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Abstract

By means of an integrated approach, including molecular, morphological, anatomical and histological data, we describe a new
species of freshwater flatworm of the genus Dugesia from southwest China, representing the third species recorded for the coun-
try. Morphologically, the new species, Dugesia umbonata Song & Wang, sp. nov., is particularly characterised by the presence of
a muscularised hump immediately antero-dorsally to a knee-shaped bend in its bursal canal and by an ejaculatory duct that opens
subterminally through the dorsal side of the penis papilla. Four molecular datasets (18S rDNA; ITS-1; 28S rDNA; COI) facilitated
determination of the phylogenetic position of the new species, which belongs to a clade comprising other species from the Austral-
asian and Oriental regions. We also analysed the structure of its major nervous system by means of the acetylcholinesterase (AChE)

histochemical method and compared these results with data available for three other species of Dugesia.
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Introduction

The genus Dugesia Girard, 1850 currently comprises
about 93 valid species and exhibits a distribution that
comprises a major part of the Old World and Australia
(see Sluys and Riutort 2018: fig. 13B). China covers a vast
territory, covering six temperature zones, thus resulting in
various types of climate. Therefore, it is to be expected
that variations in climate and other physico-geographical
conditions have resulted in a rich biodiversity of fresh-
water planarians, including species of Dugesia. However,
the Dugesia fauna of China is very poorly known, thus far
only being represented by two species. For a long time,
Dugesia japonica Ichikawa & Kawakatsu, 1964 was the

only species recorded for this country (Chen et al. 2001).
It was only recently that a second species for the genus
was described from southern China, viz. Dugesia sinensis
Chen & Wang, 2015 (Chen et al. 2015).

In the present study, we describe a third, new species
of Dugesia from southwest China on the basis of both
molecular and morphological data. In addition, we doc-
ument the structure of the major nervous system of the
new species on the basis of a histochemical study using
acetylcholinesterase (AChE) and compare its nervous
system with those documented for three other species
of Dugesia. Information on the structure of the nervous
system may be useful for future phylogenetic and taxo-
nomic studies.
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Materials and methods
Specimen collection and culturing

Specimens were collected from Fengzui River in Chong-
qing Municipality, China (29°05.29'N, 107°10.61'E) on
8 February 2018. Animals were washed off from the un-
derside of pebbles in the riverbed and were sampled by
using 180 wm mesh sieves, after which the worms were
transported to the laboratory of Shenzhen University for
further analysis and culturing. The flatworms were reared
in a glass aquarium (21 cm x 15 cm; depth 18 cm) with
pebbles on the bottom and every day, they were fed with
fresh pork liver, which was made available for about one
hour, after which the aquarium was cleaned from food res-
idues, while the water was replaced with aerated tap wa-
ter. Cultures were kept at room temperature (23—26 °C).

DNA extraction, amplification, sequencing and
phylogenetic analysis

The single, asexual, fissiparous animal that was available
for molecular analysis was fixed in absolute ethanol after
three days of starvation; it was not subjected to any ana-
tomical examination. Total genomic DNA was extracted
by using E.Z.N.A. Mollusc DNA Isolation Kit (Omega,
Norcross, GA, USA). Four gene fragments were ampli-
fied by polymerase chain reaction (PCR): 18S ribosomal
gene (18S rDNA), ribosomal internal transcribed spacer-1
(ITS-1), 28S ribosomal gene (28S rDNA), cytochrome
C oxidase subunit I (COI). Primers used for amplifica-
tion and the polymerase chain reaction (PCR) protocol
are listed in Suppl. material 1: Table S1. We used KOD
One DNA Master Mix (TOYOBO, Japan) to amplify 18S
rDNA, 28S rDNA and COI. For unknown reasons, we
failed to amplify ITS-1 with KOD One DNA Master Mix
and, therefore, this gene was amplified with 2xTaq Plus
Master Mix II (Vazyme, China). The amplified sequences
of each gene were all taken from a single individual. Both
strands of DNA were determined by Sanger sequencing
either at BGI (Shenzhen, China) or Beijing TsingKe Bi-
otech Co. Ltd. (Beijing, China). All new sequences have
been uploaded to GenBank, NCBI (Table 1).

Sequences of other taxa used in the phylogenetic anal-
ysis were downloaded from GenBank, NCBI (Table 1). In
order to determine the phylogenetic position of our new
Chinese specimens within the genus Dugesia, four da-
tasets were generated, comprising as in-group sequences
of the newly collected specimen, as well as all available
sequences of Dugesia species (19 taxa for 18S rDNA, 34
taxa for ITS-1, 19 taxa for 28S rDNA and 35 taxa for
COI; see Table 1) and two species of its sister genera as
out-groups, viz. Recurva postrema Sluys & Sola, 2013
(ITS-1 sequence not available in GenBank, NCBI) and
Schmidtea mediterranea Benazzi et al., 1975. We also
generated an additional COI dataset (aCOI) for assessing
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the nucleotide substitution saturation, including all taxa
of the COI dataset, excepting Dugesia batuensis Ball,
1970 and D. deharvengi Kawakatsu & Mitchell, 1989
(two sequences with only 289 bp, which will create nu-
merous gaps in the alignment and thus reduce the sensi-
tivity of substitution saturation tests; Xia et al. 2003; Xia
and Lemey 2009).

For ribosomal DNA, sequences were independent-
ly aligned by CLUSTAL W plug-in included in MEGA
v.6.0 (Tamura et al. 2013). In order to check for the ab-
sence of stop codons, mitochondrial coding gene COI se-
quences were translated into amino acids by ORFFIND-
ER in NCBI, using the genetic code 9, after which they
were aligned by MACSE (Ranwez et al. 2011) in https://
mbb.univ-montp2.fr/MBB/subsection/softExec.php?-
soft=macse (accessed 13 February 2020). Regions of
ambiguous alignments were excluded by GBLOCKS
v.0.91b (Talavera and Castresana 2007), using the same
parameters as in Li et al. (2019). After GBLOCKS pro-
cessing, the four alignments were manually combined to
create a concatenated dataset in the following order: 18S
rDNA-ITS-1-28S rDNA-COI. Those sequences, which
were shorter or not available in GenBank, were com-
pleted with missing data (Ns). We used the substitution
saturation test (Xia et al. 2003; Xia and Lemey 2009) in
DAMBES6 software (Xia 2017) to assess the nucleotide
substitution saturation for five datasets (18S rDNA, ITS-
1, 28S rDNA, COI and aCOI).

In order to find the best-fit evolutionary models, we
used MRMODELTEST v 2.3 (Nylander 2004) by apply-
ing the Akaike Information Criterion (AIC); the GTR+G
model was chosen for ITS-1, while the GTR+I+G mod-
el was chosen for the other three sets of data, viz. 18S
rDNA, 28S rDNA and COI. We defined gene partitions in
the concatenated dataset analyses, so that the estimation
of the parameters for each partition was independent.

Two phylogenetic inference methods were used, viz.
Maximum Likelihood (ML) and Bayesian Inference (BI).
Both approaches were used to independently analyse
each gene separately, as well as the concatenated dataset.
Partitioned analysis was performed on the concatenated
dataset, so that the evolutionary models chosen by MR-
MODELTEST were assigned to the corresponding indi-
vidual genes.

We used RAXML-NG v0.9.0 (Kozlov et al. 2019) to
infer phylogeny for ML, while applying the options --all
(tree search and bootstrapping analysis) and --bs-trees
1000 (number of replicates). Bayesian analyses were
performed in MRBAYES v3.2.6 (Ronquist et al. 2012)
for each gene independently and for the concatenat-
ed dataset, with two simultaneous runs of one cold and
three hot chains. Each run was performed for 1,000,000
generations for 18S rDNA and 28S rDNA analyses and
2,000,000 generations for the ITS-1 analysis, sampling
every 1,000 generations. In the analyses of COI and
the concatenated dataset, each run was performed for
5,000,000 generations, sampling every 5,000 genera-
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Table 1. GenBank accession numbers of sequences for species taxa used in the phylogenetic analyses.

Species 18S rDNA ITS-1 28S rDNA col
Recurva postrema KF308691 MG457274 KF308763
Schmidtea mediterranea U31085 AF047854 MG457267 JF837062
Dugesia aenigma KF308698 KC007043
D. aethiopica KY498822 KY498785 KY498806 KY498845
D. afromontana KY498823 KY498786 KY498807 KY498846
D. arcadia KF308694 KC007047 KC006969
D. ariadnae KC007049 JN376142
D. aurea MK713027 MK712523 MK712632
D. batuensis KF907816 KF907823 KF907819
D. benazzii MK713037 MK712509 FJ646977, FJ646933
D. bengalensis FJ646897
D. bifida KY498843 KY498791 KY498813 KY498851
D. bijuga MH113806 MH119630
D. corbata MK713029 MK712525 MK712637
D. cretica KF308697 KC007055 KC006974
D. damoae KC007057 KF308768
D. deharvengi KF907817 KF907824 KF907820
D. effusa KC007058 KF308780
D. elegans KF308695 KC007063 KC006985
D. etrusca FJ646898 MK712651
D. gibberosa KY498842 KY498803 KY498819 KY498857
D. gonocephala DQ666002 FJ646901 DQ665965 FJ646941, FJ646986
D. granosa KY498833 KY498795 KY498816
D. hepta MK713035 MK712512 MK712639
D. ilvana FJ646903 FJ646989, FJ646944
D. improvisa KF308696 KC007065 KF308774
D. japonica D83382 FJ646906 DQ665966 AB618487
D. liguriensis FJ646907 MK712645
D. malickyi KC007069 KF308750
D. naiadis KF308757
D. notogaea KJ599713 FJ646908 KJ599720 FJ646993, FJ646945
D. parasagitta KC007073 KF308739
D. pustulata MH113807 MH119631
D. ryukyuensis AF050433 FJ646910 DQ665968 AB618488
D. sagitta KC007085 KC007006
D. sicula KF308693 FJ646915 DQ665969 KF308797
D. sigmoides KY498827 KY498789 KY498811 KY498849
D. sinensis KP401592
D. subtentaculata AF013155 MK712995 MK712493 MK712561
D. umbonata MT177214* MT177211* MT177210% MT176641*
D. vilafarrei MK712997 MK712511 MK712648

* Sequences from this study.

tions. The first 25% of the generated trees were discarded
as burn-in to obtain the consensus tree and posterior prob-
ability values (pp). In order to ensure that the chains had
reached the stationary region, we terminated the two runs
when the average standard deviation of split frequencies
was consistently lower than 0.01. We checked the .p file
of each run in TRACER v1.7.1 (Rambaut et al. 2018) to
ensure that the effective sample size (ESS) values of each
parameter were above 200.

Histology

Three-day starved mature individuals were placed onto
a watch glass, after which modified Bouin’s fixative
(saturated nitric acid: formaldehyde: glacial acetic acid
= 68:25:7) was poured over a worm when it was ful-
ly extended. Hereafter specimens were transferred to a
weighing bottle (40 x 25 mm) positioned on a labora-

tory shaker and thus were fixed for 24 hours in modi-
fied Bouin’s fluid. Hereafter, they were washed in 75%
ethanol, dehydrated in an ascending series of ethanol
baths, cleared in terpineol and embedded in wax (Para-
plast Plus, Sigma). Histological sections were made at
intervals of 6 um.

Preparations were stained with both modified Ca-
son’s Mallory-Heidenhain stain and haematoxylin (see
Yang et al. 2020). Histological sections of PLA-0152—
PLA-0154 and RMNH.VER.19968.a were mounted
with neutral balsam (Shanghai Yuanye Biotechnology
Co. Ltd.), while specimens PLA-0151 and RMNH.
VER.19968.b were mounted with DPX (Head Biotech-
nology Co. Ltd., Beijing). The preparations PLA-151—
PLA-154 were deposited in the Institute of Zoology,
Chinese Academy of Sciences (IZCAS), Beijing, China,
while RMNH.VER.19968.a and RMNH.VER.19968.b
were deposited at Naturalis Biodiversity Center, Leid-
en, The Netherlands.
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AChE histochemistry

For preparation of solutions and reagents used in the his-
tochemical study, see Suppl. material 2: Table S2. We
chose asexual, fissiparous specimens for the experiment
because: (a) small specimens are easier to handle under
the microscope, (b) it is difficult to perform the histo-
chemical reaction in large specimens, the abundance of
mucus causing major problems and (c) observation of
the nervous system is more difficult in larger and there-
fore, usually, somewhat thicker specimens. The animals
were starved for seven days before the start of the ex-
periment. Randomly selected starved specimens were
cut transversely into pieces of 2-3 mm, on average,
thereby avoiding damage to the pharynx. Hereafter the
fragments were left to regenerate in clean mineral wa-
ter for 10 days. Regenerated worms were placed onto a
glass slide and then killed by a few drops of 10% ace-
tic acid when the specimens were fully extended and,
subsequently, they were washed for 20 s in phosphate
buffer. Hereafter, a few drops of 4% paraformaldehyde
were added, after which a 10 mm x 10 mm coverslip
was applied, after which the glass slide was put on ice
and the specimen was left under the coverslip for 15 min,
thus being slightly squashed. Hereafter, specimens were
transferred to a weighing bottle (40 x 25 mm) with 4%
paraformaldehyde and fixed at 4 °C for 24 h. Then the
worms were transferred to four 10 min baths of phos-
phate buffer on a shaker and, subsequently, transferred
to a bath of 3% Triton X-100 for 1 h on a shaker. The
specimens were then transferred to three 10 min baths of
the acetate buffer on a shaker. All steps mentioned above
were performed in an ice bath to maintain a solution tem-
perature of about 4 °C.

The reaction solution was made 60 min before use
and consisted of the following components, which were
mixed while on a shaker, in the following order: acetyl-
cholinesterase solution 0.5 ml + 0.82% sodium acetate
3.1 ml + 0.6% acetic acid 0.1 ml + 2.94% sodium cit-
rate 0.3 ml + 0.75% copper sulphate 0.45 ml + 0.165%
potassium ferricyanide 0.65 ml. Specimens were treated
with this solution for 60—-120 min until the nervous sys-
tem appeared copper-red. The histochemical reaction was
stopped by three baths in distilled water, whereafter the
specimens were transferred to a glass slide for observa-
tion under a compound microscope. The specimens were
temporarily mounted in distilled water and were discard-
ed after examination.

Abbreviations used in the figures

be: bursal canal; ca: common atrium; cb: copulatory bur-
sa; ceg: cement gland; cg: cerebral ganglion; coa: copula-
tory apparatus; d: diaphragm; e: eye; ed: ejaculatory duct;
go: gonopore; h: hump; lod: left oviduct; m: mouth; ma:
male atrium; ov: ovary; pg: penis glands; ph: pharynx;
pp: penis papilla; rod: right oviduct; sg: shell gland; sv:
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seminal vesicle; tc: transverse commissure; tn: transverse
nerves; vd: vas deferens; vnc: ventral nerve cord.

Results
Datasets

The amplified sequences of each gene of the new spe-
cies have the following lengths: 18S rDNA: ~1700 base
pairs (bp); ITS-1: ~700 bp; 28S rDNA: ~1600 bp; COI:
~900 bp. For phylogenetic analyses, five datasets were
generated, viz. 18S rDNA, ITS-1, 28S rDNA, COI and a
concatenated dataset.

After GBLOCKS processing, the 18S rDNA dataset
contained 22 OTUs with a total length of 1221 bp, the
ITS-1 dataset contained 36 OTUs and 544 bp, the 28S
rDNA dataset included 22 OTUs and 1352 bp, while the
COI dataset comprised 38 OTUs and 693 bp (Table 1).
The concatenated dataset contained 41 OTUs and 3810
bp, divided as follows: 1221 bp for 18S rDNA, 544 bp for
ITS-1, 1352 bp for 28S rDNA and 693 bp for COL.

Saturation analysis revealed that the three non-coding
gene datasets (18S rDNA, ITS-1 and 28S rDNA) exhib-
ited only low levels of substitution saturation (Iss < Iss.c
with significant difference; nos. 1-6 in Suppl. material 3:
Table S3), irrespective of inclusion of all sites or only
fully-resolved sites. The COI dataset showed high levels
of saturation in case of an asymmetrical tree (Iss > Iss.
cAsym; nos. 7, 9 & 11 in Suppl. material 3: Table S3),
irrespective of inclusion of codon positions 1 and 2 or
codon position 3 or all three positions together. However,
the COI dataset showed no or very little saturation when
only the fully resolved sites were analysed (nos. 8, 10 &
12 in Suppl. material 3: Table S3). In case of the aCOI
dataset, i.e. with exclusion of the two short sequences, no
saturation was apparent when codon positions 1 and 2 or
all three positions were included (nos. 13—16 in Suppl.
material 3: Table S3). However, the third codon position
was more or less saturated, except in case of a symmet-
rical tree analysed with only fully-resolved sites (nos. 17
and 18 in Suppl. material 3: Table S3).

Molecular phylogeny

The phylogenetic trees constructed by BI and ML meth-
ods for the four genes, as well as the concatenated data-
set, are identical or basically similar in topology, differing
only in those nodes that were weakly supported (Fig. 1
and Suppl. material 4: Figs S1-S6). It should be noted
that not all species were included in all trees, due to the
lack of molecular data for some of the genes.

In the phylogenetic tree obtained from the concatenat-
ed dataset, the new species described below, viz. Duge-
sia umbonata Song & Wang, sp. nov., clusters together
with D. japonica with high support values (1.00 posterior
probability — pp; 98% bootstrap — bs; Fig. 1 and Suppl.
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Figure 1. Maximum likelihood phylogenetic tree topology inferred from the concatenated dataset (18S rDNA, ITS-1, 28S rDNA
and COI). Numbers at nodes indicate support values (posterior probability/bootstrap). *: Bootstrap value not applicable to this node,

because of different topologies of trees generated by Bl and ML methods.

material 4: Fig. S1). The branches leading to these two
species are long, indicating a high divergence between
these two species (Fig. 1 and Suppl. material 4: Fig. S1),
which constitute a clade with the species Dugesia dehar-
vengi, D. notogaea, D. bengalensis, D. ryukyuensis, D.
batuensis and D. sinensis, albeit with rather low support
values (0.79 pp; 48% bs; Fig. 1 and Suppl. material 4:
Fig. S1). All species in this clade occur in the Australa-
sian and Oriental biogeographic regions.

In the trees based on COI, D. umbonata shares the
same affinities as revealed by the trees obtained from the
concatenated dataset, albeit that the nodes are only weak-
ly supported (Suppl. material 4: Figs S2, S3).

In the 18S rDNA tree, D. umbonata is sister to D. ja-
ponica and together, they share a sister-group relation-
ship with a species group comprising nine Afrotropical
and Cameroon species (D. granosa, D. gibberosa, D.
sigmoides, D. bifida, D. sicula, D. aethiopica, D. afro-
montana, D. pustulata and D. bijuga), albeit with rath-
er low support value (0.61 pp; 47% bs; Suppl. materi-
al 4: Fig. S4).

With respect to the 28S rDNA tree, it is noteworthy
that D. umbonata and D. japonica occupy complete-
ly different positions, as compared with all other trees
generated (Fig. 1, Suppl. material 4: Figs S1-S4, S6).
They cluster together as sister species, but then share a
sister-group relationship, albeit with rather low support
(37% bs), with seven species from the western Palearctic

region (D. subtentaculata, D. vilafarrei, D. corbata, D.
aurea, D. hepta, D. benazzii and D. gonocephala; Suppl.
material 4: Fig. S5).

In the ITS-1 tree, the situation is again different in that
D. umbonata is sister to a species-group comprising D.
Japonica, D. deharvengi, D. notogaea, D. bengalensis, D.
ryukyuensis and D. batuensis, albeit with low support val-
ues (0.91 pp; 55% bs; Suppl. material 4: Fig. S6).

In our trees obtained from the concatenated dataset,
five biogeographic groups are supported weakly at their
nodes, viz. (1) Australasian and Oriental, (2) Western
Palearctic, (3) Cameroon, (4) Madagascan and (5) Afro-
tropical and south-west Palearctic. The Australasian
and Oriental group (from D. deharvengi to D. japoni-
ca in Fig. 1), shares a sister-group relationship with the
Western Palearctic group (from D. effusa to D. hepta in
Fig. 1), supported by no less than 1.00 pp, but only by
90% bs, while this clade clusters together with the spe-
cies-group from Cameroon (comprising D. bijuga and
D. pustulata), supported by 1.00 pp, but only 88% bs. In
turn, the clade formed by the Asian, Australian, European
and Cameroon species is sister to the Madagascan group
(comprising D. bifida, D. sigmoides, D. gibberosa and D.
granosa), with rather low support values (0.66 pp; 37%
bs). The Afrotropical and south-west Palearctic group
(comprising D. afromontana, D. aethiopica, D. sicula
and D. naiadis) is the first to branch off, with rather high
support value (1.00 pp; 100% bs).
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Systematic Account

Order Tricladida Lang, 1884

Suborder Continenticola Carranza, Littlewood,
Clough, Ruiz-Trillo, Baguiia & Riutort, 1998
Family Dugesiidae Ball, 1974

Genus Dugesia Girard, 1850

Dugesia umbonata Song & Wang, sp. nov.
http://zoobank.org/126FAA7D-9B17-42C8-BCFA-BF7AEF9FA9F6

Material examined. Holotype: PLA-0151, Fengzui River,
Chonggqing, China, 29°05.29'N, 107°10.61'E, 8 February
2018, coll. Xiao-Zhou Hu, sagittal sections on 24 slides.
Paratypes: PLA-0152, ibid., sagittal sections on 28
slides; PLA-0153, ibid, horizontal sections on 8 slides;
PLA-0154, ibid., transverse sections on 27 slides;
RMNH.VER.19968.a, ibid., sagittal sections on 18 slides;
RMNH.VER.19968.b, ibid., sagittal sections on 27 slides.

Habitat. Specimens were collected from a shallow trib-
utary of Fengzui River (29°05.29'N, 107°10.61'E), the
latter located at the western side of Jinfo Mountain at an
altitude of about 530 m above sea level (a.s.l.) (Fig. 2A).

The Fengzui River is a tributary of Wujiang River, while
the latter is a tributary of the Yangtse River (Fig. 2A).
The animals were collected from the underside of small
pebbles in the riverbed (Fig. 2B, C), which had a water
depth of 3—10 cm; air temperature was about 9 °C. Only
15 specimens were collected at the beginning, none of
which was sexually mature. After about 1.5 years of rear-
ing under laboratory conditions, in total about 40 speci-
mens eventually sexualised.

Diagnosis. A blackish species of Dugesia characterised by
the following characters: muscularised hump immediately
antero-dorsally to a knee-shaped bend in its bursal canal;
ejaculatory duct opening subterminally through the dorsal
side of the penis papilla; oviducts opening asymmetrically
into the female copulatory apparatus, with the right ovi-
duct opening into the knee-shaped bend of the bursal ca-
nal and the left oviduct opening into the common atrium;
an asymmetrical penis papilla; small diaphragm; presence
of a duct between seminal vesicle and diaphragm.

Etymology. The specific epithet is based on the Latin
umbonis, rounded protuberance, and alludes to the mus-
cularised hump that sits on the postero-dorsal portion of
the bursal canal.

107°10.61'E

— 4

.
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Fengzui River

Yangtze River
China
Yangtze River , O(
N
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Daging Hat

9°05.29'
%\/NZ 05.29'N

Y ing Dam

750 m

% Sampling locality

% X £ RS

pling locality.

zse.pensoft.net

Figure 2. Locality and habitat of Dugesia umbonata. A. sampling locality in Chongqing Municipality, China; B, C. habitat at sam-



http://zoobank.org/126FAA7D-9B17-42C8-BCFA-BF7AEF9FA9F6

Zoosyst. Evol. 96 (2) 2020, 431-447

437

Description. Fissiparous and ex-fissiparous animals ex-
hibit similar external features, apart from body size. De-
scription and measurements, presented below, are based
on sexualised, ex-fissiparous specimens.

Living, sexualised ex-fissiparous specimens ranged
from 1.93-3.14 cm in length and 1.97-3.44 mm in
width (n = 5; Fig. 3A, B). A pair of eyes is located at
about 1/21 of the body length as determined from the
anterior body end (Figs 3A, B, 4A). The distance be-
tween the eyes and the lateral body margin varies from
369-478 um (n = 5), while the distance between the eye
cups ranges from 129-297 um (n = 5; Figs 3A, B, 4A).
Each eye cup contains numerous retinal cells. Auricu-
lar grooves are located near the body margins on either
side of the head, at a position just posterior to the eyes
(Figs 3A, B, 4A).

The dorsal surface is blackish, the colouration being
formed by dense accumulations of dark brown specks;
the ventral surface is brown (Figs 3, 4). Regions around
the eyes and auricular grooves are unpigmented (Figs
3A, B, 4A). A pale, narrow mid-dorsal stripe runs from
anterior to the eyes to the tip of the tail; body margins are
also pale (Figs 3A, B, 4A).

The cylindrical pharynx is positioned at about 2/5—1/2
of the body length as determined from the anterior body
margin (Fig. 3); it measures about 1/10 of the total body
length, i.e. about 2.26-3.01 mm in length and 129-297
pm in width (n = 5; Figs 3A, B, 4C). The outer epithelium
of the pharynx is underlain by a thick layer of longitudi-
nal muscle, followed by 2-3 layers of circular muscle.
The inner epithelium is underlain by a rather thick layer
of circular muscles, followed by 2-3 layers of longitudi-
nal muscle. The mouth opening is situated at the posterior
end of the pharyngeal cavity (Fig. 4C).

A pair of hyperplasic ovaries is situated at a short dis-
tance behind the brain, i.e. at about 1/10-3/20 of the body
length as determined from the anterior body margin (n =
5; Figs 3A, B, 4B), the gonads measuring about 471-1049
pum in anterior-posterior direction and about 149-234 um
in width (n = 5; Figs 3A, 4B).

Figure 3. Dugesia umbonata. A, B. habitus of live, sexual ani-
mals in dorsal view.

The oviducts open asymmetrically into the female
copulatory apparatus, with the right oviduct open-
ing into the knee-shaped bend of the bursal canal,

Figure 4. Dugesia umbonata, habitus of live animals. A. anterior end, dorsal view; B. ventral view of anterior end showing ovaries;

C. ventral view of rear end, showing pharynx, mouth and gonopore.
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200 pm

Figure S. Dugesia umbonata, holotype PLA-0151, sagittal sections and reconstructions of the copulatory apparatus. A. photomicrograph
showing copulatory bursa, bursal canal, hump and seminal vesicle; B. photomicrograph showing copulatory bursa, seminal vesicle, ejac-
ulatory duct, diaphragm, penis, male atrium, common atrium and gonopore; C. photomicrograph showing copulatory bursa, ejaculatory
duct, penis papilla and male atrium; D. reconstruction male copulatory apparatus; E. reconstruction female copulatory apparatus.

while the left oviduct opens into the common atrium  vacuolated, nucleated cells (Figs 5-7). The bursal canal
(Figs SE, 6E, 7E). runs from the postero-dorsal wall of the copulatory bursa

A large, elongated, sac-shaped copulatory bursa is situ-  in a caudal direction to the left-side of the copulatory ap-
ated posteriorly to the pharynx and is lined with a layer of  paratus. Hereafter, the bursal canal makes a knee-shaped
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Figure 6. Dugesia umbonata, paratype PLA-0152, sagittal sections and reconstructions of the copulatory apparatus. A. photomicro-
graph showing copulatory bursa, bursal canal and hump; B. photomicrograph showing copulatory bursa, seminal vesicle, ejaculatory
duct, diaphragm, penis, male atrium, common atrium and gonopore; C. photomicrograph showing copulatory bursa, ejaculatory duct,

penis, male atrium and common atrium; D. reconstruction male copulatory apparatus; E. reconstruction female copulatory apparatus.

bend in the antero-ventral direction, after which it opens
into the dorsal portion of the common atrium (Figs 5A,
B, E, 6A, E, 7A, E). The bursal canal is lined by a nu-
cleated, glandular epithelium, which is underlain by 2-3
layers of longitudinal muscles, followed by 68 layers of

circular muscle. Shell glands discharge their cyanophilic
secretion into the knee-shaped portion of the bursal canal
(Figs 5B-D, 6B-D, 7B-D).

Immediately antero-dorsally to the knee-shaped
bend, the bursal canal carries a voluminous, ellipsoidal
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200 um

Figure 7. Dugesia umbonata, paratype RMNH.VER.19968.a, sagittal sections and reconstructions of the copulatory apparatus.
A. photomicrographs showing copulatory bursa, bursal canal, seminal vesicle, diaphragm, penis, male atrium and hump; B. photo-
micrograph showing copulatory bursa, bursal canal, seminal vesicle, diaphragm, penis, male atrium, common atrium and gonopore;
C. photomicrograph showing copulatory bursa, ejaculatory duct, penis, male atrium, common atrium and gonopore; D. reconstruc-
tion male copulatory apparatus; E. reconstruction female copulatory apparatus.
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Figure 8. Dugesia umbonata, photomicrographs showing the hump. A, B. paratype PLA-0153, horizontal sections (anterior at the

top); C, D. paratype PLA-0154, transverse sections.

muscular hump that measures about 428—475 pum in an-
terior-posterior direction and 268-292 pum in cross-sec-
tion (n = 3; Figs 5A, E, 6A, E, 7A, E). The hump con-
sists of irregular, nucleated mesenchymal cells and is

surrounded by a coat of intermingled muscles; there are
also muscle fibres traversing the hump in all directions
in a more loosely arranged, irregular and reticulated
way (Fig. 8).
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Figure 9. Dugesia umbonata, AChE nervous system structure, ventral view. A. entire animal; B. anterior end with cerebral gangli-
on; C. tail.

In none of the specimens examined, testes could be
discerned. The penis consists of a plump, more or less
barrel-shaped papilla and an elongated bulb, the latter
consisting of intermingled longitudinal and circular mus-
cle fibres (Figs 5B-D, 6B-D, 7B-D). The papilla is cov-
ered by a nucleated epithelium, which is underlain by 1-3
layers of circular muscles, followed by a layer of longitu-
dinal muscle fibres.

The penis bulb houses an egg-shaped seminal vesicle,
which is situated near the antero-ventral side of the penis
bulb (Figs 5A, B, D, E, 6B, D, E, 7). The seminal vesicle is
lined with a nucleated epithelium and surrounded by a lay-
er of longitudinal muscle. The vasa deferentia open sepa-
rately through the antero-dorsal wall of the seminal vesicle.

At its dorsal portion, the seminal vesicle gives rise to
an extension that initially is rather broad, but then quickly
narrows, while following a postero-ventral course to the
small diaphragm, through which it communicates with
the ejaculatory duct (Figs 5B—-E, 6B-E, 7B-E). The sem-
inal vesicle and its extension are lined with a cuboidal,
nucleated epithelium, which is underlain by 2—4 layers
of circular muscle fibres. The small conical diaphragm
is covered by an infranucleated epithelium that is under-
lain by 1-2 subepithelial layers of circular muscle. The
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diaphragm receives the abundant secretion of erythrophil
penis glands, which discharge their secretion also into the
most proximal, anterior portion of the ejaculatory duct
(Figs SB-E, 6B-E, 7).

From the ventrally located diaphragm, the ejaculatory
duct starts a postero-dorsally orientated course through
the penis papilla, after a while exhibiting a dorsally direct-
ed knee-shaped bend, whereafter it opens subterminally
through the dorsal side of the penis papilla, thus giving rise
to an asymmetrical penis papilla (Figs SB-E, 6B-E, 7B-E).

The male atrium is lined by an epithelium consisting
of nucleated, cylindrical cells and it is surrounded by a
subepithelial layer of circular muscle, followed by 2-3
layers of longitudinal muscle. The male atrium communi-
cates with the common atrium via a pronounced constric-
tion (Figs 5B, D, E, 6B-E, 7B-E). The common atrium is
lined with a nucleated epithelium and is surrounded by a
subepithelial layer of circular muscle, followed by a layer
of longitudinal muscle. Abundant, erythrophilic cement
glands discharge their secretion into the gonopore, go-
noduct and the very ventral portion of the common atrium
(Figs 5B, D, E, 6B-E, 7B-E). The gonopore is located at
1/3-1/4 (n=15) of the body length, as determined from the
posterior body margin (Fig. 4C).
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Histochemical structure of the nervous system. After
histochemical reaction with AChE, the major nervous
system appears as a copper-red, ladder-like structure,
comprising a brain, two ventral nerve cords and accom-
panying lateral branches and transverse commissures
(Fig. 9). The brain is composed of the thickened ante-
rior portions of the ventral nerve cords, thus forming
the cerebral ganglia, which together form an inverted
V-shaped or U-shaped brain, as the ganglia are connect-
ed by a commissure at their anterior ends (Fig. 9A, B).
In addition, the ganglia communicate with each other
by 6-7 thin, transverse commissures (n = 4; Fig. 9A, B).
Each ganglion gives off 9-11 nerve branches (n = 4; Fig.
9A, B). The eyes lie at the lateral border of the cerebral
ganglia (Fig. 9A, B). The two ventral nerve cords extend
backwards from the posterior end of the cerebral ganglia
and communicate at the tail end, giving off 43—47 lateral
nerve branches on either side of the body (Fig. 9A, C),
while there are 38—42 transverse commissures between
the ventral nerve cords, which are especially numerous
in the tail region (Fig. 9A, C). The lateral nerve branch-
es communicate with the marginal or lateral nerve cords,
which are only weakly developed (Fig. 9).

Discussion

The substitution saturation tests of the COI datasets (nos.
7 to 12 in Suppl. material 3: Table S3) revealed that gaps
and ambiguous codes significantly influenced the accu-
racy of the tests. The results reveal that the COI dataset
is actually substitutionally saturated (Iss > Iss.c; no. 7 in
Suppl. material 3: Table S3) and, therefore, not suitable
for phylogenetic reconstruction. The main reason for this
resides in the presence of two rather short sequences,
which will cause a great number of gaps during align-
ment. Inclusion of only the fully-resolved sites of the COI
dataset (nos. 8, 10 and 12 in Suppl. material 3: Table S3)
reduces the analysis to only a few sites and, thus, cannot
represent the true level of substitution saturation. Hence,
the real saturation level in the COI dataset is most likely
closer to the results obtained with the aCOI dataset (nos.
13 and 14 in Suppl. material 3: Table S3) than that it re-
flects its current results (no. 7 in Suppl. material 3: Ta-
ble S3), because numerous gaps have a greater influence
during determination of the saturation than two missing
sequences (D. batuensis and D. deharvengi). This implies
that the COI dataset is more likely to experience little or
no substitution saturation and, thus, would be reliable and
valid and, in principle, suitable for phylogenetic analysis.
Although the third codon position showed substitution
saturation to a greater or lesser extent (nos. 17 and 18 in
Suppl. material 3: Table S3), its inclusion, nevertheless,
is to be preferred as, without it, the phylogenetic trees
exhibit rather low resolution.

In the phylogenetic trees generated during the present
study, D. umbonata occupies a single branch that shares a
sister-group relationship either with D. japonica (in trees

based on the 18S rDNA, 28S rDNA, COI and concatenat-
ed datasets; Fig. 1 and Suppl. material 4: Figs S1-S5) or
with a clade formed by a group of species from the Aus-
tralasian and Oriental regions (in the case of ITS-1; Sup-
pl. material 4: Fig. S6). The long branch of D. umbonata
in all phylogenetic trees signals its high divergence from
other species and supports its separate specific status.

In the phylogenetic trees obtained from the separate
18S rDNA, 28S rDNA and COI datasets or from the con-
catenated dataset, the sister-group relationship between
D. umbonata and D. japonica is robust, strongly suggest-
ing that these two species belong to the same monophyl-
etic group and are each other’s closest relative (Fig. 1 and
Suppl. material 4: Figs S1-S5).

It is unusual that five phylogenetic trees (based on
18S rDNA, 28S rDNA, COI, ITS-1 and the concatenated
dataset; Fig. 1 and Suppl. material 4: Figs S1-S6) show
rather different topologies. However, the trees resulting
from the concatenated dataset (Fig. 1 and Suppl. materi-
al 4: Fig. S1) should be the most reliable ones, as these
are based on all four genes, while a partition analysis was
also applied. One could argue that the low support values
are due to incongruence amongst the various molecular
markers and that a concatenated dataset could be analysed
with exclusion of COI. When this would result in higher
support values, it would underscore removal of COI from
the concatenated dataset. In point of fact, we did perform
a phylogenetic analysis on such a restricted concatenated
dataset which, surprisingly, had precisely the opposite ef-
fect, i.e. lowering the support values. Therefore, we kept
COI in our concatenated dataset.

With respect to the trees independently generated from
each of the four sequences, it should be noted that the
reliabilities of 18S rDNA and 28SrDNA are lower than
those of ITS-1 and COI, due to the limited number of
18S and 28S rDNA sequences involved in the analysis
and the fact that the last-mentioned sequences are more
conservative during evolution than ITS-1 and COI,
implying that the latter provide more molecular signals
for our level of analysis. That is also the reason why the
phylogenetic trees based on COIand ITS-1 have topologies
similar to those based on the concatenated dataset (Fig. 1
and Suppl. material 4: Figs S1-S3, S6). In the 18S rDNA
tree, the clade comprising D. umbonata and D. japonica
clusters with Afrotropical and Cameroon species (Suppl.
material 4: Fig. S4), while it clusters with species from the
western Palearctic region in the 28S rDNA tree (Suppl.
material 4: Fig. S5). However, due to the low reliability
of these trees (see above), we believe that D. umbonata
and D. japonica actually belong to the Australasian and
Oriental species group, as shown in the phylogenetic trees
based on COI, ITS-1 and the concatenated dataset.

Although the major purpose of our phylogenetic
analysis was to determine the phylogenetic position and
taxonomic status of the new species D. umbonata, inclu-
sion of four gene sequences of no less than 39 species of
Dugesia in our BI and ML analyses makes it worthwhile
to compare the topology of our tree with those generated
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in several other, recent studies. Evidently, the different
molecular markers used in the different studies, including
ours, complicate proper evaluation and, therefore, we re-
frain from drawing any conclusions on the evolutionary
relationships between the species.

In the tree of Harrath et al. (2019: fig. 2), the species
D. bijuga Harrath & Sluys, 2019 and D. pustulata Harrath
& Sluys, 2019 from Cameroon cluster together and are
sister to a group constituted by Asian, Australian and Eu-
ropean species. It is noteworthy that, in our phylogenetic
trees based on COIL, D. bijuga clusters with an Oriental
species, viz. D. batuensis, albeit with rather low support
(0.60 pp; 33% bs; Suppl. material 4: Figs S2, S3). How-
ever, in our other trees, based on ribosomal genes and the
concatenated dataset, these two Cameroon species share
the same affinities as revealed by Harrath et al. (2019), in
that they cluster with Australasian, Oriental and Western
Palearctic species.

Although we included in our analyses these two spe-
cies of Dugesia from Cameroon that were recently de-
scribed by Harrath et al. (2019), the topology of our tree,
based on the concatenated dataset, is more similar to the
one of Stocchino et al. (2017), which was based on ITS-
1 and COI, than to the tree published by Harrath et al.
(2019), based on 18S rDNA and COI. With respect to the
biogeographic groupings identified in these studies, the
five biogeographic groups indicated in our trees, based
on the concatenated dataset, are basically similar to those
in Harrath et al. (2019) and Stocchino et al. (2017). How-
ever, it should be noted that, although in the present study
we included more genetic markers and a larger number of
species, as compared with the studies of Stocchino et al.
(2017) and Harrath et al. (2019), the number of Dugesia
species for which molecular data are available (~40) is
still rather small. Therefore, robust hypotheses on the his-
torical biogeography of the genus Dugesia and the testing
of previously-formulated ones (for an overview, see Har-
rath et al. 2019) may only be well possible when more
molecular data have become available, notably from
more and also better resolved markers.

Frequently, species of Dugesia are characterised only
by a unique, diagnostic combination of features, while
each of these characters separately occurs in many con-
geners. Much more rarely, a species exhibits an unam-
biguous apomorphic character or character state through
which it can easily and quickly be diagnosed. Fortunately,
Dugesia umbonata is an example of the last-mentioned
situation, as it features a peculiar muscularised hump on
the postero-dorsal portion of its bursal canal, a structure
thus far unknown from any species of Dugesia. In addi-
tion, D. umbonata exhibits the unique condition in which
its ejaculatory duct opens subterminally through the dor-
sal side of the penis papilla. Although other species of
Dugesia may also show subterminal openings (see Stoc-
chino et al. 2017 and references therein), these are located
on the ventral side of the penis papilla, with the only ex-
ception of D. hepta Pala et al., 1981, in which the opening
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is located laterally (Stocchino et al. 2005). Therefore, the
condition in D. umbonata (subterminal and dorsal open-
ing of ejaculatory duct) represents an apomorphy.

Other noteworthy features of D. umbonata are the
asymmetrical openings of the oviducts and the presence
of a duct between the seminal vesicle and the diaphragm,
representing character states 11-1 and 5-1, respective-
ly, in the phylogenetic analysis of Sluys et al. (1998).
Amongst the already-described species of Dugesia, the
combination of these two character-states occurs only in
D. notogaea Sluys & Kawakatsu, 1998 and D. sudanica
Dahm, 1971 (Dahm 1971; Sluys et al. 1998). However,
both species are different from D. umbonata as, for ex-
ample, neither of them exhibits the muscular hump on the
bursal canal.

In view of the fact that, in most of our molecular anal-
yses and particularly in the tree based on the concatenated
dataset (Fig. 1), D. umbonata was the sister-species of
D. japonica and that the latter occurs also in China (Ka-
wakatsu et al. 1995), it is opportune to discuss the simi-
larities and differences between these two species in some
more detail. In particular, it is noteworthy that specimens
of D. japonica have been described in which the vagi-
nal region of the bursal canal is surrounded by a “...very
wide halo-like structure...[consisting of] ...mesenchy-
mal tissue traversed by several coarse rows of longitudi-
nal muscles and less-developed radial ones” (Kawakatsu
etal. 1976: p. 85). This is reminiscent of the muscularised
hump in D. umbonata (cf. Kawakatsu et al. 1976: fig. 3),
but frequently, this thick coat of muscles in D. japonica
gradually expands and thereafter also gradually decreases
in diameter towards the copulatory bursa (cf. Kawakatsu
et al. 1979: fig. 3), while it is developed also ventrally
to the bursal canal (cf. Kawakatsu et al. 1976: figs 5, 8;
Kawakatsu et al. 1980: fig. 2A). This contrasts with the
situation in D. umbonata, in which the muscular hump is
confined to the dorsal side of the bursal canal and also has
a much more clearly-defined shape and proportions. Evi-
dently, other differences also preclude assignment of our
newly-collected specimens to D. japonica. For example,
in D. japonica, the oviducts open symmetrically into the
bursal canal, whereas in D. umbonata, the oviducal open-
ings are highly asymmetrical. Another clear difference
between both species concerns the location of the sub-
terminal opening of the ejaculatory duct at the tip of the
penis papilla. Dugesia japonica expresses the condition
that is rather common amongst a group of Dugesia spe-
cies distributed in the Palearctic, Afrotropical, Oriental,
Sino-Japanese and Australian regions, i.e. a subterminal
ventral opening (cf. Sluys et al. 1998), whereas D. umbo-
nata exhibits the unique character state of a subterminal
dorsal opening.

Hyperplasic ovaries are a common feature of sexual-
ised planarians from originally fissiparous populations
(cf. Stocchino et al. 2012 and references therein) and,
thus, were expected to occur in the sexualised specimens
of D. umbonata. Regularly, hyperplasic ovaries in such
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ex-fissiparous specimens go together with under-devel-
oped testes or even with complete absence of testicular
follicles (cf. Stocchino et al. 2012 and references there-
in). The latter condition is present also in D. umbonata
as we were unable to discern testis follicles in any of the
specimens examined, coinciding with the fact that, in our
cultures, we never found cocoons.

The major nerve system of D. umbonata, as docu-
mented above, may be compared with three of its con-
geners for which the structure of the nerve system was
described, viz. Dugesia gonocephala (Duges, 1830), D.
Japonica and D. sinensis Chen & Wang, 2015. As studies
on these three species and D. umbonata were done with
different techniques (e.g. various immunocytochemical
methods, acetylcholinesterase (AChE) histochemistry,
traditional histology), some caution should be taken in
comparing their results. However, as our focus is on the
gross morphology of the nervous system, it is well possi-
ble to compare the neuroanatomical results of these stud-
ies with our results on D. umbonata.

The shape of the planarian brain probably is correlated
with the shape of the head, with triangular heads tending
to have brains composed of thickened anterior portions
of the ventral nerve cords that form two lobes or cerebral
ganglia and truncate heads having more rounded, bilobed
cerebral ganglia (Hyman 1951; Reuter et al. 1995), while
in land planarians, the ventral nerve plate extends to the
anterior tip and may expand into the lunate head of spe-
cies of Bipalium Stimpson, 1858 (Hyman 1951; Rieger et
al. 1991). In that respect, the shape of the brain is similar
in all four species of Dugesia in that it consists of the
thickened anterior portions of the ventral nerve cords,
which are connected by a major commissure at their an-
terior ends, while the eyes are located at a short distance
posterior to this commissure and at the lateral margins of
the thickened lobes (cf. Ude 1908; Umesono et al. 2011;
Chen et al. 2015). In all four species, the lateral nerves
communicate with the marginal nerves, which are much
less condensed than the ventral nerve cords or the trans-
verse and lateral branches and basically consist of a pe-
ripheral submuscular nerve plexus (cf. Chen et al. 2015:
fig. 16). In D. gonocephala, D. japonica and D. sinensis,
the major ventral nerve cords are not confluent in the very
tail end of the body (Ude 1908; Nishimura et al. 2010;
Chen et al. 2015), whereas in D. umbonata the cords pass
into each other (Fig. 8A, C).

In D. gonocephala, Ude (1908) counted 47 transverse
commissures and 51-64 lateral branches, while in D. ja-
ponica (4654 lateral branches; 3740 transverse com-
missures; Nishimura et al. 2010) and D. umbonata (43—
47 lateral branches; 38—42 transverse commissures; this
study), the numbers are somewhat lower. For D. sinensis,
the numbers are considerably lower, viz. 21-24 trans-
verse commissures and 28 lateral branches (from Chen et
al. 2015: fig. 16).

For the number of transverse commissures between
the two ganglia and the number of lateral branches aris-

ing from the brain, the following data have been report-
ed, respectively: D. gonocephala: 8, 8 (Ude 1908); D.
sinensis: 7-8, 9—10 (from Chen et al. 2015: fig. 16; Chen
et al. 2015, respectively); D. japonica: 6, = 9 (Nishimu-
ra et al. 2010; Umesono et al. 2011). These figures are
in the same order of magnitude as the branches in D.
umbonata, viz. 67 transverse commissures between the
ganglia and 9—11 lateral branches arising from each cer-
ebral ganglion.
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