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Abstract

The genus Matuxia Carbayo et al., 2013 currently comprises two species with distribution restricted to southeastern Brazil. In the
present study, based on an integrative approach, we examine the genetic diversity within the genus and describe a new species, Matuxia
tymbyra Rossi and Leal-Zanchet, sp. nov., representing a southern lineage of the genus. We employed one mitochondrial (cytochrome ¢
oxidase subunit I, COI) and other nuclear (elongation factor 1a, EF-1a) markers to investigate the phylogenetic relationships within the
genus. Maximum-parsimony analysis in a segment of the COI gene of 676 nucleotides showed 79 (11.68%) nucleotide positions
exhibiting autapomorphic characters that support the occurrence of three independent evolutionary molecular operational taxonomic
units in the genus. Similar evaluation for the dataset of the EF-1a gene showed a much smaller number of autapomorphies. Bayesian
inference, maximum-likelihood and delimitation approaches, based on evolutionary models, showed that M. tymbyra is the sister
species of the type-species of the genus, Matuxia tuxaua. They should be considered sibling species, only distinguishable based on
details regarding eye arrangement and prostatic vesicle. The existence of 15 and 23 molecular autapomorphies, as revealed by
maximum-parsimony analysis in a segment of the COI gene for M. tymbyra and M. tuxaua, respectively, allowed us to propose a
molecular diagnosis for the new species, which is essential in cases of sibling species. The new species seems to be endemic from areas
of Araucaria Forest in southern Brazil; the record augments the known distribution of the genus to the south.
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Introduction in areas of dense ombrophilous forest (Atlantic Forest):

Matuxia tuxaua (E.M. Froehlich, 1955) and Matuxia matuta

The genus Matuxia Carbayo et al., 2013 currently comprises
two species with distribution restricted to southeastern Brazil,
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(E.M. Froehlich, 1955) (Froehlich 1955b; Carbayo et al.
2013). Both species show a similar pigmentation and eye pat-
terns and present a homogeneous copulatory apparatus, being
differentiated by details of the female copulatory organs.
During surveys in areas of the southern portion of the
Brazilian Atlantic Forest (mixed ombrophilous forest or
Araucaria forest), we found a southern lineage of Matuxia
(Leal-Zanchet & Carbayo 2000; Leal-Zanchet and Baptista
2009; Leal-Zanchet et al. 2011), which is almost morpholog-
ically indistinguishable from M. tuxaua.

Among land flatworms, species presenting similar external
features, but being distinguished by a combination of details
of the reproductive system and pharyngeal anatomy, consti-
tute a common event (Lemos et al. 2014; Carbayo et al. 2017;
Amaral et al. 2018a). Sometimes, however, it is so difficult to
know whether we are dealing with specific differences or pop-
ulation variations that the use of an integrative taxonomy
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combining molecular data with morphological analyses is
necessary (Amaral etal. 2018b). Molecular phylogenetic anal-
yses may be useful to reveal many genetically distinct linecages
in one apparently morphologically uniform unit, thus helping
to differentiate species (Frankham et al. 2012; Alvarez-Presas
et al. 2015). When two or more species are morphologically
indistinguishable, they have been considered cryptic species.
Yet the term sibling connotes more recent common ancestry
than does the word cryptic, thus indicating a sister-species
relationship (Saez and Lozano 2005; Bickford et al. 2007).

Hence, aiming to investigate whether external features, as
well as anatomical characters of the reproductive system con-
stitute intra- or inter-specific variations within Matuxia, we
use molecular data based on two markers combined with an-
atomical and histological information. Considering that we
found strictly similar characters between M. tuxaua and the
southern specimens of Matuxia, we asked (1) does this south-
ern lineage represent a different species of Matuxia? (2) if so,
do M. tuxaua and this southern lineage present a sister-group
relationship, constituting sibling species? and (3) what is the
basal clade within Matuxia?

Material and methods

Specimens of M. tymbyra Rossi and Leal-Zanchet, sp. nov.
were collected from two protected areas, Sdo Francisco de
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Paula National Forest (29°23'-29°27'S; 50°23'-50°25 W)
and Research and Conservation Center Pro-Mata (29°28'—
29°31'S; 50°08'-50°14'W), both located in Sdo Francisco de
Paula, state of Rio Grande do Sul, Brazil (Fig. 1). Sampling
took place between May 1998 and August 2013 mainly in
areas of Mixed Ombrophilous Forest and in plantations of
the native Araucaria angustifolia (BERTOL.) O. KUNTZE.
Specimens were collected during the day by direct sampling
in leaf litter and under fallen logs and stones, many of them
partially buried. The specimens collected, locality data, and
GenBank accession numbers are listed in Supplementary
Table S1.

Morphological analysis

Live specimens were analysed regarding colour pattern and
body shape and dimensions. Before fixation, the posterior tip
of five specimens was cut and preserved in 100% ethyl alco-
hol for molecular analysis. After that, specimens were killed
by pouring boiling water over them. Specimens were then
fixed in neutral formalin 10% and subsequently maintained
in 70% ethyl alcohol. Characteristics of the external morphol-
ogy, such as colour pattern, body length and width, mouth and
gonopore position and distribution of eyes, were analysed
under stereomicroscope. The analysis of eye arrangement
was also done after immersion of a fixed specimen in clove
oil for 96 h.
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Fig. 1 Distributional range of the genus Matuxia in areas of Atlantic Forest from southeastern and southern Brazil
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Phylogenetic relationships within the flatworm genus Matuxia (Platyhelminthes, Tricladida, Continenticola)...

Body fragments, namely the anterior tip, the subsequent
body region containing ovaries, a pre-pharyngeal region and
the body regions containing the pharynx and the copulatory
apparatus, were cut, dehydrated in an ascending ethyl alcohol
series, cleared in isopropyl alcohol and embedded in paraplast.
Histological sections at 6 pm were stained with
haematoxyline/eosine or Goldner’s Masson trichrome
(Romeis 1989).

The ratio of the height of the cutaneous musculature to
the height of the body (mc:h index in Froehlich 1955a)
was determined in the median region of a transverse sec-
tion of the pre-pharyngeal region. Mesenchymal muscle
fibres were counted in transverse sections of the same
region.

Type-material was deposited in the following reference
collections: Museu de Zoologia da Universidade do Vale do
Rio dos Sinos, Sao Leopoldo, Rio Grande do Sul, Brazil
(MZU), and the Helminthological Collection of Museu de
Zoologia da Universidade de Sao Paulo, Sao Paulo, state of
Sao Paulo, Brazil (MZUSP).

DNA extraction, PCR amplification and sequencing

The Wizard® Genomic DNA Purification Kit (Promega,
Madison, WI, USA) was used to extract Genomic DNA from
the specimens of Matuxia preserved in 100% ethyl alcohol.
Two molecular markers were amplified, sequenced and
analysed: (1) partial sequences of the mitochondrial COI gene
using the primer pairs BarT (Alvarez-Presas et al. 2011) and
COIR (Lazaro et al. 2009), and (2) a region of the nuclear gene
elongation factor 1-alpha (EF-1a) using primers EFplatF and
EFplatR (Carbayo et al. 2013). Details of amplification reac-
tions and PCR cycling profiles can be seen in Supplementary
Table S2. Prior to sequencing, PCR products were purified
using Shrimp Alkaline Phosphatase (SAP) and exonuclease
I (New England Biolabs), following the manufacturer’s rec-
ommendation. The purified amplicons from COI and EF-1a
were submitted to direct sequencing at Macrogen (Macrogen
Inc., Seoul, Korea), and each sample was sequenced in both
directions.

Sequence and phylogenetic analyses

We visually inspected the chromatogram quality in Chromas
Pro 1.5 software (http://www.technelysium.com.au).
Sequences were also checked using the BLASTn on-line tool
for comparison with sequences deposited in the GenBank da-
tabase (NCBI). Sequences were aligned separately and as a
combined matrix (concatenated sequences of both genes),
using ClustalX Sofware 2.0.9 (Thompson et al. 1997) and
inspected visually for poorly aligned sites using BioEdit 5.0.
9 (Hall 1999). They were checked for unexpected frameshift
mutations or stop codons in MEGA 6 (Tamura et al. 2013).
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The best-fit model of sequence evolution for each alignment
(COI, EF-1a, combined matrix) was inferred according to the
Akaike information criterion (AIC) (Akaike 1974) using the
jModelTest 2.1.1 software (Darriba et al. 2012). Phylogenetic
trees were constructed using a combined matrix of genes
(concatenated COI + EF-1a) and were conducted using maxi-
mum likelihood (ML) with RAXML (Stamatakis 2006) and
Bayesian inference (BI) using MrBayes (Ronquist et al. 2012).
The model of sequence evolution was GTR+I+G (—InL =4405.
8633) for the COI and the GTR+ G (—InL =2190.3625) for EF-
la. For the concatenated dataset, we assumed the same priors as
for the individual gene analyses for each partition.

The ML tree was conducted with a heuristic search to find
the most probable topologies based on the substitution
models; statistical support for the likelihood hypothesis was
evaluated by bootstrap analysis with 1000 pseudo-replications
(Felsenstein 1985). We consider bootstrap values of >70% as
strongly supported (Hillis and Bull 1993). For Bayesian anal-
yses, we used the optimal model determined and the default
priors; three heated and one cold Markov chains were run
from two random starting points. We ran the Markov chain
Monte Carlo search with 10 million generations (repeated
three times), with a random starting tree, and sampled every
1000 generations; the first 25% trees were discarded as “burn-
in.” At that point, the chain reaches a stationary state; this
ensures that the average split frequency between the runs is
less than 1%. We considered as statistically well-supported
values posterior probabilities >0.95 (PP). We estimated the
distance pairwise nucleotide distances by Kimura’s two-
parameter (Kimura 1980), between all sequences with 1000
bootstrap replications in the programme MEGA version 6
(Tamura et al. 2013). We use PAUP* version. 4.0b10
(Swofford 2002) to determine the molecular autapomorphies
for the dataset of the two genes and calculate the consistency
index and retention index of each character using heuristic
parsimony analysis, with 100 random stepwise additions of
taxa (tree bisection—reconnection branch swapping) under
ACCTRAN and DELTRAN optimisation.

The molecular operational taxonomic unit (MOTU)

In the present study, we used as dataset a combined matrix of
genes (concatenated COI + EF-1a), and two evolutionary
model-based methods for delimiting the number the putative
species: (i) the Generalized Mixed Yule Coalescent (GMYC)
method for delimiting species (Fujisawa and Barraclough
2013) and (ii) the Poisson Tree Processes (PTP) model
(Zhang et al. 2013). The single threshold GMYC method
was implemented in the R package “splits” (SPecies LImits
by Threshold Statistics) (Monaghan et al. 2009). We used the
unique threshold method to detect the transition point between
intra- and inter-specific relationships, based on the length of
the branches (Pons et al. 2006). An ultrametric tree was
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generated in the BEAST v.2.2.1 package (Bouckaert et al.
2014) from the combined matrix of genes and used as input
into the GMYC analysis. The parameters estimated in the
jModelTest were used in the BEAUti programme assuming
a relaxed molecular clock with a lognormal distribution and
Yule model. Three independent runs were carried out in
BEAST 2 with 4 x 107 generations each. Later, the effective
sample size (ESS>200) of each run was verified in Tracer
v1.5 (Rambaut and Drummond 2009). The TreeAnnotator
software was used to summarize the information from a sam-
ple of trees (30% burn-in percentage, 0.5 posterior probability
limit and mean heights node) onto a maximum clade credibil-
ity tree. The PTP model was based on our inferred molecular
phylogeny. The maximum likelihood using RAxML
(Stamatakis 2006) was employed as input data to PTP. The
calculations for PTP were conducted on the bPTP webserver
(http://species.h-its.org/ptp/), with default settings. The
corresponding analyses were carried out using trees with the
maximum likelihood solution from the ML analyses and the
majority-rule consensus topology resulting from the BI
analyses.

The molecular diagnosis of the new species includes the
nine specimens shown in the Supplementary Table S1. We
used as dataset a combined matrix of genes (concatenated
COI + EF-1a) in phylogenetic analyses and delimitation tools.

Abbreviations used in the figures

(ca) copulatory apparatus; (cg) cyanophil glands; (cmc) common
muscle coat; (cov) common glandular ovovitelline duct; (cs)
creeping sole; (de) dorsal epidermis; (df) dorsal fold; (di) dorsal
insertion; (dm) dorsal cutaneous musculature; (dsm) dorsal sub-
cutaneous mesenchymatic musculature; (dvm) dorso-ventral
mesenchymatic musculature; (e) eye; (ec) ejaculatory cavity;
(eg) erythrophil glands; (fa) female atrium; (fc) female canal,
(go) gonopore; (i) intestine; (im) internal musculature; (lu) pha-
ryngeal lumen; (m) mouth; (ma) male atrium; (ms) median stripe;
(n) nerve cord; (0) ovary; (oe) oesophagus; (om) outer muscula-
ture; (ov) ovovitelline ducts; (p) penis papilla; (ph) pharynx; (pp)
pharyngeal pouch; (pv) prostatic vesicle; (rg) thabditogen glands;
(sbm) sub-intestinal transverse mesenchymatic musculature; (sg)
shell glands; (sp) sensory pit; (spm) supra-intestinal transverse
mesenchymatic musculature; (sv) spermiducal vesicle; (t) testes;
(v) vitellaria; (vi) ventral insertion; (vim) ventral cutaneous mus-
culature; (xg) xanthophil glands.

Results
Molecular results

The sequences aligned did not show insertions, deletions,
NUMTs (nuclear DNA sequences originating from
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mitochondrial DNA sequences) or stop codons. We detected
194 (27.8%) variable nucleotide sites in the COI gene (out of a
total of 700 bp nucleotide sites included in the analyses). We
obtained an intraspecific K2P distance of 0.03% for nine speci-
mens of the southern clade, whereas the intraspecific K2P mean
distances for all species were less than 2% (Supplementary Fig.
S1A). Based on our data, the lowest interspecific genetic distance
was observed between the specimens of Matuxia tuxaua and the
new species herein described as Matuxia tymbyra Rossi and
Leal-Zanchet, sp. nov. (7.3%), whereas the genetic distance be-
tween Matuxia matuta and M. tymbyra was 10.1%. The average
distance between all genera was > 14% (14.1 to 16.9%). EF-1a
gene reveal 128 (23%) variable nucleotide sites in the total of
556 bp analysed. Using the K2P parameter in all possible
pairwise comparisons, we found an average intraspecific distance
of 1.30%, while the interspecific distance was of 6.41% on av-
erage (Supplementary Fig. S1B). The five specimens of
M. tymbyra analysed for this gene did not present nucleotide
differences in their 556 bp. The distribution of K2P pairwise
differences can be seen in the Supplementary Fig. S1A and B,
with the shortest distances (black bars) representing the intraspe-
cific comparisons, while the higher distances (grey bars) inter-
specific divergence.

The concatenated data matrix of the two genes included
1499 characters and 19 taxa. Both the ML and the BI analyses
recovered well-supported relationships (bootstrap >90% and
posterior probabilities (PP) = 98) between species of Matuxia,
as well as confirmed that the species herein studied is closely
related to M. tuxaua (Fig. 2).

Molecular autapomorphies of species of Matuxia as re-
vealed by maximum-parsimony analysis in a segment of the
COI gene of 676 nucleotides showed 79 (11.68%) nucleotide
positions exhibiting autapomorphic characters that support the
condition of three independent species for the genus Matuxia.
The new species M. tymbyra showed 15 autapomorphies;
M. tuxaua 23 and M. matuta 41 (see Supplementary
Table S3). A similar evaluation for the dataset of the EF-la
gene showed a much smaller number of autapomorphies. For
a segment of 556 nucleotides, 18 (3.24%) constituted
autapomorphic characters. Matuxia tymbyra and M. tuxaua
showed three autapomorphies each, while M. matuta, the bas-
al species of the genus, showed 12 autapomorphic sites (see
Supplementary Table S4).

In total, 19 individuals from nine recognized species of four
genera and the new species were tested for molecular delimiters
of species using a concatenated data matrix. The maximum like-
lihood of the null model (loglnurr =79.75599), in which all
sequences belong to a single species, was significantly lower than
the maximum likelihood of the GMYC model (logLgymyc =
88.2272) (p value < 0.001), indicating that the number of putative
species and MOTU s is ten and the species herein described cor-
responds to a new evolutionary lineage of Matuxia (Fig. 2). For
the single phylogenetic tree, based on the best-fit ML, PTP
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Matuxia tymbyra sp. nov. MZU PL.00181
Matuxia tuxaua MZUSP PL.1058

Matuxia matuta MZUSP PL.1021
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Fig. 2 Molecular phylogenetic relationships and species boundaries
inferred from the sequences of COI and EF-1a on a Bayesian consensus
tree. Node values represent posterior probabilities and likelihood

estimated 10 species from a dataset of 19 specimens (Fig. 2). All
clusters under both PTP model formed monophyletic clades with
high node bootstrap supports (> 0.80).

Taxonomic part

Family Geoplanidae.

Subfamily Geoplaninae.

Matuxia Carbayo et al., 2013

Matuxia tymbyra Rossi and Leal-Zanchet, sp. nov.

Geoplana sp. 4: Leal-Zanchet and Carbayo 2000.

Geoplana sp. 2: Leal-Zanchet and Baptista 2009.

Geoplana sp. 2: Leal-Zanchet, Baptista, Campos and Raffo
2011.

Etymology

The specific name, from tupi, means buried and refers to
the fact that type-specimens were mainly found buried into the
soil.

Material examined

Holotype: MZUSP PL.1563: I. Rossi, coll. 08. August 2013:
Sao Francisco de Paula (Sdo Francisco de Paula National
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Matuxia tymbyra sp. nov. MZU PL. 00294
Matuxia tymbyra sp. nov. MZUSP PL.1563
Matuxia tymbyra sp. nov. MZU PL.00293
Matuxia tymbyra sp. nov. MZU PL.00295

Matuxia matuta MZUSP PL.1022
Choeradoplana iheringi MZUSP PL.0533
Choeradoplana banga MZUSP PL.1002
Choeradoplana bocaina MZUSP PL.0998
Choeradoplana bocaina MZUSP PL.0999
Cephaloflexa bergi MZUSP PL.0303
Cephaloflexa bergi MZUSP PL.0305
Cephaloflexa araucariana MZUSP PL.1076
Cephaloflexa araucariana MZUSP PL.1073
Luteostriata abundans MZUSP PL.0646
Luteostriata abundans MZUSP PL.0648

Luteostriata ceciliae MZUSP PL.1077

GMYC

-]
N B NN
m

bootstrap, respectively. The number of autapomorphies for each species
of Matuxia is shown below the branches; bars indicate the genes (black
bar COI gene and grey for EF-1a)

Forest), RS, Brazil — anterior tip: transverse sections on 47
slides; pre-pharyngeal region: transverse sections on 17 slides;
pharynx: sagittal sections on 24 slides; copulatory apparatus:
sagittal sections on 15 slides.

Other specimens: MZU PL.00180: L. Teixeira, coll. 31.
May 1998: Sao Francisco de Paula (Sao Francisco de Paula
National Forest), RS, Brazil — anterior region in two frag-
ments: sagittal sections on 16 slides and transverse sections on
58 slides; pre-pharyngeal region: transverse sections on five
slides; pharynx: sagittal sections on 14 slides; copulatory ap-
paratus: sagittal sections on 24 slides. MZU PL.00181: 1.
Rossi, coll. 30. July 2013: S0 Francisco de Paula (Sao
Francisco de Paula National Forest), RS, Brazil — copulatory
apparatus: sagittal sections on 26 slides. MZU PL.00182: N.
Zanchet, coll. 25. October 2003: Sdo Francisco de Paula
(Research and Conservation Center Pr6-Mata), RS, Brazil
— pre-pharyngeal region: transverse sections on five slides;
pharynx: sagittal sections on 18 slides; copulatory apparatus:
sagittal sections on 17 slides. MZU PL.00183: V. A. Baptista,
coll. 08. September 2000: Sao Francisco de Paula (Sao
Francisco de Paula National Forest), RS, Brazil — copulatory
apparatus: sagittal sections on 20 slides. MZU PL.00166: P. K.
Boll, coll. 15. September 2010: Sao Francisco de Paula (Sao
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Francisco de Paula National Forest), RS, Brazil — copulatory
apparatus: horizontal sections on 17 slides.

Type-locality: Sdo Francisco de Paula (Sdo Francisco de
Paula National Forest), state of Rio Grande do Sul (RS),
Brazil.

Distribution: Rio Grande do Sul (Sao Francisco de Paula),
Brazil.

Diagnosis: greyish dorsal surface with light thin median
stripe and light body margins; marginal eyes in one-to-two
series, without clear halos; glandular margin absent; mc:h
12%—14%; anterior-most testes at the same level as ovaries;
ovaries pyramidal and lobated; ovovitelline ducts emerging
ventrally, but laterally displaced, from the anterior or median
third of ovaries, and ascending approximately at the level of
the gonopore; male atrium entirely occupied by a conical and
asymmetrical penis papilla; male and female atria separated by
a dorsal fold. Molecular diagnosis: this species includes all
populations that cluster with specimens MZU PL.00181 to
MZU PL.00294 with significant support in phylogenetic anal-
yses and show the following molecular autapomorphies

Fig. 3 Matuxia tymbyra Rossi &
Leal-Zanchet, sp. nov.: a—b
photograph of live specimens, a
MZU PL.00181 and b holotype,
in dorsal view; ¢ colour pattern of
the holotype after fixation in
dorsal view; d eye pattern of a
fixed specimen (MZU PL.00183)
in dorsal view. Anterior tip to the
left. The position of the pharynx
and copulatory apparatus is
indicated by the light marks on
dorsal surface in ¢

determined for each gene: COI gene, G(19), G(27), A45),
T(72), G(105), A(207), A(213), G(309), A(363), A(366),
G(372), G(402), T(498), A(528), and A(642); EF-1a gene,
C(270), G(420) and T(555).

Description
External features

Body elongate with parallel margins, anterior tip rounded and
posterior tip pointed (Fig. 3a—b). In maximal extension, length
reaches 88 mm in the holotype (Table 1). When creeping, the
cephalic region appears much narrower than the rest of the
body. At rest, body height is much larger than when creeping,
with waved body margins. Mouth and gonopore located ap-
proximately in the posterior fourth of the body (Table 1, see
Fig. 3¢).

Alive, dark-grey dorsum with light-grey margins, some-
times slightly pinkish (Fig. 3a—b). Under the stereomicro-
scope, light-grey dorsal ground-colour also visible on a thin

10 mm

10 mm
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Table 1 Measurements, in mm,

of specimens of Matuxia tymbyra Holotype Specimen Specimen Specimen Specimen Specimen
Rossi & Leal-Zanchet, sp. nov. MZUSP MZUPL.  MZUPL. MZUPL. MZUPL.  MZUPL.
PL.1563 00180 00181 00182 00183 00166
Maximum 88 65 81 70 - 75
length in
extension
Maximum 2 2 3 2.5 - 3
width in
extension
Length at rest 50 20 37 40 60 50
Width at rest 3 5 4.5 4 2 4
Length* 43 35 54.5 56 38 39
Width* 4 4 4 3 2.5 6
DM* 31(72) 25(71.5) 40 (73.5) 42 (75) 27 (71) 30 (77)
DG* 35 (81.5) 30 (86) 46 (84.5) 51 91) 32 (84) 35 (90)
DMG* 4 5 6 9 6 5
DPVP 2.1 23 - 2.6 - -
Ovaries 8 (18.5) 6.5 (18.5) - - - -
Anteriormost 8.2 (19) 6.5 (18.5) — - - -
testes
Posteriormost 29.5 (70) 22 (63) - - - -
testes
Prostatic 1.0 0.5 1.1 0.9 0.8 1.0
vesicle**
Penis papilla** 1.4 0.8 1.6 1.8 1.4 0.8
Male atrium™** 1.8 1.0 2 24 1.9 1.1
Female 1.4 0.9 1.6 1.3 1 1.3
atrium**

—: not measured; *: After fixation; **: length; DG: distance of gonopore from anterior end; DM: distance of mouth
from anterior end; DMG: distance between mouth and gonopore; DPVP: distance between prostatic vesicle and
pharyngeal pouch. The numbers given in parentheses represent the position relative to body length

median stripe, besides body margins (Fig. 3¢). The remaining
dorsal surface covered by thin and dense distributed dark-grey
pigmentation. Ventral surface light-grey with dark-grey ante-
rior tip. Specimen MZU PL.00182 shows ventral surface and
dorsal ground-colour pinkish. After fixation, dorsal and ven-
tral colour fades, dorsal ground-colour and ventral surface
becoming whitish. Median stripe with maximum width of
0.25 mm (7% of the body width) in the holotype, becoming
narrower towards anterior and posterior tips (Fig. 3c¢).

Eyes, initially uniserial and with pigment cups of about
20 pm in diameter, surround anterior tip. After the second
millimetre, they are mixed with larger eyes (eye cups of
30 um in diameter). They are monolobated and remain mar-
ginal along body length (Fig. 3d), but form an irregular series
in the median body third. Eyes become less numerous towards
the posterior tip. Clear halos are absent.

Sensory organs, epidermis and body musculatures
Sensory pits (Fig. 4a—b) occur as simple invaginations

ventromarginally in an irregular row in the anterior 1/8th of
the body. Their depth is about 20 to 30 pum.

l GfBS

Creeping sole occupying the whole body width
(Table 2). Three types of glands discharge through the en-
tire epidermis of the pre-pharyngeal region, without
forming a glandular margin (Fig. 4c): numerous
rhabditogen cells with xanthophil secretion (rhammites);
cells with amorphous cyanophil secretion, sometimes with
a coarse granular appearance, and scarcer glands with gran-
ular erythrophil secretion. Openings from cyanophil glands
with amorphous secretion are more numerous through the
creeping sole. Cell bodies from rhabditogen glands aggre-
gate on body margins (Fig. 4c) and their openings are abun-
dant through dorsal epidermis and body margins. On the
anterior tip, openings from rhabditogen cells are more nu-
merous through the creeping sole than through the dorsal
epidermis and body margins, with cell bodies concentrating
beneath the ventral cutaneous musculature; other glands are
similar to those of the pre-pharyngeal region (Fig. 4a-b).

Cutaneous musculature with the usual three layers: cir-
cular, oblique and longitudinal layers; longitudinal layer
with thick bundles (Fig. 4d—e, Table 2). Musculature
thicker laterally than medially, but becoming progressively
thinner close to body margins; ventral musculature thicker
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Fig. 4 Matuxia tymbyra Rossi &
Leal-Zanchet, sp. nov., holotype,
microphotographs of transverse
(a—e, g) and sagittal (f; anterior tip
to the left) sections: a anterior
region of body; b detail of anterior
region of body; ¢ pre-pharyngeal
region; d detail of dorsal surface
of pre-pharyngeal region; e detail
of ventral surface of pre-
pharyngeal region; f pharynx; g

ovary 0.2 mm

1mm

than dorsal at the sagittal plane, being between about three
times higher than the epidermis (12-28 um high).
Cutaneous musculature thinner in the pre-pharyngeal re-
gion (mc:h 13% in the holotype) than in the anterior region
of the body (mc:h 22% in the holotype), but gradually
diminishing towards anterior tip.

Mesenchymal musculature (Fig. 4c—e) well developed,
mainly composed of three layers: (1) dorsal subcutaneous,
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located mainly close to the cutaneous musculature, with
decussate fibres (about 7—10 fibres thick); (2) supra-
intestinal transverse (about 10—12 fibres thick); (3) sub-
intestinal transverse (about 8—10 fibres thick). In addition,
there are scattered ventral subcutaneous oblique fibres, as
well as numerous dorso-ventral fibres. In the anterior re-
gion of the body, the mesenchymal musculature is less de-
veloped than in the pre-pharyngeal region (Fig. 4a).
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Table 2 Body height and

cutaneous musculature in the Holotype MZUSP Specimen MZU PL. 00180  Specimen MZU PL. 00182
median region of a transversal PL.1563
section of the pre-pharyngeal
region, in micrometres, and ratio Dorsal musculature 62 58 51
of the height of cutaneous Ventral 93 87 58
musculature to the height of the musculature
body (mc:h index) of specimens Dorsal epidermis 28 18 12
of Matwxia tymbyra Rossi & Ventral epidermis 31 25 20
Leal-Zanchet, sp. nov. .
Body height 1215 1054 868
Mc:h (%) 13 14 12.5
Creeping sole (%) 100 100 100

Pharynx

Pharynx cylindrical, about 1/20th of body length, with dorsal and
ventral insertions about the same transversal level. Mouth at the
end of the median third of pharyngeal pouch (Fig. 4f).
Oesophagus with folded wall, with a length corresponding to
1/4th of the pharynx length. Oesophagus: pharynx ratio, 26%
in the holotype.

Pharynx and pharyngeal lumen lined by ciliated cuboidal ep-
ithelium with insunk nuclei. Pharyngeal glands constituted by
four secretory cell types: abundant secretory cells with fine gran-
ular xanthophil secretion and cells with amorphous cyanophil
secretion, besides few cells with fine granular erythrophil secre-
tion as well as cells with fine granular cyanophil secretion (Fig.
4f). Cell bodies of pharyngeal glands located in the mesenchyme,
mainly anterior and laterally to pharynx.

Pharyngeal outer musculature (18-25 pm thick) comprised
of thick subepithelial layer of longitudinal muscles, followed
by a thicker circular layer. Circular layer becomes as thin as
longitudinal one towards pharyngeal tip. Inner pharyngeal
musculature (35-65 pum thick) comprises a thick circular
subepithelial layer, followed by a thinner longitudinal layer.
Inner and outer musculatures gradually become thinner to-
wards pharyngeal tip.

The oesophagus is lined by cuboidal ciliated epithelium with
insunk nuclei and coated with a thick circular subepithelial
muscle layer, followed by a thinner longitudinal layer, (30—
45 pum thick).

Reproductive organs

Testes in one irregular row on either side of the body, located
beneath the dorsal transverse mesenchymal muscles (Fig. 4c—d).
The follicles extend from the anterior fifth of the body, about at
the same transverse level as the ovaries, to near to the root of the
pharynx, in the median third of the body (Table 1). Sperm ducts
dorsal to ovovitelline ducts in pre-pharyngeal region. They form
spermiducal vesicles posteriorly to the pharynx. Distally,
spermiducal vesicles enter the common muscular coat and bent
dorso-anteriorly to open terminally into the forked portions of the
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prostatic vesicle (Fig. 5a-b). Intrabulbar prostatic vesicle com-
posed of two portions, an unpaired and ovoid main portion and a
proximal, tubular, forked portion that loops dorsally and posteri-
orly (Fig. 5a-b and 6a—d). The prostatic vesicle opens into the
sinuous and folded ejaculatory cavity. The ample male atrium is
occupied by a penis papilla, conical and asymmetrical, with dor-
sal insertion posteriorly displaced (Figs. Sa—b and 6a-b).
Specimens MZU PL.00180 and MZU PL.00181 present part
of prostatic vesicle within the papilla, probably due to
contraction.

Prostatic vesicle lined with ciliated columnar to pseudo-
stratified epithelium, receiving abundant fine granular erythrophil
and amorphous cyanophil secretions (Fig. 6d). Muscularis of
prostatic vesicle (2030 um thick) comprises interwoven longi-
tudinal, oblique and circular fibres (Fig. 6¢—d). Ejaculatory cavity
lined with ciliated cuboidal epithelium, receiving numerous
openings from glands with fine granular erythrophil and coarse
granular xanthophil secretion, both with cell bodies internal to
the common muscle coat. Muscle coat of ejaculatory cavity thick
(12 um-35 pm thick), comprised of subepithelial circular layer
followed by a longitudinal layer.

The penis papilla is lined with non-ciliated columnar to
cuboidal epithelium with irregular height. Penial glands with
coarse granular xanthophil and fine granular erythrophil se-
cretions as well as scarce cyanophil amorphous secretion.
Cyanophil and xanthophil glands present cell bodies external
to common muscle coat and necks running longitudinally in
the papilla; erythrophil glands, intrapapillar cells bodies.
Muscularis of the penis papilla (20-40 pm) mainly composed
of circular fibres. Epithelial lining of male atrium columnar,
non-ciliated, receiving openings from cyanophil glands with
amorphous secretion. Muscularis of male atrium (5 pm—15 pm)
comprised of thin circular subepithelial layer and a thicker
subjacent longitudinal layer.

Vitelline follicles well developed in specimen MZU
PL.00182 and inconspicuous in the holotype, as well as in
specimen MZU PL.00180, situated between intestinal
branches (Fig. 4c). Ovaries pyramidal and lobate, almost as
long as wide, measuring about 0.35 mm in its antero-posterior
axis and occupying one-third of the body height in the
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Fig. 5 Matuxia tymbyra Rossi &
Leal-Zanchet, sp. nov.: a sagittal
composite reconstruction of
copulatory apparatus of the
holotype; b horizontal composite
reconstruction of copulatory
apparatus of specimen MZU
PL.00166

sV cmc

1mm

holotype (Fig. 4g). They are located immediately above the
ventral nerve plate, about the same transversal level as the
most-anterior testes (Table 1). Ovovitelline ducts emerge ven-
trally, but laterally displaced, from the anterior or median third
of ovaries and run posteriorly immediately above the nerve
plate. About at the gonopore level, ovovitelline ducts ascend
posteriorly and medially inclined, to join dorsally to the distal
or median third of female atrium, thus forming a long common
glandular ovovitelline duct. Proximal portion of female atrium
presents a dorso-anteriorly curved female canal (Figs. Sa—b
and 6a). Female atrium ovoid with a pronounced proximal
fold that projects distally and restricts the atrial cavity to an
irregular gap (Figs. 5a and 6a). Length of female atrium 52%—
118% of male atrium length (Table 1).

Ovovitelline ducts and common ovovitelline duct lined with
ciliated, cuboidal to columnar epithelium, and covered with
intermingled circular and longitudinal muscle fibres (3 pm —
12 um thick). Numerous shell glands with xanthophil secretion
empty into the common glandular ovovitelline duct, as well as
into the distal ascending portion of paired ovovitelline ducts
(Figs. 5a—b and 6a-b).

Female atrium lined mainly by a ciliated, tall epithelium
exhibiting multilayered aspect (90 um) (Fig. 6a, b, e), which
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becomes columnar in the roof of the female atrium. Female canal
lined with ciliated, columnar to pseudostratified epithelium.
Female atrium and canal receive numerous cyanophil amorphous
secretion and finely granular, erythrophil secretion. Muscularis of
female canal and atrium (20 pm-35 pm thick) composed of
circular fibres mixed with scarce longitudinal fibres.

Male and female atria separated by a large dorsal fold (Figs.
Sa and 6a). Gonopore canal vertical at the sagittal plane, lined
with ciliated, columnar epithelium, receiving the abundant open-
ings of glands containing amorphous cyanophil secretion, as well
as glands with coarse granular xanthophil secretion, and scarcer
glands with finely granular erythrophil secretion. Muscularis of
gonopore canal comprised of circular subepithelial fibres and
subjacent longitudinal fibres.

Male and female atria with continuous muscle coat, consisting
of circular, longitudinal and oblique fibres. A stroma with sparse
mixed muscle fibres separates the atrial muscularis and common
muscle coat.

Comparative discussion

In accordance with the phylogenetic analyses, the assignment of
the new species herein described to the genus Matuxia Carbayo
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0.2 mm

0.2 mm c

Fig. 6 Matuxia tymbyra Rossi & Leal-Zanchet, sp. nov.,
microphotographs of the copulatory apparatus: a holotype in sagittal
section; b MZU PL.00166 in horizontal section; ¢ detail of prostatic

et al. (2013) is supported by characters of the external
morphology, namely body margins nearly parallel and
monolobated eyes, and internal characteristics, such as

J GfBS

d 0.2 mm e

vesicle of specimen MZU PL.00166 in horizontal section; d detail of
prostatic vesicle of holotype in sagittal section; e detail of female atrium
of holotype in sagittal section

the shape of the male copulatory organ and the ejacu-
latory cavity and the anatomy and histology of the fe-
male atrium.
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In respect of external features, Matuxia tymbyra Rossi and
Leal-Zanchet, sp. nov. differs from M. matuta by the body length
and the dorsal colour of the body. The only known specimen of
M. matuta, with 120 mm of body length (Froehlich 1955b), is
larger than mature specimens of M. fymbyra, the body length of
which varies from 65 to 88 mm. In addition, M. matuta has the
dorsal surface of the body covered by a reddish reticular pigmen-
tation and brown small spots in a median zone (Froehlich
1955b), whereas in M. tymbyra there is a thin and densely dis-
tributed dark-grey pigmentation except on a thin median stripe
and body margins. Mature specimens of M. fuxaua, with body
length varying from 45 to 65 mm (Froehlich 1955b), are smaller
than mature specimens of M. tymbyra. The general dorsal colour
pattern of M. tymbyra is similar to that described and illustrated
by Froehlich (1955b) for M. tuxaua.

Regarding anatomical features, both species formerly includ-
ed within Matuxia as well as M. tymbyra show a similar copula-
tory apparatus. Matuxia tymbyra differs from M. matuta by the
way that the sperm ducts approach the forked portion of the
prostatic vesicle. They run upwards inside the penis bulb and
open into the forked portion of the prostatic vesicle of
M. matuta. In contrast, in M. tymbyra, the sperm ducts run pos-
teriorly inside the penis bulb and loop anteriorly to open into the
forked portions of the vesicle, similarly to the situation in
M. tuxaua. The shape of the penis papilla of M. tymbyra resem-
bles that of M. fuxaua, showing the dorsal insertion posteriorly
displaced, whereas in M. matuta, both insertions are at almost the
same transversal level (Froehlich 1955b). Matuxia tymbyra also
differs from M. matuta by the morphology of the female atrium
that is unfolded and shows a non-ciliated, high epithelium lining
almost the whole length of the female atrium. In M. tymbyra,
similarly to M. tuxaua, the female atrium is folded and its epi-
thelial lining is ciliated and lower compared to that of M. matuta.

In conclusion, regarding external and internal characters,
M. tymbyra and M. tuxaua seem to be sibling species. The phy-
logenetic analyses, the delimitation approaches GMYC and PTP,
as well as molecular autapomorphies point to the close relation-
ship between these species, supporting them as evolutionary in-
dependent molecular operational taxonomic units (MOTUs).

General discussion

Knowledge concerning the geographic and genetic divergence
within the genus Matuxia, proposed by Carbayo et al. (2013) for
two species occurring in nearby areas of southeast Brazil, is
herein enhanced and its monophyly confirmed. We describe a
southern lineage for the genus, which is almost indistinguishable,
based on anatomical and histological features, from the type-
species of the genus, M. fuxaua. Molecular analyses indicate a
close relationship between M. fuxaua and M. tymbyra, which
may constitute sibling species. Another species from southeast
Brazil, M. matuta, represents the most basal species. The present
discontinuous distribution of the genus, without specimens
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occurring in the states of Santa Catarina and Paran4, is possibly
a result of the absence of extensive land flatworm samplings in
these areas.

The recognition of M. tymbyra as a new species was indicated
by both species delimiters (GMYC and PTP) used herein with
the dataset including the two concatenated genes, and supported
by molecular autapomorphies inferred for the COI and EF-1a
genes. We recorded 97 molecular autapomorphies; 79 for the
mitochondrial gene and 18 for the nuclear gene. Considering
the two genes, M. tymbyra sp. nov. is supported as a new species
for the genus by presenting 18 autapomorphies. Finally, it should
be noted that mean interspecific distance between M. tymbyra sp.
nov. and the other species of the genus was 7.3% (M. tuxaua) and
11.5% (M. matuta). In different integrative taxonomy studies, it
has been found that genetic distances above 6% (Rossi et al.
2015; Amaral et al. 2018a,b; Carbayo et al. 2017; Marques
et al. 2018) indicate the existence of evolutionary independent
molecular operational taxonomic units (MOTUSs).

The near absence of anatomical and histological differences
between M. tuxaua and M. tymbyra may be due to their close
relationship. However, details of the histology of the epidermis,
relative position of ovaries and testes, shape of the ovaries and
position of the opening of the ovovitelline ducts into the ovaries,
as well as the histology of the copulatory apparatus could provide
other characters to differentiate both species, but the literature
presents no reference for them regarding M. tuxaua. Such char-
acters were useful to distinguish species in other Geoplaninae
genera (Leal-Zanchet and Froehlich 2006; Amaral et al. 2012,
2018b; Rossi & Leal-Zanchet 2017; Marques et al. 2018).
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