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The taxonomy of earthworms has been riddled by instability, lack of systematically useful characters, and lax diagnoses of some
genera. This has led to the use of some genera such as Allolobophora Eisen, 1874 as taxonomic wastebaskets, blurring their
evolution and biogeographical history. The implementation of molecular techniques has revolutionized the systematics of the
genus; however, some of its species have not been previously included in molecular phylogenetic analyses. Thus, the molecular
markers COI, 16S, ND1, 12S, and 28S were sequenced for six endemic species including several taxa of Allolobophora and
Aporrectodea Örely, 1885 (another related catch-all genus). Phylogenetic relationships determined by Bayesian inference and
maximum likelihood analyses support the status of two of the six taxa examined (Allolobophora burgondiae Bouché, 1972 and
Aporrectodea icterica Savigny, 1826) as part of Allolobophora sensu stricto and a presumed synonymy between Allolobophora
and Heraclescolex Qiu and Bouché, 1998. Branch lengths and average pairwise genetic distances support the transfer of
Allolobophora satchelli Bouché, 1972 to the genus Panoniona Mršić and Šapkarev, 1988 and the emergence of two new genera,
Heraultia gen. nov. and Vosgesia gen. nov., endemic to France, hosting Allolobophora tiginosa Bouché, 1972 and Allolobophora
zicsii Bouché, 1972, respectively. The aforementioned changes of status and the diagnosis for Heraultia and Vosgesia are
presented. These results provided more evolutionarily and biogeographically coherent earthworm groups and highlighted that
the Maghreb and the area around the Alps are potential key locations for the diversification of Allolobophora and several
lineages of Lumbricidae.

1. Introduction

The taxonomy of earthworms has proven to be very unsta-
ble over the last two centuries. This is due to a lack of sys-
tematically useful morphological characters and the fact
that most of them are homoplasious or symplesiomorphic
[1]. Within Lumbricidae Rafinesque-Schmaltz 1805, the
most speciose family of the Palaearctic, some genera have
been inadvertently used as taxonomic wastebaskets due to
excessively loose diagnoses. As shown by the molecular
phylogenetic analyses of Dominguez et al. [2], such catch-

all taxa, e.g., Aporrectodea Örley, 1885, Allolobophora
Eisen, 1874, or Helodrilus Hoffmeister, 1885, contain inde-
pendent evolutionary lineages which should be described as
different genera.

Allolobophora was established by Eisen in 1874 based on
external morphological characters and included seven spe-
cies, but without selecting a type species. Further species
were progressively added to a somewhat refined Allolobo-
phora (as internal characters were added to its diagnosis),
but after the revision of Pop [3], it became a catch-all genus
[1]. Later works suggested that Allolobophora should be
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divided into subgenera or even different genera [4–8], but
with little consensus.

Only the designation of Allolobophora chlorotica
(Savigny, 1826) as its genus type allowed the delimitation
of Allolobophora sensu stricto and Allolobophora sensu lato,
which includes most of its species [1]. The inclusion of All.
chlorotica in the phylogenetic analysis of Domínguez et al.
[2] corroborated this view: All. chlorotica and other green
pigmented species (Allolobophora dubiosa Örley, 1881, Allo-
lobophora moebii Michaelsen, 1895, and Allolobophora mol-
leri Rosa, 1889) formed a clade separated from the species
assigned to the subgenus Allolobophora (Gatesona) Bouché,
1972 and to Allolobophora sensu lato (or Karpatodinariona
Mršić and Šapkarev, 1988 and Serbiona Mršić and Šapkarev,
1988). Further molecular phylogenetic works cemented this
separation by establishing the genus Gatesona [9] and by
amending the genus Cernosvitovia Omodeo, 1956 to include
several Balkanic species of Allolobophora sensu lato [10].

Eophila Rosa, 1893 is in strong conflict with Allolobo-
phora, as numerous species have been transferred between
the two genera in successive taxonomic revisions. It has also
been considered synonymous with Heraclescolex Qiu and
Bouché, 1998, a genus consisting mainly of green pigmented
earthworms with little distinction from the other two genera.
The inclusion of the type species of the genus Eophila,
Eophila tellinii Rosa, 1888, in molecular phylogenetic analy-
sis by de Sosa et al. [11] has eliminated the confusion:
Eophila should be restricted to Eo. tellinii, Eophila gestroi
(Cognetti de Martiis, 1905), and Eophila crodabepis [12].
Furthermore, the genotype of Heraclescolex (All. moebii)
was nested with All. chlorotica, thus suggesting the synon-
ymy of the latter genera.

Koinodrilus Qiu and Bouché, 1998 was created to
accommodate species previously assigned to Allolobophora
and/or Aporrectodea. Its type species, Aporrectodea georgii
Michaelsen, 1890, and a few other representatives (Aporrec-
todea jassyensis (Michaelsen, 1891), Aporrectodea limicola
(Michaelsen, 1890), Aporrectodea rosea (Savigny, 1826),
and Allolobophora oliveirae (Rosa, 1894)) were included in
phylogenetic trees by Domínguez et al. [2], but the results
did not strongly support this genus. On the contrary, Ap.
georgii and Ap. jassyensis formed a clade, but the rest of
the species appeared scattered within other well-supported
clades or behaved as rogue taxa (with unstable positions).

Despite the significant advances in the taxonomy and
systematics of the French Lumbricidae in recent years, the
phylogenetic relationships of some rare endemic species
remain uncertain. For example, Allolobophora burgondiae
(Bouché, 1972) and Allolobophora satchelli (Bouché, 1972)
were originally placed within Allolobophora sensu stricto
by Bouché [4] and retained within the genus by Qiu and
Bouché [8], and their relationships were not been ques-
tioned; yet they were never been included in molecular phy-
logenetic analyses. Allolobophora tiginosa (Bouché, 1972)
and Aporrectodea icterica (Savigny, 1826) were transferred
from Allolobophora sensu stricto to Koinodrilus and Hera-
clescolex, respectively, in Qiu and Bouché [13], while Allolo-
bophora zicsii Bouché, 1972 was transferred from
Allolobophora sensu lato to Koinodrilus [14]. Finally, Apor-

rectodea pseudoantipai (Qiu and Bouché, 1998) was origi-
nally placed within Koinodrilus.

This paper places the aforementioned species in a molec-
ular phylogenetic context to (i) place the last few incerta
sedis French endemic species into their appropriate genera,
(ii) interrogate whether Allolobophora and Heraclescolex
are synonymous, and (iii) test the validity of Koinodrilus.

2. Materials and Methods

2.1. Samplings and Studied Specimens. This study follows the
methodology of Marchán et al. [9, 15], and the method
description partially reproduces their wording. 15 specimens
of six species of Lumbricidae (genera Allolobophora and
Aporrectodea) were collected during two sampling surveys
in southeastern and northeastern France in spring 2021
and autumn 2021, respectively. The list of species and the
sampling localities are given in Table 1. Individuals were col-
lected by digging up the soil and sorting by hand, rinsing
with water, and fixing in pure ethanol to allow further
molecular analyses. Sampling and handling of specimens
were done ethically and in accordance with Directive 2010/
63/EU.

Species classification and morphological diagnoses were
made under a binocular stereomicroscope using the set of
external and internal morphological characters used by Qiu
and Bouché [16] and following the format established by
Domínguez et al. [17]. The following main external morpho-
logical characters were considered: mean length, mean num-
ber of segments, mean weight, pigmentation, type of
prostomium, setal arrangement, position of papillae, position
of first dorsal pore, nephridial pore arrangement, position
and development of male pores, position and development
of female pores, position of spermathecal pores, position of cli-
tellum, and position of tubercula pubertatis. The main internal
anatomical features were position of oesophageal hearts, posi-
tion and morphology of calciferous glands, position of crop,
position of gizzard, type of typhlosole, shape of nephridial
bladders, number and position of seminal vesicles, and num-
ber and position of spermathecae.

2.2. DNA Extraction and Sequencing. After morphological
identification, total genomic DNA was extracted from ven-
tral integument samples of approximately 5 × 5mm by using
the SpeedTools Tissue DNA Extraction kit (Biotools).
Regions of the nuclear gene 28S rRNA and mitochondrial
16S rRNA, 12S rRNA, NADH dehydrogenase (ND1), and
cytochrome oxidase subunit 1 (COI) were amplified by
polymerase chain reaction (PCR), using the primers
described in Pérez-Losada et al. [18] and Folmer et al.
[19]. PCR reactions were performed using a GeneAmp
Multicycler Ep gradient (Eppendorf) under the following
conditions: an initial denaturation step (5min at 94°C); 40
cycles (35 for ND1) consisting of denaturation at 95 ªC
for 30 s, annealing (between 45°C and 55°C) for 45 s, and
extension at 72°C for 1min; and a final extension step
(5min at 72°C). The amplified PCR products were purified
using the Multiscreen PCRμ96 purification kit (Millipore)
and sequenced in Macrogen (Spain). DNA sequences
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obtained in this study are available in GenBank, under acces-
sion numbers OQ224974-OQ224979 for COI, OQ236700-
OQ236705 for ND1, OQ225516-OQ225521 for 28S,
OQ225522-OQ225527 for 12S, and OQ225532-OQ225537
for 16S; COI sequences, together with metadata, are publicly
available in the dataset DS-ALLREV in BOLD (doi:10.5883/
DS-ALLREV).

2.3. Phylogenetic Analyses. Sequences were aligned using
MAFFT v.7 [20] with default parameters and concatenated
in BioEdit [21], obtaining a sequence of 3,260 base pairs
for each species. Sequences reported by Dominguez et al.
[2], Domínguez et al. [17], Pérez-Losada et al. [18], Pérez-
Losada et al. [22], Pérez-Losada et al. [23], Paoletti et al.
[12], de Sosa et al. [11], Bozorgi et al. [24], Jiménez Pinadero
et al. [25], and Marchán et al. [26] with representatives of
most Lumbricidae genera and two members of the closest
families (Hormogastridae and Criodrilidae) were down-
loaded from GenBank and used as a reference dataset. The
included species and their source publications are listed in
Supplementary Table 1.

The best-fitting evolutionary model for each partition
was selected with jModelTest v. 2.1.3 [27] following the
Akaike Information Criterion (AIC; [28]) and the Bayesian
Information Criterion (BIC; [29]). GTR+I+G was selected
as the best evolutionary model for COI, 28S, and ND1,
whereas GTR+G and HKY+I+G were chosen for the molec-
ular markers 12S and 16S, respectively. Phylogenetic rela-
tionships were inferred by Bayesian inference analysis (BI)
using MrBayes v.3.2.6 [30] implemented in CIPRES Science
Gateway V. 3.3 [31]. Parameters were set to 50 million gen-
erations and sampled every 5,000th generation (10,000
trees). Two independent runs of four chains each were per-
formed, and 20% of the trees were discarded as burn-in.
The remaining trees were combined and summarized on a
50% majority-rule consensus tree. Maximum likelihood
phylogenetic inference was performed using RAxML-NG
[32], starting from 10 random initial trees and 1000 fast
bootstrap replicates. Clade support values over 70% and
90% (for bootstrap and posterior probability, respectively)
were considered high.

Uncorrected average pairwise distances between the
studied species for the molecular markers COI and 16S were
calculated in MEGA 11 [33] to support their status as sepa-
rate species and to investigate genetic distances within and
between genera.

3. Results

3.1. Morphological Study. The studied specimens fitted the
diagnoses of their respective species [4, 13, 14].

3.2. Molecular Phylogenetic Analysis. Phylogenetic relation-
ships determined by Bayesian inference (Figure 1) and max-
imum likelihood (Supplementary Figure 1) were congruent
with previous phylogenetic analyses and between them,
with the main internal branches resolved receiving high
statistical support. The results do not support the
monophyly of Allolobophora as currently defined, as the

studied species appeared scattered throughout different
clades. However, All. burgondiae and Ap. icterica were
recovered in a clade with All. chlorotica and the species
formerly assigned to Heraclescolex (All. moebii—designated
as its type—All. molleri, Ap. icterica, and Ap. dubiosa). In
contrast, the four remaining species were recovered as
more distantly related taxa, not sharing the most recent
common ancestor with Allolobophora. Although with low
support, All. zicsii was recovered in both phylogenetic
analysis as a sister species of Avelona ligra (Bouché, 1969),
the only known species of the genus Avelona Qiu and
Bouché, 2000; both species formed a clade sister to the
strongly supported genus-level clade Gatesona. A similar
scenario was found for All. satchelli, who was recovered as
a sister taxon to Panoniona leoni Michaelsen, 1891. With
respect to Allolobophora tiginosa, this taxon was placed in a
large clade comprising Castellodrilus Qiu and Bouché, 1998;
Zophoscolex Qiu and Bouché, 1998; Ethnodrilus Bouché,
1972; Prosellodrilus Bouché, 1972; and Cataladrilus Qiu and
Bouché, 1998, forming a well-supported clade with the last
two mentioned genera. However, the precise phylogenetic
relationship between them remained unsolved. Finally, the
results for Aporrectodea pseudoantipai show that it belongs
in a clade with the representatives of Aporrectodea (except
for Aporrectodea rosea, which is considered a rogue taxon),
with Aporrectodea handlirschi (Rosa, 1897) as its closest
relative. Aporrectodea georgii (type species of Koinodrilus)
showed no affinity with the species once assigned to
Koinodrilus (zicsii, pseudoantipai, rosea, jassyensis, limicola,
and oliveirae). Allolobophora bartolii (Bouché, 1970),
although with minor support, does not appear to be related
to Allolobophora sensu stricto. Instead, it is more closely
related to Eophila Rosa, 1893 and Imetescolex Szederjesi
et al., 2022.

The four taxa not placed within the Allolobophora sensu
stricto clade showed high distance values for both markers
with representatives of that clade (including All. burgondiae
and All. icterica), with All. satchelli showing the smallest dis-
tances with the species of the genus (Table 2). However, All.
satchelli displayed its lowest distance values for both markers
with P. leoni (14.71% for COI, the lowest value for this
marker, and 6.00% for 16S). For All. zicsii, UAPG distances
for the molecular markers COI and 16S were high between
the species and every taxon included in the analysis, even
with its closest relative Av. ligra (19.17% for COI and
14.02% for 16S). All. tiginosa showed its lowest distance with
the type species of the genus Cataladrilus, C. monticola
(10.61% for 16S), while Ap. pseudoantipai showed generally
lower distances with Ap. handlirschi than with any other
species of Allolobophora.

4. Discussion

4.1. Systematic Implications. The inclusion of All. burgondiae
and Ap. icterica within a well-supported clade with All.
chlorotica, All. molleri, and All. dubiosa and the low UAPG
distance values among them suggest that both species should
be placed within Allolobophora. The phylogenetic position of
Ap. pseudoantipai with the representatives of Aporrectodea,
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all of them forming a well-supported genus-level clade, sug-
gests that it should remain within that genus. The possibility
that Eiseniona Omodeo, 1956 (with Eiseniona handlirschi as
type species) is a valid genus and that Ap. pseudoantipai
should belong to it cannot be discarded without sampling
additional representatives.

On the other hand, the nonmonophyly of All. satchelli,
All. zicsii, and All. tiginosa with the species of Allolobophora
sensu stricto implies these species should be assigned to
other genera. For All. satchelli, the Bayesian inference and
the UAPG distances support the inclusion of the species
within the genus Panoniona Mršić and Šapkarev, 1988,
changing its status to Panoniona satchelli. Interestingly, All.
bartolii was placed by Qiu and Bouché [8] within Pano-
niona, which was not supported by molecular phylogenetics
results. This highly polymorphic species (probably being a
species complex) requires further study before a new genus
can be proposed for it. The high distance values between
All. zicsii and all the studied species and the long branches
that separate this taxon from its closest relative suggest the
designation of a new genus for this species. Similarly, All.
tiginosa has been shown to be closely related to the genera

Prosellodrilus and Cataladrilus but without belonging to
the same genus-level clade, thus justifying the creation of
its own genus.

The nonmonophyly of Aporrectodea georgii with the
other species included in Koinodrilus suggests that it would
be a monospecific genus if retained. Also, Aporrectodea geor-
gii does not appear to be related to Aporrectodea sensu
stricto, the closest relatives of Aporrectodea trapezoides
(Dugès 1828), so it should not be classified within Aporrecto-
dea. Therefore, Koinodrilus would be a valid name, and a
new one would not be necessary. Interestingly, Marchán
et al. [34] recovered a close phylogenetic relationship
between Ap. georgii and All. chlorotica when using the novel
phylogenomic technique AHE (Anchored Hybrid Enrich-
ment, [35]): this relationship was recovered with low sup-
port in the maximum likelihood analysis based on the
traditional Sanger-sequenced markers. As the taxonomic
sampling was limited (43 species), an increased number of
species could confirm or deny such an evolutionary affinity.

Proposed taxonomic changes
Phylum Annelida Lamarck, 1802
Subphylum Clitellata Michaelsen, 1919

Figure 1: Detail of the clades recovered by Bayesian inference that includes the species of study. The phylogenetic analysis was performed
using the concatenated sequence of the five molecular markers (COI, ND1, 16S, 12S, and 28S). Vertical grey lines show differences in
topology according to a maximum likelihood analysis. Support values are shown besides corresponding nodes (posterior probability, left;
bootstrap, right). The taxa included in this work are shown in bold. Allolobophora sensu stricto clade is shaded in green. The tree
containing all phylogenetic relationships is shown in Supplementary Figure 2.
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Class Oligochaeta Grube, 1850
Superorder Megadrili Benham, 1890
Order Haplotaxida Michaelsen, 1900
Family Lumbricidae Rafinesque-Schmaltz, 1815
Tribe Prosellodrilini Qiu and Bouché, 1998
Genus Heraultia Martínez Navarro and Marchán, 2022
Type species: Heraultia tiginosa stat. nov. (Bouché, 1972)
Material studied: 1 adult specimen; BOLD sample ID:

ALL-016; Occitanie, Hérault, Puéchabon; latitude/longitude:
43.713/3.605; 09-Feb-2021; M. Hedde, Marsden, Gerard,
Beauchesne leg. Specimen deposited in UCM-LT.

Diagnosis:
Small-sized (50-75mm and 0.2-0.29 gr) Prosellodrilini

with less than 200 segments and absence of pigmentation.
Prostomium is epilobous. Setae are closely paired. First dor-
sal pore in 4/5. Male pores in 1/2 15 with well-developed
porophores. Spermathecal pores in 10/11, 11/12, and 12/
13. Nephridial pores aligned. Clitellum in 21-36. Tubercula
pubertatis in 27-29, winglet shaped. Oesophageal hearts in
6-11; Calciferous glands poorly developed in 13 and 14,
without diverticula or dilations. Crop in 15-16. Glizzard in
17-18. Typhlosole is bifid. Three pairs of globular sper-
mathecae in 11, 12, and 13, rarely double. Glandular papillae
in 10, 11, and 26-32. Two pairs of seminal vesicles in 11 and
12, poorly developed. Nephridial bladders are U-shaped
(incurvate and reclinate). Cross section of longitudinal mus-
culature elementary (sensu Bouché, 1972).

Differential diagnosis:
Heraultia shares with Prosellodrilus and Cataladrilus (its

closest relatives) the anterior position of the clitellum and
the number and position of seminal vesicles (two pairs in
11 and 12), but it is clearly separated from both by the
poorly developed calciferous glands (well-developed and
usually with diverticula or dilations in 11 in Prosellodrilus
and Cataladrilus) and by the position of the spermathecae
(10/11, 11/12, and 12/13 vs. (12/13), 13/14, and 14/15 in
Prosellodrilus and 9/10 and 10/11 in Cataladrilus). For the
diagnoses of the compared genera, see Table 3.

Other species included: none.
Tribe Lumbricini Qiu and Bouché, 1998
Genus Allolobophora Eisen, 1874
Type species: Allolobophora chlorotica (Savigny 1826)
Material studied: (a) Allolobophora burgondiae: 3 adult

specimens; BOLD sample ID: ALL-002, ALL-003, ALL-
004; Bourgogne, Côté d’Or, Bouze-lés-Beaune; latitude/lon-
gitude: 47.062/4.760; 30-Oct-2021; R. Della Vedova, T. Dec-
äens, D. Fernández Marchán leg. Specimen deposited in
UCM-LT; (b) Allolobophora icterica: 3 adult specimens;
BOLD sample ID: ALL-010, ALL-011, ALL-012; Grand Est,
Vosges, Plombiêres-les-Bains; latitude/longitude: 47.988/
6.512; 02-Nov-2021; R. Della Vedova, T. Decäens, D. Fer-
nández Marchán leg. Specimen deposited in UCM-LT.

Diagnosis:
Small-to-medium-sized Lumbricini with green pigmen-

tation (sometimes absent). Prostomium is epilobous, no
transversal furrows. Setae are closely paired. First dorsal pore
in 4/5 (rarely 3/4, 5/6, and 7/8). Male pores in 1/2 15 with
well-developed porophores. Presence of spermatophores.
Spermathecal pores in variable position and number

between 7/8, 8/9, 9/10, and 10/11, simple. Nephridial pores
irregularly distributed (en solfège). Clitellum moderately
posterior to extremely posterior, starting between 28 and
73 and ending between 36 and 78. Oesophageal hearts in
6-11. Calciferous glands in 10-14 with diverticula in 10.
Crop in 15-16. Glizzard in 17-18. Typhlosole is usually trifid
(sometimes bifid or with 4 lamellae). Variable number of
simple spermathecae, usually 3 or 4 pairs. Four pairs of sem-
inal vesicles in 9, 10, 11, and 12. Nephridial bladders are U-
shaped (incurvate and reclinate or proclinate). The main
morphological characters of the species of Allolobophora
sensu stricto (see below) can be found in Table 4.

Differential diagnosis:
Even though Cernosvitovia as redefined by Popović et al.

[10] is a morphologically heterogeneous genus, Allolobo-
phora can be distinguished from it by its pigmentation (if
present: green vs. brown) and either the position of the male
pore (1/2 15 vs. 25-30) or the position of the spermathecae
(variable in 7/8, 8/9, 9/10, and 10/11 vs. 9/10, 10/11, 11/12,
and (12/13)).

Allolobophora is clearly separated from Gatesona by the
absence of pigmentary dots in cephalic segments, by its gen-
eral pigmentation (if present: green vs. brown), by the
absence of very conspicuous genital papillae between seg-
ment 9 and the end of the clitellum and by the start of the
clitellum (28-73 vs. 23-27). They also differ in the position
of the spermathecae (variable in 7/8, 8/9, 9/10, and 10/11
vs. 9/10, 10/11, and (11/12)).

Allolobophora differs from Panoniona by the more poste-
rior position of the clitellum, frequently green pigmentation
vs. absence of pigmentation, repetition of spermathecae (sim-
ple vs. double our multiple), number of seminal vesicles (four
pairs in 9, 10, 11, and 12 vs. two pairs in 11 and 12), and shape
of nephridial bladders (U-shaped vs. J-shaped).

Allolobophora can be separated from Eophila by its gen-
erally smaller size, its pigmentation (if present: green vs.
purplish-brown in bands or brown), and the position of
the spermathecae (variable in 7/8, 8/9, 9/10, and 10/11 vs.
9/10 and 10/11). The comparison of the mentioned genera
is shown in Table 3.

Species included the following:

(i) Allolobophora chlorotica (Savigny, 1826)

(ii) Allolobophora burgondiae Bouché, 1972

(iii) Allolobophora icterica (Savigny, 1826)

(iv) Allolobophora molleri Rosa, 1889

(v) Allolobophora moebii Michaelsen, 1895

(vi) Allolobophora dubiosa Örley, 1881

Remarks: the species assigned to Heraclescolex by Qiu
and Bouché [13] form a remarkably homogenous group in
terms of morphology and anatomy. Since four species for-
merly assigned to Heraclescolex (including the type species)
have been recovered within Allolobophora by phylogenetic
analyses, it is likely that the rest will also belong to this
genus. The taxonomic status of the Allolobophora molleri-
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moebii complex and closely related species is very controver-
sial [36–38] and should be addressed by including the different
species and subspecies in molecular phylogenetic analyses.

Genus Panoniona Mršić and Šapkarev, 1988
Type species: Allolobophora leoni Michaelsen, 1891
Material studied: Panoniona satchelli, 3 adult specimens;

BOLD sample ID: ALL-013, ALL-014, ALL-015; Alsace,
Haut-Rhin, Saint-Louis; latitude/longitude: 47.618/7.538;
04-Nov-2021; R. Della Vedova, T. Decaëns, D. Fernández
Marchán leg. Specimen deposited in UCM-LT.

Diagnosis:
Small-to-medium-sized Lumbricini with absence of pig-

mentation. Prostomium is epilobous. Setae are closely
paired. First dorsal pore in 4/5. Male pores in 1/2 15 with
well-developed porophores. Spermathecal pores in 9/10,
10/11, double or multiple. Nephridial pores aligned or irreg-
ularly distributed (en solfège). Clitellum between 23 and 34.
Tubercula pubertatis between 28 and 34. Oesophageal hearts
in 6-11. Calciferous glands in 10-14 with diverticula in 10.
Crop in 15-16. Glizzard in 17-18. Glandular papillae in 11-
13, 16, (17), 26-29, and (34). Typhlosole is trifid or with
two large and two small lamellae. Spermathecae double or
multiple in 10, 11, globular and intracelomic. Two pairs of
seminal vesicles in 11 and 12. Nephridial bladders are J-
shaped with or without loop.

Differential diagnosis:
Panoniona can be differentiated from Allolobophora by

the more anterior position of the clitellum and absence of
pigmentation vs. frequently green pigmentation, repetition
of spermathecae (double our multiple vs simple), number
of seminal vesicles (two pairs in 11 and 12 vs. four pairs in
9, 10, 11, and 12), and shape of nephridial bladders (J-
shaped vs. U-shaped).

Even though Cernosvitovia as redefined by Popovic et al.
[10] is a morphologically heterogeneous genus, Panoniona
can be distinguished from it by the type of spermathecae (dou-
ble our multiple vs. simple) and either the position of the male
pore (1/2 15 vs. 25-30) or the position of the spermathecae (9/
10 and 10/11 vs. 9/10, 10/11, 11/12, and (12/13)).

Panoniona is clearly separated from Gatesona by the
absence of pigmentary dots in cephalic segments, absence
of very conspicuous genital papillae between segment 9
and the end of the clitellum, shape of nephridial bladders
(J-shaped vs. sigmoid), repetition of spermathecae (double
our multiple vs. simple), and number of seminal vesicles
(two pairs in 11 and 12 vs. three to four pairs in (9, 10),
11, and 12).

Panoniona differs from Eophila by its generally smaller
size, its pigmentation (absent vs. purplish-brown in bands
or brown), and repetition of spermathecae (double our mul-
tiple vs. simple; Table 3).

Species included the following:

(i) Panoniona leoni Michaelsen, 1891

(ii) Panoniona satchelli stat. nov. Bouché, 1972

Genus Vosgesia Martínez Navarro and Marchán, 2022
Type species: Vosgesia zicsii stat. nov. (Bouché, 1972)

Material studied: 3 adult specimens; BOLD sample ID:
ALL-007, ALL-008; ALL-009; Bourgogne; Haute-Saône,
Luxeuil-les-Bains, latitude/longitude: 47.836/6.359; 02-Nov-
2021; R. Della Vedova, T. Decäens, D. Fernández Marchán
leg. Specimens deposited in UCM-LT.

Diagnosis:
Small-sized (50-75mm and 0.2-0.29 gr) Lumbricini with

less than 150 segments and absence of pigmentation. Prosto-
mium is epilobous. Setae are closely paired. First dorsal pore
in 4/5. Male pores in 1/2 15 with well-developed porophores.
Spermathecal pores in 9/10, 10/11, simple or double.
Nephridial pores aligned. Clitellum in 26-34. Tubercula pub-
ertatis in 27-33, with maximum development in 30-33.
Oesophageal hearts in 6-11. Calciferous glands in 10-14 with
diverticula in 10. Crop in 15-16. Glizzard in 17-18. Glandu-
lar papillae in 13, 27, and 30-32. Typhlosole is bifid. Sper-
mathecae simple or double in 10, 11, globular and
intracelomic. Two pairs of seminal vesicles in 11 and 12.
Nephridial vesicles are J-shaped (incurvate and reclinate).

Differential diagnosis:
Vosgesia shares with Avelona (their closest relatives) the

position of spermathecae (9/10 and 10/11) and seminal ves-
icles (11 and 12), typhlosole shape (bifid), and several exter-
nal character states, but it is clearly separated by the position
of the dorsal pore (4/5 vs. 8/9), the position of the clitellum
(26-34 vs. 29-36), the nephridial pore disposition (aligned vs.
irregular), the type of spermathecae (simple or double vs.
simple), and the shape of the nephridial bladders (U-shaped
vs. digitoid). The complete diagnoses of both genera are
listed in Table 3.

Other species included: none.

4.2. Evolutionary and Biogeographic Implications. Histori-
cally, the genus Allolobophora includes a large number
of species that are often taxonomic unrelated, resulting
in a genus with a wide distribution and high diversity
(the second largest one within the Lumbricidae), but with
weak evolutionary ties. Unfortunately, this has compli-
cated evolutionary and biogeographic interpretations. The
gradual implementation of molecular techniques has revo-
lutionized the systematics of the genus, with the elevation
of redefined Cernosvitovia [10] and Gatesona [9], previ-
ously considered subgenera of Allolobophora, to generic
status. The present work has continued this trend by sup-
porting the elevation of Panoniona to genus status and
the assignment of two of the studied species to newly
described genera.

The resulting monophyletic clade comprising the former
Allolobophora sensu stricto (with All. chlorotica and All. bur-
gondiae) and Heraclescolex (comprising All. moebii and All.
molleri, All. icterica, and All. dubiosa) appears more coher-
ent in its morphological variability and distribution than
the loosely defined Allolobophora of old. Qiu and Bouché
[16] already indicated the strong morphological similarity
between Allolobophora sensu stricto and Heraclescolex; in
spite of that, surprisingly, they proposed to place them in
different tribes. Domínguez et al. [2] showed for the first
time that All. molleri, All. moebii, and All. dubiosa are closely
related taxa to All. chlorotica by molecular phylogenetic
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methods. The presence of All. burgondiae and All. icterica
within that clade reinforces the idea that Allolobophora and
Heraclescolex are synonyms. An alternative interpretation
of the topology of the phylogenetic trees might be that Allo-
lobophora sensu stricto (with All. chlorotica and All. burgon-
diae) and Heraclescolex do not constitute the same genus but
are very closely related, independent genera. Even though
both scenarios are likely, their extremely similar morphology
(including the widespread green pigmentation) advises to
synonymize them. Their main difference, the orientation of
the nephridial bladders, is a rather feeble taxonomic charac-
ter within a strongly variable structure within genera [9, 24].
Examination of the remaining species of Heraclescolex and
their inclusion in the molecular phylogenetic analysis could
recover them within Allolobophora, which would further
support our hypothesis.

Interestingly, the genotypes of both merged genera (All.
chlorotica and All. moebii) constitute species complexes on
opposite poles of the morphological variability spectrum.

Allolobophora chlorotica has been shown to comprise
several cryptic lineages [39, 40], some of which are wide-
spread or even cosmopolitan, while a few are endemic to
Provence and the Alps [39, 41]. Moreover, several subspecies
have been described, but their association with those genetic
lineages is still unknown. The integration of both sources of
information with the new phylogenetic frame is essential to
understand their phylogeography and the geographic origin
of the genus.

The molleri-moebii species complex is a particularly con-
troversial group that has been assigned to the genera Allolo-
bophora, Eophila, Aporrectodea, or Heraclescolex. Trigo et al.
[37, 38] found specimens with intermediate character states
with respect to the position and extension of the clitellum in
a continuum between the previously described species,
which blurred the boundary between them. Barros [36] con-
cluded that All. molleri and All. moebii constitute a single
species named All. molleri. However, these results were not
accepted by Qiu and Bouché [8, 13, 14, 16], who described
additional subspecies and closely related species (the
Maghrebian Heraclescolex kionionus Qiu and Bouché,
1998, Heraclescolex rifanus Qiu and Bouché, 1998, and Her-
aclescolex postsellis Qiu and Bouché, 1998). Our results
appear to support the former view, as All. molleri and All.
moebii do not have sufficient genetic divergence to be con-
sidered separate species. In order to solve the decade-old rid-
dle of the taxonomy of this species complex, a systematic
sampling of different populations of All. molleri, All. moebii,
and the other species within this complex (Allolobophora
fernandae Graff, 1957, Allolobophora monchicana Trigo,
Mascates, Briones and Diaz Cosin, 1990, and Allolobophora
opisthosellata Graff, 1961) will be performed in the near
future; this will allow integrative species delimitation and
will shed light on the evolutionary significance of the
extraordinary clitellar variability of this group.

Although several questions remain to be solved, our cur-
rent knowledge allows us to propose a rough scenario for the
evolutionary origin and historical biogeography of Allolobo-
phora. All the species assigned to the newly defined Allolobo-
phora (plus the currently unstudied Heraclescolex species)

are native to the western Iberian Peninsula, France, Switzer-
land, Italy, and central-eastern Europe. The center of origin
could be near the western Alps, as suggested by the presence
of “endemic” lineages of All. chlorotica as well as All. burgon-
diae and All. icterica (Figure 2). The less intuitive distribu-
tion corresponds to the All. moebii-molleri complex and
Heraclescolex species, which show a remarkable disjunction.
However, the highest diversity of species and subspecies in
southwest of the Iberian Peninsula, Morocco, and Algeria
suggests an origin of this species group in the AlKaPeCa
(Alboran-Kabylian-Peloritan-Calabrian) terrane, whose
fragments migrated to their current positions in the Iberian
Peninsula and northern Africa [42]. This terrane showed
continuity with alpine Corsica and the developing Alps,
allowing the dispersal and diversification of the ancestors
of the extant Allolobophora species to their current range.
An increased taxonomic and phylogeographic sampling of
the areas and species involved would allow to refine and test
this hypothesis, offering valuable insights into the link
between the paleogeography of the western Mediterranean
and its diversity.

The small, isolated genera Heraultia and Vosgesia and
the occurrence of Panoniona in northeastern France and
Switzerland also provide interesting biogeographic and evo-
lutionary insights (Figure 2). Heraultia tiginosa represents a
phylogenetic and biogeographic link between the French
Zophoscolex and Ethnodrilus and the mostly Pyrenean Pro-
sellodrilus and Cataladrilus. While the latter two are remark-
ably diverse genera, Heraultia comprises a single species
known from a single location: this suggests that Heraultia
is a relict genus whose diversity and range might have been
reduced by environmental and faunistic changes (as inferred
for Galiciandrilus, Compostelandrilus, and Vindoboscolex
[15]). Although new species belonging to Heraultia might
be discovered in the future extending its distribution area,
its presence highlights the high conservation value of Her-
ault (and the area around Montpellier) as a hotspot of Med-
iterranean earthworm diversity.

Similarly, V. zicsii appears as an isolated distant relative
of Av. ligra and Gatesona and the most northeastern repre-
sentative of their clade (Figure 1). Its presence attests to a
wider distribution of such lineage in the past and putatively
to a greater diversity that is no longer present in France.
Panoniona satchelli is isolated from its eastern relative P.
leoni (present in Italy, Slovenia, Croatia, and further east)
by the Alps (and about 400 km in a straight line)
(Figure 2). In the case of Panoniona, the cause of such dis-
junction could indeed be the progressive elevation of the
mountain chain, with an associated change in climate and
vegetation, which could have led to a large unsuitable area
between the current species. However, there is another cause
that could explain the present range of Vosgesia zicsii and P.
leoni. As stated by Bouché [4], endemic species in France
appear to be restricted to the south of the Loire River:
towards the North, they would have been eliminated by
the presence of permafrost during the Last Glacial Maxi-
mum (LGM, ca. 33,000-15,000 years ago [43]). Even though
most recent models suggest that permafrost would have not
been present south of 49° N in France [44], the dominant
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biome in most of France and the rest of Europe would have
been steppe-tundra [45] which is unsuitable for most lum-
bricid earthworms. The almost complete absence of endemic
earthworm species (and low diversity) in Germany, Czech
Republic, Poland, Slovakia, and countries further north sup-
ports this hypothesis. Nevertheless, Bouché [4] noted the
presence of a few strictly endemic species in a small region
(Val de Saône-Vosges) within the “glaciated” area. Allolobo-
phora burgondiae, P. satchelli, V. zicsii, and Ap. pseudoanti-
pai (as well as Ap. gogna Bouché, 1972 and Ap. velox
(Bouché 1967)) occur there. Thus, the isolation of these spe-
cies relative to their closest southern or eastern relatives
would be explained by the disappearance of intermediate
species during the LGM or other unsuitable climatic events.
Interestingly, some models show that the aforementioned
region roughly corresponds to the presumed distribution
of different vegetation types (such as ombrotrophic bogs)
during the LGM [46], which supports the role of the Val
de Saône-Vosges area as a glacial refuge for endemic Lum-
bricidae. Further efforts should be devoted to biodiversity
assessment and conservation of this unique hotspot, which
has been generally neglected in favour of the southern
regions.

The biogeographic inferences drawn from Allolobophora
and the relict species from northeastern France illustrate the
relevance of the Alpine region for the evolution of several
lineages of Lumbricidae, with the effects of the LGM likely
disrupting the remaining evidence. This is probably also true
for other genera such as Aporrectodea sensu stricto, Lumbri-
cus Linnaeus, 1758 or Octodrilus Omodeo, 1956. A greater
focus on the implementation of phylogeography and molec-
ular phylogenetics to the earthworm faunas of Switzerland,
Italy, Austria, Slovenia, Croatia, and Serbia would greatly
enhance our understanding of the evolution and historical
biogeography of Lumbricidae.

5. Conclusions

Molecular phylogenetic analyses revealed that the represen-
tatives of Allolobophora sensu stricto and Heraclescolex
belong to a clearly delimited clade, which suggest their syn-
onymy. On the other hand, other species formerly assigned
to Allolobophora were recovered within Panoniona, or as
isolated, genus-level branches. Therefore, the revised defini-
tions for Allolobophora and Panoniona were provided, and
the new genera Heraultia and Vosgesia were described.

Heraultia tiginosa

Vosgesia  zicsii

Allolobophora burgondiae

Aporrectodea pseudoantipai

Allolobophora icterica

Panoniona satchelli

Limit of continuous permafrost (Lehmkuhl et al. 2021)

Main range of Prosellodrilus

Main range of Cataladrilus

Main range of Avelona

Main range of Panoniona leoni

Main range of Allolobophora dubiosa

Figure 2: Sampling localities of the species studied in this work; for all species except Allolobophora icterica, this corresponds to their known
ranges. The main ranges of the closest relatives according to phylogenetic analyses are shown as coloured shapes.
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Although several species of Heraclescolex remain to be
included in this molecular phylogenetic framework, it is
likely that most of them will be nested within the newly
defined Allolobophora. If so, the synonymy between both
genera would be proven.

Systematic revision of the aforementioned earthworm
groups revealed evolutionarily more coherent groups that
provide information on their diversification and historical
biogeography. The Maghreb and the areas around the Alps
were highlighted as relevant targets for expanding our
knowledge on this topic, and the importance of the Val de
Saône-Vosges (northeastern France) as a glacial refugium
with relict earthworm lineages was confirmed.

Data Availability

DNA sequences obtained in this study are available in Gen-
Bank with their corresponding accession numbers. COI
sequences, together with metadata, are publicly available in
BOLD.

Conflicts of Interest

The authors declare that there are no conflicts of interest or
personal relationships that could have influenced the work
reported in this article.

Acknowledgments

This work was supported by subproject Fauna Ibérica XII.
Oligochaeta, Lumbricoidea: Lumbricidae, Hormogastridae
#PGC2018-095851-B-C66 from the Spanish Ministry of
Sciences, Innovation and Universities. Daniel Fernández
Marchán was funded by a María Zambrano Postdoctoral
Grant from the Spanish Ministry of Sciences, Innovation and
Universities and by a Make Our Planet Great Again Postdoc-
toral grant from Campus France. Marta Novo was supported
by Ramón y Cajal Fellowship (RYC2018-024654-I), and this
study was funded by Grant PID2021-122243NB-I00, both
from MCIN/AEI/10.13039/501100011033/FEDER, UE. We
are thankful to Raphäel Della Vedova for his support in the
sampling campaign.

Supplementary Materials

Additional information can be found in the online version of
the article on the publisher’s website. Table S1: list of species
included in the phylogenetic analyses with reference to the
original publication from which the sequences were taken.
Figure S1: phylogenetic tree estimated by maximum likeli-
hood, based on the concatenated sequence of COI, 16S, 28S,
12S, and ND1. Figure S2: complete Bayesian inference of the
phylogenetic relationships of the studied taxa and some Lum-
bricidae representatives. (Supplementary Materials)

References

[1] C. Csuzdi and A. Zicsi, Earthworms of Hungary (Annelida: Oli-
gochaeta, Lumbricidae), Hungarian Natural History Museum,
Budapest, Hungary, 2003.

[2] J. Dominguez, M. Aira, J. W. Breinholt, M. Stojanovic, S. W.
James, and M. Perez-Losada, “Underground evolution: new
roots for the old tree of lumbricid earthworms,” Molecular
Phylogenetics & Evolution, vol. 83, pp. 7–19, 2015.

[3] V. Pop, “Zur phylogenie und Systematik der Lumbriciden,”
Zoologische Jahrbücher Abteilung für Systematik Ökologie
und Geographie der Tiere, vol. 74, pp. 487–522, 1941.

[4] M. B. Bouché, Lombriciens de France. Ecologie et systématique
(vol. 72), Institut National de la Reserche Agronomique, Paris,
France, 1972.

[5] N. Mršić and J. A. Šapkarev, “Revision of the genus Allolobo-
phora Eisen 1874 (sensu Pop 1941) (Lumbricidae, Oligo-
chaeta),” Prirodonaučen muzej na Makedonija, vol. 19,
pp. 1–38, 1988.

[6] P. Omodeo, “Oligocheti dell’Indochina e del Mediterraneo
Orientale,” Memorie del Museo Civico di Storia Naturale di
Verona, vol. 5, pp. 321–336, 1956.

[7] T. Perel, “A critical analysis of the Lumbricidae genera system
(with key to the USSR fauna genera),” Révue d’Écologie et Bio-
logie du Sol, vol. 13, no. 4, pp. 635–643, 1976.

[8] J. Qiu and M. Bouché, “Le genre Allolobophora Eisen, 1874
(Oligochaeta Lumbricidae), ses avatars et sa définition
moderne,” Documents pédozoologiques et intégrologiques,
vol. 4, pp. 86–97, 1998.

[9] D. F. Marchán, S. Jiménez, T. Decaëns, and J. Domínguez,
“Systematic revision of Gatesona (Crassiclitellata, Lumbrici-
dae), an endemic earthworm genus from the Massif Central
(France),” PLoS One, vol. 16, no. 9, article e0255978, 2021.

[10] F. J. Popović, M. M. Stojanović, J. Domínguez, J. M. Sekulić,
T. B. Trakić, and D. F. Marchán, “Molecular analysis of five
controversial Balkanic species of Allolobophora (sensu lato)
Eisen, 1873 (Lumbricidae, Clitellata) with emendation of the
genus Cernosvitovia Omodeo, 1956,” Zootaxa, vol. 5116,
no. 3, pp. 351–372, 2022.

[11] I. de Sosa, D. J. Díaz Cosín, C. Csuzdi, M. G. Paoletti, and D. F.
Marchán, “Placing Eophila tellinii (Oligochaeta, Lumbricidae)
in a molecular phylogenetic context advances the century-old
controversy around the problematic genus,” European Journal
of Soil Biology, vol. 94, article 103114, 2019.

[12] M. G. Paoletti, R. J. Blakemore, C. Csuzdi et al., “Barcoding
Eophila crodabepis sp. nov. (Annelida, Oligochaeta, Lumbrici-
dae), a large stripy earthworm from alpine foothills of north-
eastern Italy similar to Eophila tellinii (Rosa, 1888),” PLoS
One, vol. 11, no. 3, article e0151799, 2016.

[13] J. Qiu and M. Bouché, “Heraclescolex, un nouveau genre de
Lumbricidae (Annelida: Oligochaeta),” Documents pédozoolo-
giques et intégrologiques, vol. 4, pp. 140–152, 1998.

[14] J. Qiu and M. Bouché, “Contribution à la taxonomie des Ave-
lonini trib. nov.(Oligochaeta: Lumbricidae). Avelona gen. nov.,
Koinodrilus gen. nov et Nicodrilus cuendeti sp. nov,” Docu-
ments pédozoologiques et intégrologiques, vol. 4, pp. 109–116,
1998.

[15] D. F. Marchán, C. Csuzdi, T. Decaëns, T. Szederjesi, V. Pizl,
and J. Domínguez, “The disjunct distribution of relict earth-
worm genera clarifies the early historical biogeography of the
Lumbricidae (Crassiclitellata, Annelida),” Journal of Zoological
Systematics and Evolutionary Research, vol. 59, no. 8,
pp. 1703–1717, 2021.

[16] J. Qiu and M. Bouché, “Révision des taxons supraspécifiques
de Lumbricoidea,” Documents pédozoologiques et intégrologi-
ques, vol. 3, pp. 179–216, 1998.

13Journal of Zoological Systematics and Evolutionary Research

https://downloads.hindawi.com/journals/jzs/2023/5479917.f1.zip


[17] J. Domínguez, M. Aira, P. G. Porto, D. J. Díaz Cosín, and
M. Pérez-Losada, “Multigene phylogeny reveals two new iso-
lated and relic earthworm genera (Oligochaeta: Lumbricidae),”
Zoological Journal of the Linnean Society, vol. 182, no. 2,
pp. 258–274, 2018.

[18] M. Pérez-Losada, M. Ricoy, J. C. Marshall, and J. Domínguez,
“Phylogenetic assessment of the earthworm Aporrectodea
caliginosa species complex (Oligochaeta: Lumbricidae) based
on mitochondrial and nuclear DNA sequences,” Molecular
Phylogenetics and Evolution, vol. 52, no. 2, pp. 293–302,
2009.

[19] O. Folmer, M. Black, W. Hoeh, R. Lutz, and R. Vrijenhoek,
“DNA primers for amplification of mitochondrial cytochrome
c oxidase subunit I from diverse metazoan invertebrates,”
Molecular Marine Biology and Biotechnology, vol. 3, no. 5,
pp. 294–299, 1994.

[20] K. Katoh and D. M. Standley, “MAFFT multiple sequence
alignment software version 7: improvements in performance
and usability,” Molecular Biology and Evolution, vol. 30,
no. 4, pp. 772–780, 2013.

[21] T. A. Hall, “Bio edit: a user-friendly biological sequence align-
ment editor and analysis program for Windows 95/98/NT,”
Nucleid Acid Symposium Series, vol. 41, pp. 95–98, 1999.

[22] M. Pérez-Losada, J. W. Breinholt, P. G. Porto, M. Aira, and
J. Domínguez, “An earthworm riddle: systematics and phylo-
geography of the Spanish Lumbricid Postandrilus,” PLoS
One, vol. 6, no. 11, article e28153, 2011.

[23] M. Pérez-Losada, J. W. Breinholt, M. Aira, and J. Domínguez,
“An updated multilocus phylogeny of the Lumbricidae (Anne-
lida: Clitellata: Oligochaeta) earthworms,” Journal of Phyloge-
netics & Evolutionary Biology, vol. 3, no. 1, 2015.

[24] F. Bozorgi, M. Seiedy, M. Malek, M. Aira, M. Perez-Losada,
and J. Dominguez, “Multigene phylogeny reveals a new Ira-
nian earthworm genus (Lumbricidae: Philomontanus) with
three new species,” PLoS One, vol. 14, no. 1, article e0208904,
2019.

[25] S. Jiménez Pinadero, D. F. Marchán, M. Novo, D. Trigo,
J. Domínguez, and D. J. Díaz Cosín, “Sorry atlanticus, you
are not my type: molecular assessment splits Zophoscolex
(Lumbricidae: Crassiclitellata) into French and Iberian gen-
era,” Zoological Journal of the Linnean Society, vol. 194,
no. 3, pp. 726–735, 2022.

[26] D. F. Marchán, T. Decaëns, D. J. Díaz Cosín, M. Hedde,
E. Lapied, and J. Domínguez, “French Mediterranean islands
as a refuge of relic earthworm species: Cataladrilus porquerol-
lensis sp. nov. and Scherotheca portcrosana sp. nov. (Crassicli-
tellata, Lumbricidae),” European Journal of Taxonomy,
no. 701, pp. 1–22, 2020.

[27] D. Darriba, G. L. Taboada, R. Doallo, and D. Posada, “jMo-
delTest 2: more models, new heuristics and parallel comput-
ing,” Nature Methods, vol. 9, no. 8, pp. 772–772, 2012.

[28] H. Akaike, “Information theory and an extension of the max-
imum likelihood principle,” in Proceedings of the 2nd Interna-
tional Symposium on Information, bn petrow, f. Czaki
Akademiai Kiado, pp. 267–281, Budapest, Hungary, 1973.

[29] G. Schwarz, “Estimating the dimension of a model,” The
Annals of Statistics, vol. 6, no. 2, pp. 461–464, 1978.

[30] F. Ronquist, M. Teslenko, P. van der Mark et al., “MrBayes 3.2:
efficient Bayesian phylogenetic inference and model choice
across a large model space,” Systematic Biology, vol. 61, no. 3,
pp. 539–542, 2012.

[31] M. A. Miller, W. Pfeiffer, and T. Schwartz, “Creating the
CIPRES science gateway for inference of large phylogenetic
trees,” in 2010 Gateway Computing Environments Workshop
(GCE), pp. 1–8, New Orleans, LA, USA, 2010.

[32] A. M. Kozlov, D. Darriba, T. Flouri, B. Morel, and
A. Stamatakis, “RAxML-NG: a fast, scalable and user-
friendly tool for maximum likelihood phylogenetic inference,”
Bioinformatics, vol. 35, no. 21, pp. 4453–4455, 2019.

[33] K. Tamura, G. Stecher, and S. Kumar, “MEGA11: molecular
evolutionary genetics analysis version 11,” Molecular Biology
and Evolution, vol. 38, no. 7, pp. 3022–3027, 2021.

[34] D. F. Marchán, S. W. James, A. R. Lemmon, E. M. Lemmon,
M. Novo, and J. Domínguez, “A strong backbone for an inver-
tebrate group: anchored phylogenomics improves the resolu-
tion of genus-level relationships within the Lumbricidae
(Annelida, Crassiclitellata),” Organisms Diversity & Evolution,
vol. 22, no. 4, pp. 915–924, 2022.

[35] A. R. Lemmon, S. A. Emme, and E. M. Lemmon, “Anchored
hybrid enrichment for massively high-throughput phyloge-
nomics,” Systematic Biology, vol. 61, no. 5, pp. 727–744, 2012.

[36] F. Barros, Estudio Cariológico y Alozímico del Complejo" Allo-
hophora molleri"(Lumbricidae, Oligochaeta), [Ph.D. thesis],
Universidade de Santiago de Compostela, 1992.

[37] D. Trigo, R. Mascato, M. I. Briones, and D. Diaz Cosin, “Lom-
brices de tierra de Portugal continental. Inventario y citas,”
Arquivos do Museu Bocage, vol. 1, pp. 521–567, 1990.

[38] D. Trigo, S. Mato, B. F. Souto, and D. J. Diaz Cosin, “Earth-
worms of continental Portugal. Relationships with soil fac-
tors,” Italian Journal of Zoology, vol. 56, no. 4, pp. 327–331,
1989.

[39] L. Dupont, F. Lazrek, D. Porco et al., “New insight into the
genetic structure of the Allolobophora chlorotica aggregate in
Europe using microsatellite and mitochondrial data,” Pedobio-
logia, vol. 54, no. 4, pp. 217–224, 2011.

[40] R. A. King, A. L. Tibble, andW. O. C. Symondson, “Opening a
can of worms: unprecedented sympatric cryptic diversity
within British lumbricid earthworms,” Molecular Ecology,
vol. 17, no. 21, pp. 4684–4698, 2008.

[41] D. F. Marchán, M. Hedde, E. Lapied et al., “Contrasting phylo-
geographic patterns of earthworms (Crassiclitellata, Lumbrici-
dae) on near-shore Mediterranean islands,” European Journal
of Soil Biology, vol. 101, article 103242, 2020.

[42] R. Leprêtre and D. F. Lamotte, “The Tell-Rif orogenic system
(Morocco, Algeria, Tunisia) and the structural heritage of the
southern Tethys margin,” BSGF-Earth Sciences Bulletin,
vol. 189, no. 2, p. 10, 2018.

[43] P. U. Clark, A. S. Dyke, J. D. Shakun et al., “The last glacial
maximum,” Science, vol. 325, no. 5941, pp. 710–714, 2009.

[44] K. H. Stadelmaier, P. Ludwig, P. Bertran et al., “A new perspec-
tive on permafrost boundaries in France during the last glacial
maximum,” Climate of the Past, vol. 17, no. 6, pp. 2559–2576,
2021.

[45] N. Ray and J. Adams, “A GIS-based vegetation map of the
world at the last glacial maximum (25, 000-15, 000 BP),” Inter-
net Archaeology, no. 11, 2001.

[46] V. Janská, B. Jiménez-Alfaro, M. Chytrý et al., “Palaeodistribu-
tion modelling of European vegetation types at the last glacial
maximum using modern analogues from Siberia: prospects
and limitations,” Quaternary Science Reviews, vol. 159,
pp. 103–115, 2017.

14 Journal of Zoological Systematics and Evolutionary Research


	Catch-All No More: Integrative Systematic Revision of the Genus Allolobophora Eisen, 1874 (Crassiclitellata, Lumbricidae) with the Description of Two New Relict Earthworm Genera
	1. Introduction
	2. Materials and Methods
	2.1. Samplings and Studied Specimens
	2.2. DNA Extraction and Sequencing
	2.3. Phylogenetic Analyses

	3. Results
	3.1. Morphological Study
	3.2. Molecular Phylogenetic Analysis

	4. Discussion
	4.1. Systematic Implications
	4.2. Evolutionary and Biogeographic Implications

	5. Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials



