drastic
change in axial position, as they become more anteriorly
located following the regeneration of a 7-8 segment head
(Martinez et al., 2005; Martinez et al., 2006). These posterior
body fragments become transformed anatomically and
physiologically to match their new positional identity along
the animal’s body axis (Drewes and Fourtner, 1990; Martinez
et al,, 2006). Specifically, these posterior body fragments exhibit
transformations in touch sensory fields, giant fiber conduction
velocity, axonal diameter, and other physiological properties
appropriate for the fragment’s new positional identity (Drewes
and Fourtner, 1990; Martinez et al., 2006). These dramatic
changes within the original body fragments have been defined
as morphallaxis (Morgan, 1901; Berrill, 1952; Martinez Acosta
and Zoran, 2015; Kostyuchenko and Kozin, 2020; Kostyuchenko
and Kozin, 2021). Morphallaxis is a pattern of regeneration where
existing tissues are transformed without the involvement of stem
cell differentiation (Holstein et al., 2003; Agata et al, 2007;
Martinez Acosta and Zoran, 2015; Ozpolat and Bely, 2016).
Morphallaxis is a regenerative mechanism utilized by multiple
annelids, including Enchytraeidae (Takeo et al., 2008), Syllidae
(Ribeiro et al., 2018), and Pristina (Zattara and Bely, 2011;
Ozpolat et al, 2016). Morphallactic regeneration in
Lumbriculus is especially evident within the nervous system
(Martinez et al., 2005; Zoran and Martinez, 2009; Martinez
Acosta and Zoran, 2015), where non-invasive extracellular
electrophysiology demonstrates a rapid switching between
Medial Giant Fiber (MGF) to Lateral Giant Fiber (LGF)
pathways in the transforming posterior segments. In less than
24 h post amputation, these posterior-most fragments display
MGF activity (Figures 2LJ) (Lybrand and Zoran, 2012). The
speed with which the MGF pathway becomes functionally
activated in these posterior regenerating fragments
demonstrates the remarkable plasticity of the nervous system
in Lumbriculus, which is poised for regeneration and recovery of
function. Continued work will help elucidate the exact
physiological repertoire used for this incredible plasticity event.

4 THE FUTURE: LUMBRICULUS ENTERS
THE GENOMICS ERA

Sydney Brenner (2002) said “Progress in science depends on new
techniques, new discoveries and new ideas, probably in that
order.” Lumbriculus research has taken an important step into
the genomics era with a recent transcriptomic study comparing
the profiles of regenerating and non-regenerating worms (Tellez-
Garcia et al., 2021). This work identified 136 transcripts likely to
be differentially expressed during early regeneration, 73 of which
were potentially protein-coding and had significant BLASTp hits
to known proteins; among them were bmilb, Hsp60, vdr, BHMT,
paics, GIs2 and several vwdes—all genes found to be also
differentially expressed during regeneration of annelids or
other systems. Besides highlighting some interesting candidate
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genes, this study generated a fundamental resource by providing a
comprehensive database of sequences from genes expressed
during Lumbriculus regeneration.

Additional sequence data is available from transcriptomic and
phylogenomic studies, including RNAseq data for specimens
from Sweden (SRX2649483) (Anderson et al., 2017), and
genomic DNA short read sequences from Denmark
(SRX9009164) and Sweden (SRX5630329) (Phillips et al.,
2019). With an estimated genome size of 2.64 Gbp (Tweeten
and Morris, 2016), which is larger than that of the domestic
mouse, sequencing and assembling a reasonable quality genome
draft is not a trivial task, especially given the relatively small size
of the currently active Lumbriculus research community. Even so,
the existing transcriptomic resources currently available are
already pushing research forward, as specific genes and
developmental pathways begin to be investigated.

Generation and sharing of molecular resources among
researchers are important steps in moving Lumbriculus
research into the modern molecular era. Gene expression
analyses are powerful tools for screening of genes that may be
involved in regeneration. Thus, the development of techniques
for gene expression analysis is of utmost importance. A step
toward this work is the optimization of real-time PCR protocols
by the Martinez Acosta and Gillen labs which will reliably
quantify expression of genes of interest (Quesada et al., 2015;
LaRocca-Stravalle et al., 2020; Fischer et al., 2021).

Culturing of Lumbriculus poses limitations for this genetic
work, due to the lack of sexual reproduction in the laboratory.
Lumbriculus is collected in the field as sexually reproducing
populations during summer months (Tweeten and Morris,
2016). The Drewes and Tweeten Labs have successfully
raised cocoons in the lab which were collected in the field,
showing promise for studies of regeneration during different
developmental stages and for general investigations underlying
genetic mechanisms in this remarkable worm (Drewes and
Brinkhurst, 1990; Tweeten and Vang, 2011; Tweeten and Abitz,
2012; Tweeten and Morris, 2016). Access to sexually
reproducing individuals has also opened up new avenues of
research on questions related to sexual reproduction, including
seasonal variation in cocoon production, anatomical location of
reproductive structures within the worm, sperm morphology
and formation, degradation of reproductive structures under
laboratory conditions, and regulation of sexual reproduction in
these worms. Transcriptomes from sexually reproducing
populations of Lumbriculus and from asexually reproducing
populations are being generated and studies comparing these
transcriptomes are underway. Some questions of interest
include: What are the properties of the DNA-binding
proteins that package DNA into the sperm of Lumbriculus?
What type of mucin proteins are produced by sexually
reproducing worms and released into cocoons to cushion
embryos during their development in the environment?
What is the composition of the yolk proteins present in the
eggs produced by sexually reproducing Lumbriculus? Are genes
for DM proteins (ie., Dmrt), which regulate sexual
development, differentially expressed in tissues from sexually
reproducing worms? How similar or different are they to DM
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proteins from other animals? Characterization of these proteins
would provide insights into mechanisms leading to sexual
versus asexual modes of reproduction in Lumbriculus.

Further development of genomic methods will move
Lumbriculus research beyond correlation and shift the focus of
future work toward demonstrating the functional significance of
gene expression changes. In particular, successful application of
reverse genetic techniques such as RNA interference (RNAi) and
the CRISPR-Cas endonuclease system would allow assessing gene
function and drastically change the playing field for Lumbriculus
regeneration studies. Work aimed to develop these techniques is
already ongoing in several labs, and this research has benefited
from fluid communication, data and resource exchange, and
collaborative work.

4.1 Lumbriculus as a Model for Epigenetic

Regulation of Regeneration

Regeneration depends on proliferation and differentiation and
requires marked changes in gene expression programs based on
epigenetic modifications (Barrero and Izpista Belmonte, 2011;
Hamada et al, 2015; Rouhana and Tasaki, 2015). Epigenetic
regulation of regeneration is achieved by three main mechanisms:
DNA methylation, histone modification and noncoding RNAs
(Rouhana and Tasaki, 2015). There are already reports of the
relevance of epigenetic regulation for development and
regeneration of annelids (Giani et al., 2011; Niwa et al., 2013;
Kozin and Kostyuchenko, 2015; Bhambri et al., 2018; Bicho et al,,
20205 Singh Patel et al., 2020; Planques et al., 2021). An analysis of
the regeneration transcriptome of Lumbriculus variegatus
(Tellez-Garcia et al., 2021) in search for transcripts encoding
for writers and erasers of DNA methylation revealed genes
encoding for DNA methyltransferases and several ten-eleven
translocation proteins, as well as histone acetyltransferases,
histone deacetylase, histone methyltransferases, and histone
demethylases. Furthermore, 44,097 potential IncRNAs were
identified, of which 13 were upregulated during Lumbriculus
regeneration. Among the differentially expressed transcripts was
bmilb (Polycomb complex protein BMI-1-B), which has been
implicated in regeneration in mammals (Fukuda et al., 2012).
Moreover, piwi genes were also found in the Lumbriculus
transcriptome (Tellez-Garcia et al., 2021). Thus, despite the
currently limited in terms of molecular and genetic data, a
brief analysis of the epigenetic regulation repertoire in
Lumbriculus suggests that this annelid has the potential to be
developed as a new model to study epigenetic regulation during
regeneration.

5 AN ACCESSIBLE MODEL FOR THE LAB
AND THE CLASSROOM

One of the main advantages of Lumbriculus as a study system
includes its accessibility; individuals can be collected from the
field in many temperate regions or acquired from several
commercial suppliers. Lumbriculus spp. are easy to care for
with minimal equipment—they only require containers,
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FIGURE 3 | Geographic distribution of Lumbriculus spp, based on occurrence records found at the Global Biodiversity Information Facility (GBIF.org, 2021).
Hexagons in South Africa, Indonesia, Australia and New Zealand represent 98 records that would need additional verification.

bubblers, and food—and many populations will readily  sloughs, marshes, and drainage ditches that persistently retain
reproduce by asexual fragmentation, allowing the attainment  water are good collection sites, due to the water being more still
of a large number of worms in laboratory settings. This yields ~ and shallow. Sometimes specimens can be found further from
an advantage not only for research, but for life sciences educators  the shoreline in algal mats growing on the surface of the water.
as well, as blackworms serve as a well-established tool for science  In the United States, both diploid (from Minnesota, Wisconsin,
education. Current use occurs across high school and college ~ Iowa, North Dakota) and polyploid (from California and Oregon)
classrooms to demonstrate concepts in Cellular Biology,  populations of Lumbriculus have been collected from natural
Physiology, Animal Behavior, Biomechanics, Development,  habitats (Gustafsson et al, 2009; Tweeten and Morris, 2016).
and Invertebrate Biology, both using guided inquiry as well as  Several of the diploid populations have been observed to sexually

more advanced independent studies. reproduce during the summer months, producing cocoons
for a limited period in the laboratory following their
5.1 Procurement of Lumbriculus collection from natural habitats (Drewes and Brinkhurst, 1990;

Lumbriculus are available from commercial suppliers such as  Tweeten and Morris, 2016). In Europe, diploid, polyploid, and
Aquatic Foods (Fresno, CA United States), Eastern Aquatics  sympatric populations of Lumbriculus have been collected
(Lancaster, PA), and Aquarem (Mexico DF, Mexico), that sell from natural habitats (Christensen, 1980; Gustafsson et al., 2009).
them as blackworms or mudworms for use in aquaculture.

Various biological stores sell Lumbriculus for educational 5.2 Culturing of Lumbriculus

purposes, providing supporting curriculum kits directly to K- ~ Whether obtained commercially or collected from the
12 biology teachers, like Carolina Biological (Burlington, NC,  environment, Lumbriculus can then be easily maintained in
United States) and Flinn Scientific (Batavia, IL. United States).  the laboratory in spring water, while some labs have
Lumbriculus can also be obtained from the Environmental  successfully used dechlorinated tap water. Worms are fed with
Protection Agency (EPA) Laboratory in Duluth, MN, fish flakes or pellets such as Tetramin , rolled oats, and spirulina
United States where a culture has been maintained since the  over a range of temperatures (typically 15°C to room
1980s. All of these sources of Lumbriculus derive from polyploid ~ temperature). Microbes in the cultures also serve as a source
populations, with chromosome counts compatible with at least  of nutrition. Strips of brown paper towels are added to mimic the
11-ploid to 12-ploid worms (Tweeten and Morris, 2016).  leaf litter of natural habitats. For bioaccumulation experiments,
Lumbriculus can also be collected from freshwater habitats  sandy or other fine sediment types can be added to the cultures
throughout Eurasia, North America, and regions of the  (Sardoetal,2007). Some labs aerate the worm cultures, especially
Northern Pacific (Figure 3). Lakes and ponds with standing or  if large numbers of worms are being maintained. Water quality is
slow-moving water provide potential collection sites, especially ~ closely monitored in large cultures. Various populations of
where shorelines have deciduous trees, sedges, rushes, and cattails ~ Lumbriculus collected from natural habitats do not fare well
that contribute decaying plant material that accumulates in the ~ when transferred to spring water. These are best maintained in
shallow water along the edges of the lakes (Brinkhurst and Gelder, =~ water from the collection site that is filtered to remove
1991). The leaf litter, grasses, and sediments along the edges of =~ particulates. Reproduction under laboratory conditions is
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Punch cartoon by Linley Sambourne, 1582.

Vegetable Mould Through the Action of Worms.

FIGURE 4 | (A) Charlie Drewes collecting Lumbriculus, which he first proposed in 1996 as an inexpensive and accessible organism for high school and
university student laboratory experiences. (B) Video frame capture of helical swimming behavior elicited when the posterior segments are stimulated, Example of
online resources available for classroom use of Lumbriculus to study basic biology. Many of the educational outreach resources developed by Dr. Drewes
incorporating invertebrates into student projects and activities are preserved and accessible at the C. Drewes website maintained by lowa State University:
http://www.eeob.iastate.edu/faculty/DrewesC/htdocs/. (C) Man is but a worm. Charlie was known to appreciate plays on words and was a master of disguising
biological ideas within the puns he often shared. He enjoyed this caricature published in December 1881 following Darwin’s last publication, The Formation of
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almost exclusively by architomy followed by regeneration
(Drewes and Brinkhurst, 1990; Martinez et al., 2006). As the
worms proliferate, they can be subcultured. Ectoparasites can
sometimes be associated with Lumbriculus obtained
commercially or from natural habitats; their levels can get to a
point where survival of the worms is jeopardized and the cultures
crash. However, these ectoparasites can be removed by treating
cultures with 0.6% sodium chloride in spring water. The EPA lab
(Duluth, MN) found that salt provokes release of ectoparasites
from the surface of the worms. Overall, the general culturing of

Lumbriculus is carried out with ease, thus providing a reliable
source for experimentation.

5.3 Lumbriculus in the Classroom: The
Legacy of Charlie Drewes

While used extensively in monitoring of environments for
pollutants and toxicity testing of industrial compounds
(Goodnight, 1973; Hornig, 1980; Chapman and Brinkhurst,
1984; Phipps et al,, 1993), Lumbriculus was first proposed by

Frontiers in Cell and Developmental Biology | www.frontiersin.org

11

November 2021 | Volume 9 | Article 780422


http://www.eeob.iastate.edu/faculty/DrewesC/htdocs/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Martinez Acosta et al.

Charles Drewes (1996) as an inexpensive and accessible organism
for high school and university student laboratory experiences
(Figure 4). Drewes’ outreach to teachers and students began
with development of laboratory exercises through which
students explore segmental pattern formation during
regeneration in Lumbriculus. Through detailed supply lists,
descriptions of techniques, and examples of experimental
design, Drewes described how students could generate and
maintain worm fragments in the teaching lab. Through
observations of regenerating fragments, students then learn
about  morphallaxis, the developmental process of
reorganization that occurs as Lumbriculus regenerates anterior
segments. As restoration of tissues and anatomical structures such
as blood vessels are monitored, anterior regeneration is compared
to posterior regeneration. Students also explore the influence of
amputation location along the anterior-posterior axis and
fragment size on numbers of regenerated segments. Generation
in the laboratory of worm fragments by amputation severs the
ventral nerve cord, disrupting the locomotory responses typical of
anterior and posterior regions of Lumbriculus. As students
monitor the fragments for recovery of different locomotory
functions such as swimming, crawling, reversal behaviors, the
role of the nervous system in the regenerative process can be
explored (Drewes and Cain, 1999). Since then, a number of other
Lumbriculus-based activities related to regeneration, physiology,
and neurobiology have been designed for teaching laboratories.
These hands-on activities have been made accessible online and
published in journals ranging from Tested Studies for Laboratory
Teaching Proceedings of the Association for Biology Laboratory
Education (Bohrer, 2006; Killian and Baker, 2013) to Science
Scope (Straus and Chudler, 2015), and Bioscene (Ryan and
Elwess, 2017). These lab activities provide students with
opportunities to learn about the anatomy of the worm’s
circulatory system, observe behaviors which are easily
correlated to restoration of nervous system function during
regeneration, develop observational skills, and draw on the
scientific literature to inform their approach to inquiry.
Through such examples and protocols highlighting the use of
materials and equipment that could easily be found in a high
school or college laboratory, these articles model biological inquiry
as it is carried out in scientific laboratories across the world, while
also introducing the student to the important roles played by
annelids within the greater environment. Students are immersed
in the scientific process, formulating research questions,
generating predictions, and designing experiments. Within a
two to 3-h lab period, students are identifying experimental
variables, setting up experiments, and collecting data using
Lumbriculus. In addition to learning about the process of
science, each laboratory investigation incorporates various
methods for mathematical modeling and statistical testing of
data which was collected by the student, further enhancing the
learning experience through the application of quantitative skills
(Killian and Baker, 2013). The dissemination of hands-on
Lumbriculus activities has inspired the development of a
growing community of educators that offer creative
modifications and improvements to student learning
experiences (Killian and Baker, 2013; Ryan and Elwess, 2017).
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For example, experimentation with Lumbriculus in the biology
classroom helps students make sense of physiological concepts
and functions in vertebrates, like themselves. Experiments that
would be difficult or impossible to do in more complex systems
can readily be done with Lumbriculus (Bohrer, 2006; Straus and
Chudler, 2015). While designing projects to study the effect of
various chemical and environmental factors on the regenerative
process in Lumbriculus, students can also explore why
regeneration of tissues is so limited in most other animals.

5.4 Lumbriculus in Undergraduate

Research Training

Because so many aspects of the physiology, behavior, cell, and
molecular interactions of Lumbriculus remain to be characterized,
this annelid is an excellent organism for course-based
undergraduate research experiences. At St. Catherine University,
original research projects focused on Lumbriculus have been
incorporated into several upper-level biology courses. Students
learn cellular, molecular, and immunological techniques while
applying them to basic questions about the structure and
physiology of this annelid. For example, students in an
immunology course used immunohistochemistry to study the
distribution of fibronectin, laminin and collagen in cross-
sections of worm tissue while antibodies against peptidoglycan
were used to compare the quantity of microbes in the intestines of
fed and starved worms. In the laboratory component of a
“Molecular Biology: Proteins” course, students screened a
Lumbriculus transcriptome for actin sequences and constructed
a phylogenetic tree that revealed that the actin from Lumbriculus
was more closely related to vertebrate cytoplasmic p-actins than
vertebrate cardiac, smooth, or skeletal muscle a-actins. This
relationship was further supported as students conducted
Western blots on worm homogenates, finding that antibodies
against vertebrate [-actin reacted more strongly with
Lumbriculus actin than antibodies against vertebrate a-actin.
Incorporated into the laboratory component of courses, the
projects increase the research capacity of biology programs at
small institutions. Students who otherwise might not have
participated in a formal research experience find themselves
immersed in the scientific process. In many cases, the course
projects have expanded into collaborative research studies in
faculty research labs that have resulted in student presentations
at scientific conferences and publications in peer-reviewed journals
with students as co-authors (Crisp et al., 2010).

These examples show how Lumbriculus is an ideal organism
through which students can explore their interest and aptitude for
science. Engagement in the research process while asking original
questions and contributing to the scientific knowledge base has
enhanced student motivation and satisfaction with their learning
(Tweeten et al., 2007). Projects have generated original results
which have been published in scientific journals, like Comparative
Biochemistry and Physiology (Crisp et al., 2010) and Invertebrate
Biology (Tweeten and Reiner, 2012; Tweeten and Morris, 2016) as
well as journals that focus on publication of research conducted by
undergraduates, such as BIOS (Tweeten and Anderson, 2008) and
Impulse (Halfmann and Crisp, 2011).
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6 CONCLUDING REMARKS

Thanks to the work of past and present researchers working
on Lumbriculus regeneration and related topics, we now have
a very firm foundation to launch new forays into many
unresolved questions regarding the genetic, developmental,
physiological, ecological and evolutionary underpinnings of
these worms’ amazing regenerative abilities. In doing so,
conserved, and novel mechanisms driving regeneration
might be unveiled, informing development of alternative
biomedical approaches. Furthermore, the research process
will help current and future researchers learn many lessons
about molecular and developmental biology, physiology and
ecology that will become part of their professional toolkit
whether they stick with Lumbriculus or move on to work
on other systems. In summary, and despite the challenges
associated with working with a non-traditional study system
as Lumbriculus (such as lack of a reference genome, relatively
underdeveloped molecular tools, and a much smaller knowledge
base relative to models like Drosophila, C. elegans or mice),
we think that the advantages of this organism—ease of
procurement and culture, fast and robust regenerative abilities,
rich research history, considerable ecological and genetic
diversity, and a large spectrum of open questions with
significant biological and biomedical relevance—render it a
superb organism for regeneration research, either in a science
research lab or in elementary, middle and undergraduate
classrooms. We hope this review article will foster further
work on Lumbriculus regeneration in research labs and
encourage expanded use of these worms in the teaching labs;
in turn, the work and questions of students are bound to
spark new ideas for the research lab. Two heads are better
than one.
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