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Natural occurrence of an experimental developmental phenotype in the leech 
Erpobdella punctata (Leidy 1870) (Annelida: Clitellata: Hirudinea)
Kevin Anderson a,b, Mateus Pepinellia,b and Sebastian Kvista,b

aDepartment of Ecology and Evolutionary Biology, University of Toronto, Toronto, Canada; bDepartment of Natural History, Royal Ontario 
Museum, Toronto, Canada

ABSTRACT
In the embryonic blast cells of leeches, segmental identity is conferred in a cell-intrinsic manner (i. 
e., with temporal rather than spatial signals), at or shortly after the birth of the cell. If these blast 
cells are destroyed in only one of the two germinal bandlets that form the ventral midline, this can 
result in segment-specific features that fall out of register on either side of the leech body. Here we 
present a specimen of the leech Erpobdella punctata, in which the gonopores have been duplicated 
and the male and female reproductive tracts are out of register between the left and right sides of 
the body. To confirm the identity of the specimen, we use a phylogenetic approach and high- 
resolution stereo microscopy. The probable cause of the phenotypic anomaly is discussed.
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Introduction

Naturally occurring phenotypic variants can, in the right 
circumstances, inform not only our circumscription of an 
organism but also how its development takes place and 
can be altered in certain situations. This is especially true 
when something does not occur according to the typical 
developmental processes usually observed in the organ-
ism. By interpreting these atypical phenotypes in light of 
what is known about that particular organism’s devel-
opment, we can ascertain novel details in these devel-
opmental plans or confirm details that are as yet only 
speculative. Inducing this type of phenotype is common 
in experimental settings, but variants can also occur in 
a natural setting.

Early leech development begins with the formation of 
the teloplasm, a region within the primordial embryo 
that contains an abundance of mitochondria and mater-
nal RNAs. This is followed by a series of cell cleavages 
that result in, among other things, the teloblasts. 
Teloblasts are a group of immature cells that are respon-
sible for generating the mesodermal and ectodermal 
elements that make up the segments of the leech body 
plan. While other early cell divisions are quite important 
from a developmental perspective, we will largely focus 
on the teloblasts and their progeny as these pertain to 
the atypical phenotype detailed herein. These teloblast 
cells (designated the M, N, O, P, and Q teloblasts) 
undergo a series of asymmetrical divisions that results 
in a chain of progeny wherein the cell most distal to the 

teloblast (i.e., the first-born cell) occupies the most ros-
tral position of the cells in this bandlet within the leech 
body. Essentially, this means that the teloblast progeny 
develop into more anterior segments of the leech the 
earlier on in development they were produced from 
their respective teloblast. This results in 10 germinal 
bandlets (representing the two copies each of the M, 
N, O, P, and Q teloblasts) that must converge and remain 
in register for the proper development of the leech 
(Weisblat and Huang 2001; Kutschera and Weisblat 
2015, and references therein).

During leech development, a particularly important 
event is the formation of the germinal bands (Fernández 
& Stent 1980). These structures are formed as a result of 
the convergence of five pairs of germinal bandlets 
derived from the serial, asymmetric division of the five 
pairs of teloblasts present in the early leech embryo 
(Weisblat and Huang 2001). These bandlets coalesce 
along the eventual ventral midline during stage 8 of 
development, which occurs roughly 60 hours after ferti-
lization [as per the naming convention outlined in 
Fernández (1980)]; for a comprehensive review of leech 
development see Weisblat and Huang (2001) and 
Kutschera and Weisblat (2015). Whereas the N, O, P, 
and Q cell lines develop into the ectoderm and its 
derived tissues, chiefly the epidermis and the majority 
of neuronal elements, the M line is solely responsible for 
the production and development of the mesoderm and 
its derived tissues, mainly the male and female 
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reproductive systems, nephridial system, and various 
muscle types within the leech body (Weisblat and 
Shankland 1985).

As our understanding of leech development 
increased, questions have been raised regarding the 
mechanisms for segment specification and develop-
ment. Although the exact mechanism responsible for 
segment specification is not currently understood, we 
do know that cell identity (and as a result, segmental 
fate) in both the ectodermal and mesodermal tissues is 
conferred at, or shortly after, cleavage from the parent 
teloblast (Martindale and Shankland 1990; Gleizer and 
Stent 1993; Nardelli-Haefliger et al. 1994). An interesting 
consequence of this is that blast cells that assume an 
ectopic position still develop according to the develop-
mental fate assigned to them at birth, resulting in the 
development of segment-specific tissues in segments 
where they are not normally found (assuming a blast 
cell from only one bandlet assumed an ectopic position). 
It is important to note, however, that not all morpholo-
gical features of the leech arise through processes that 
are governed by blast cell birth order. One example of 
this is the characteristic 32 segment body plan shared 
among all leeches, which is conferred by the destruction 
of supernumerary blast cell progeny that fall posterior to 
a positionally defined latitudinal region (Shankland 
1984). Another is the differential survival of the distal 
tubule cell (the ectodermal element of the nephridio-
pore) depending on the presence or absence of the 
nephridial tissue (derived from the mesoderm) within 
the focal segment (Martindale and Shankland 1988).

Here, we present a specimen of the erpobdelliform 
leech Erpobdella punctata (Leidy 1870), ROMIZI12880, 
collected from Neshaminy Creek, PA, USA in which 
there are two full sets of gonopores (in contrast to the 
normal single set). In this specimen, the internal repro-
ductive tracts are misaligned, with the right hand 
(viewed from a dorsal position) male and female repro-
ductive tracts shifted one segment anteriorly relative to 
their counterparts on the left-hand side of the body. To 
our knowledge, this specimen, represents the first natu-
rally occurring individual with such a phenotype.

Materials and methods

Specimen collection

The specimens were collected along the Delaware 
River, on the Neshaminy Creek, and within Tyler 
State Park; the focal specimen (ROMIZI12880) was col-
lected from the Neshaminy Creek, near New Britain, 
Pennsylvania (N40.28855, W75.17833) on 18 July 2019 
(length = 28.77 mm, width = 4.97 mm). All specimens 

were collected manually from the underside of rocks 
near the edges of the waterbody. After collection, 
specimens were relaxed in a solution of ~15% ethanol 
and fixed in 95% ethanol. After fixation, the specimen 
was stored at a temperature of 4°C to preserve the 
integrity of the tissues and DNA.

Morphological examination

The specimen was dissected dorsally and examined 
using a Leica Wild M10 stereo dissection microscope. 
Photos were taken under 150x magnification with 
a Keyence VHX-6000 digital microscope equipped with 
an automated stage and a 20–200x lens. High-resolution 
scans were made using both stacking and stitching fea-
tures and the resulting image is a combination of hun-
dreds of photographs of the specimen. Specimen 
identification was based upon Anderson et al. (2020), 
Klemm (1982), Leidy (1870), and Moser et al. (2014).

Phylogenetic analysis

A DNA barcoding approach, followed by phylogenetic 
analysis, was employed to test the initial, morphology- 
based identification of the specimen. Tissue was cut 
from the caudal sucker to limit the probability of con-
tamination by gut contents. DNA was extracted using 
a Qiagen DNeasy Tissue Kit (Qiagen Inc. Valencia, CA) 
according to the manufacturer’s protocol. The 658 bp 
‘Folmer region’ of the mitochondrial cytochrome 
c oxidase subunit I (COI) locus was amplified using the 
primers LCO1490 5ʹ-GGTCAACAAARCARAAAGATATTGG 
-3ʹ and HCO2198 5ʹ-TAAACTTCAGGGTGACCAAAAAATCA 
-3ʹ. The following ratio of reagents was used for each µl 
of DNA extract: 16.34 µL ddH20; 2.5 µL MgCl2; 2.5 µL 
standard PCR buffer; 1 µL of each primer; 0.56 µL dNTP; 
and 0.1 µL Taq polymerase (Invitrogen, Carlsbad, CA). 
The thermocycler program used for COI amplification 
was as follows: 94°C for 1 min; 5 cycles of [94°C (30 s), 
40°C (40 s), 72°C (1 min)]; 35 cycles of [94°C (30 s), 46°C 
(40 s), 72°C (1 min)]; and 72°C for 5 min. PCR products 
were purified using ExoSAP-IT (Thermo Fisher Scientific 
Inc. Waltham, MA) according to the manufacturer’s pro-
tocol. Amplicons were cycle sequenced in both forward 
and reverse directions using the following reagents: 4 µL 
ddH20; 2 µL primer; 0.5 µL each of ABI Big Dye 
Terminator V 3.1 and Big Dye 5x Sequencing Buffer 
(Applied Biosystems, Carlsbad, CA), and the following 
thermocycler program: 96°C for 1 min; 30 cycles of [96° 
C (10 s), 50°C (5 s), 60°C (4 min)]. DNA was precipitated 
from ethanol and products were sequenced using an ABI 
Prism 3730 (Applied Biosystems, Carlsbad, CA). The 
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resultant sequences were edited in Geneious ver. 11.0.2 
(Kearse et al. 2012).

The COI sequence for ROMIZ12880 was BLASTed 
against the GenBank non-redundant (nr) sequence data-
base to screen for contamination before analysis. In 
addition, 38 COI sequences were downloaded from 
GenBank to construct the final phylogenetic matrix. 
Metadata for each sequence can be found in Table S1. 
The sequences were jointly aligned using the command 
line version of MAFFT ver. 7.427 (Katoh and Standley 
2013) under default settings and employing the ‘–auto’ 
option. Model testing and a maximum likelihood analy-
sis were conducted using IQTree ver. 1.6.12 (Nguyen 
et al. 2014). Three partitions were suggested for the 
dataset, each corresponding to a distinct codon position. 
The optimal models identified for each partition are as 
follows: an HKY85 model with 4 GAMMA shape cate-
gories for COI position 1, a general time-reversible 
model with 4 GAMMA shape categories for COI position 
2, and an F81 model with a proportion of invariant sites 
for COI position 3. A maximum likelihood search of 1000 
iterations, followed by 1000 replications of the ultrafast 
bootstrap approximation, were then conducted using 
the partitioning scheme outlined above. All trees were 
visualized in FigTree ver. 1.4.3 (Rambaut 2017).

Results and discussion

The identity of ROMIZI12880

To ensure that the atypical phenotype observed was not 
indicative of a new species of leech, we identified 

ROMIZI12880 on the basis of both external and internal 
morphology, as well as with a DNA barcoding approach. 
ROMIZI12880 displays the dorsal pigmentation pattern 
characteristic of Erpobdella punctata; that is, four 
black paramedial stripes composed of disjunct black 
pigment spots that span the length of the body overtop 
a khaki-coloured dorsum (Figure 1(A)). Internally, the 
ejaculatory ducts form preatrial loops that extend from 
the prostate cornuae to the ganglion directly anterior 
them (Figures (1B),(2A)). The two characters above dis-
tinguish E. punctata from its close relatives, especially 
a newly discovered species that bears close external 
similarity to E. punctata (Anderson et al. 2020). 
ROMIZI12880 also shares the position of the male and 
female gonopores with E. punctata, both located in fur-
rows, two annuli apart, providing further evidence that 
our specimen represents an abnormal phenotype of 
E. punctata.

In addition, in our maximum likelihood tree contain-
ing all Erpobdella species with COI sequences on 
GenBank, ROMIZI12880 is recovered as a member of 
a clade composed exclusively of E. punctata (Figure 3) 
(likelihood bootstrap support = 99%). Notably, several of 
the included specimens of E. punctata were collected 
close to the type locality of the species (ROMIZI12852, 
ROMIZI12881, and ROMIZI12917) (see Table S1).

Reproductive morphology of ROMIZI12880

We adopt the nomenclatural system as employed by 
Sawyer (1986) wherein each full segment is designated by 
a roman numeral (starting with the anteriormost segment) 

Figure 1. A) A photo taken at 200x magnification of an anterior portion of the venter of ROMIZI12880. The meaning of each 
abbreviation is as follows: MG1 = male gonopore 1, FG1 = female gonopore 1, MG2 = male gonopore 2, FG2 = female gonopore 2, 
XI = somite XI, XII = somite XII. Parts of the dorsal epidermis can be seen on the left and right hand margins of the image. B) A photo 
taken at 150x magnification of the internal morphology of ROMIZ12880’s anterior male reproductive tracts. The meaning of each 
abbreviation is as follows: PL = preatrial loop, ED = ejaculatory ducts, C = atrial cornua, Od = oviduct.
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and each of these segments is further divided by a number 
of annuli designated with a lowercase letter and a subscript 
number (e.g. a1, a2, and a3 in the case of a triannulate leech). 
Externally, ROMIZI12880 can be instantly separated from its 
conspecifics due to the presence of two full sets of gono-
pores (i.e., two male and two female gonopores) (Figure 1 
(A)). The two sets are located exactly one somite apart: the 
male gonopores are located on XI b2/a2 and XII b2/a2 while 
the female gonopores are located on XI b5/b6 and XII b5/ 
b6, with the more posterior of each assuming the position 
normally observed. In both sets, the male gonopore is 
larger and slightly swollen, whereas the female gonopore 
is relatively small and inconspicuous (Figure 1A).

Internally, both the left and right sides of the male 
and female reproductive systems appear to be equally 
developed. On the right side of the body, however, both 
the male and female elements of the reproductive sys-
tem are shifted one somite anteriorly, relative to their 
typical position (i.e., the phenotype displayed on the left 
side of the body) (Figure 2(A)) (for a comprehensive 
review of the reproductive morphology of E. punctata, 
see Singhal and Davies 1985). The result is that the 
developmentally normal gonopores are only connected 
to the internal reproductive tracts on the left side of the 
body and vice versa for the gonopores located one 
somite anteriorly. Unfortunately, due to the destructive 
process typical of erpobdellid dissections and the focal 
specimen’s relatively undeveloped reproductive tract 
(which necessitated greater tissue removal than in 
a fully developed specimen), tissues such as the nephri-
dia (which we would also expect to fall out of segmental 
register [Gleizer and Stent 1993]) could not be examined.

For a schematic view of the internal morphology of 
ROMIZ12880, see Figure (2B). On the left side of the 
body, the atrial cornua is located at the anterior end of 
ganglion XII and the ejaculatory duct forms a preatrial 
loop extending to ganglion XI before turning posteriorly 
and continuing until XV/XVI, where it transforms into the 
more coiled epididymis. The epididymis extends from 
XV/XVI until XVIII/XIX where the testisacs begin. This 
specimen was not developed to the point where full 
testisacs had formed but the vas deferens was visible, 
allowing us to infer the somites in which the testisacs 
would ultimately develop: using the vas deferens as 
a proxy, the testisacs extend from XVIII/XIX to XXIV a2. 
The female reproductive tract begins with the oviduct 
projecting laterally from the gonopore just posterior to 
ganglion XII before joining the median and continuing 
posteriorly until XV a2.

On the right side of the body, each of these structures 
is shifted one somite anteriorly, relative to the left side. 
The prostate cornua is located just anterior of ganglion 
XI and the ejaculatory duct forms a preatrial loop 
extending to ganglion X. The ejaculatory duct continues 
from X a2 until XIV/XV where it becomes the epididymis. 
The epididymis extends from XIV/XV to XVII/XVIII where 
the testisacs would ultimately begin. The vas deferens 
extends from XVII/XVIII to XXIII a2.

Putative developmental cause of the phenotype

The phenotype observed in ROMIZI12880 closely resembles 
a particular phenotype that was induced in the leech 
Theromyzon rude (Baird 1869, Oosthuizen and Davies 1992) 
(Glossiphoniiformes) for the purpose of elucidating whether 
segmentation in the mesoderm is determined in a cell- 

Figure 2. A) A photo taken at 150x magnification of the internal 
morphology of ROMIZ12880. The meaning of each abbreviation is 
as follows: PL = preatrial loop, ED = ejaculatory ducts, C = atrial 
cornua, Od = oviduct, Os = ovisac, Ep = epididymis, VD = vas 
deferens B) A schematic figure of the internal reproductive mor-
phology of ROMIZ12880 based on the image presented in Figure 
2a. The legend is the same as that in Figure 2a. The number of 
each ganglion is denoted with roman numerals at its centre. The 
figure is truncated at ganglion XIX, but the vasa deferentia extend 
more posteriorly as indicated in Figure 2 and the text.
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extrinsic or cell-intrinsic manner (Gleizer and Stent 1993). 
The phenotype in T. rude was induced through the ablation 
of one or more blast cells in one of the M teloblast-derived 
germinal bandlets. As a result of the ablation, a gap was 
created within the bandlet and was, in some specimens, 
closed through a putative corrective mechanism wherein 
the posterior portion of the bandlet shifted anteriorly to 
make up for the space where the ablated mesodermal 
blast cell(s) resided. Cells that had shifted anteriorly devel-
oped according to their originally predicted segmental phe-
notypes rather than the phenotype predicted by their 
ectopic position, leading to shifts in the mesodermal tissues 
(e.g. male and female reproductive systems, nephridia, mz 
neurons) on one side of the leech only (Gleizer and Stent 
1993). Indeed, the phenotype observed in ROMIZI12880 is 
consistent with this experimentally induced phenotype. 
Another note of interest is the presence of two full sets of 
gonopores in ROMIZI12880. While speculative, their attach-
ment to only the oviduct and atrial cornua present within 
the segment they arise from indicates that the development 
of the gonopores occurs in a fashion that is similar to that of 
the distal tubule cell (i.e. the development of the gonopores 
is governed by positional, rather than temporal cues).

Despite the compelling similarities, it is possible that 
this phenotype arose due to a process unrelated to 
blast cell destruction, for example a mutation within 
the segment specification pathway(s). It has been the-
orized that birth rank in the germinal bandlets is estab-
lished by a mechanism that counts mitotic cycles in 
some manner (Martindale and Shankland 1990). If this 
mechanism was governed, for example, by the relative 
amount of a certain transcript or protein product pre-
sent in each subsequent blast cell (i.e., the creation of 

an anteroposterior concentration gradient), it is concei-
vable that a mutation up- or downregulating the pro-
duction of such a product could result in each 
subsequent blast cell containing more or less (depend-
ing on the direction of the gradient) than the amount 
required to develop according to the original segmen-
tal pattern. Notably, this scenario requires the mutation 
to occur after the division of DMʹʹ to ML and MR but 
before MR had given rise to the blast cell that would 
give rise to the genital primordia [note: DMʹʹ denotes 
a derived macromere that cleaves to form the left (ML) 
and right (MR) mesoteloblasts (Weisblat and Huang 
2001)]. Although some previously characterized genes 
have been investigated for their role in the develop-
ment of some cell-specific structures (e.g. Hro-nos, Lox2, 
and Hau-snail2) these are expressed too late in the 
process of leech development to be responsible for 
the initial specification of blast cells (Nardelli-Haefliger 
and Shankland 1992; Kang et al. 2002; Agee et al. 2006; 
Kim et al. 2017). Yet another possibility is that this 
phenotype arose as a result of a misalignment during 
the convergence of the bandlets from one side of the 
organism to form the germinal band or at the stage 
when both germinal bands align to form the germinal 
plate. In the former case, this would result in only 
mesodermal tissue that is out of register and in the 
latter case, all non-positionally defined tissues in one 
side of the organism would be out of register. It is still 
unclear how these alignments occur within the leech 
embryo but, nevertheless, there are many points during 
its development in which potential environmental 
stressors could act to produce the observed phenotype. 
Although we cannot, with certainty, establish the 

Figure 3. A maximum likelihood phylogeny (log likelihood = −6058.677) comprised of partial COI sequences from all available species 
of the genus Erpobdella. Salifa perspicax (HQ336340) was used to root the tree. Bootstrap support values are depicted above and to the 
left of their respective node; black circles denote a bootstrap support value ≥ 95%. Branch lengths are proportional to the inferred 
amount of change. The sequence from ROMIZ12880 is bolded and the clade containing its conspecifics is highlighted with blue.
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ultimate cause of this phenotype, it is clear that it is the 
result of some developmental abnormality affecting the 
mechanism or result of segment specification. To date, 
this appears to be the first recorded case of a gonopore 
duplication coupled with an internal misalignment of 
the reproductive tracts in a developed specimen. 
Furthermore, its presence in an erpobdelliform leech, 
which are understudied regarding development, sug-
gests a high degree of similarity between the develop-
ment of distantly related groups of leeches.
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