Developmental Biology 433 (2018) 448–460

Contents lists available at ScienceDirect

Developmental Biology
journal homepage: www.elsevier.com/locate/developmentalbiology

Original research article

Organ speciﬁc gene expression in the regenerating tail of Macrostomum
lignano

MARK

Birgit Lengerera, Julia Wunderera, Robert Pjetaa, Giada Cartac, Damian Kaob, Aziz Aboobakerb,
⁎
Christian Beiseld, Eugene Berezikove, Willi Salvenmosera, Peter Ladurnera,
a

Institute of Zoology and Center of Molecular Bioscience Innsbruck, University of Innsbruck, Technikerstr. 25, A-6020 Innsbruck, Austria
Department of Zoology, University of Oxford, South Parks Road, Oxford OX1 3PS, United Kingdom
c
Division of Physiology, Medical University of Innsbruck, Schöpfstraße 41/EG, A-6020 Innsbruck, Austria
d
Department of Biosystems Science and Engineering, ETH Zürich, Mattenstrasse 26, 4058 Basel, Switzerland
e
European Research Institute for the Biology of Ageing, University of Groningen, University Medical Center Groningen, A. Deusinglaan 1, NL-9713 AV
Groningen, The Netherlands
b

A R T I C L E I N F O

A BS T RAC T

Keywords:
Diﬀerentiation
in situ hybridization
Stylet
Male copulatory apparatus

Temporal and spatial characterization of gene expression is a prerequisite for the understanding of cell-, tissue-,
and organ-diﬀerentiation. In a multifaceted approach to investigate gene expression in the tail plate of the freeliving marine ﬂatworm Macrostomum lignano, we performed a posterior-region-speciﬁc in situ hybridization
screen, RNA sequencing (RNA-seq) of regenerating animals, and functional analyses of selected tail-speciﬁc
genes. The in situ screen revealed transcripts expressed in the antrum, cement glands, adhesive organs, prostate
glands, rhabdite glands, and other tissues. Next we used RNA-seq to characterize temporal expression in the
regenerating tail plate revealing a time restricted onset of both adhesive organs and copulatory apparatus
regeneration. In addition, we identiﬁed three novel previously unannotated genes solely expressed in the
regenerating stylet. RNA interference showed that these genes are required for the formation of not only the
stylet but the whole male copulatory apparatus. RNAi treated animals lacked the stylet, vesicula granulorum,
seminal vesicle, false seminal vesicle, and prostate glands, while the other tissues of the tail plate, such as
adhesive organs regenerated normally. In summary, our ﬁndings provide a large resource of expression data
during homeostasis and regeneration of the morphologically complex tail regeneration and pave the way for a
better understanding of organogenesis in M. lignano.

1. Introduction
Regeneration and organ formation rely on restricted spatial and
temporal gene expression. In recent years, several studies were
aimed at the characterization of post-embryonic organogenesis in
Platyhelminthes. Members of this phylum are known for their
astonishing regeneration abilities, with some species being able
to regrow complete animals from small tissue pieces (Morgan,
1901; Reddien and Sanchez Alvarado, 2004). Most regeneration
studies were performed in the asexual strains of the freshwater
species Schmidtea mediterranea and Dugesia japonica (reviewed
in (Aboobaker, 2011; Adler and Sanchez Alvarado, 2015; Reddien,
2013; Rink, 2013)). Therefore, the molecular program required for
the regeneration of most organs of these animals is relatively well-

characterized (reviewed in (Roberts-Galbraith and Newmark,
2015)). A common approach to identifying regulatory genes for
organ regeneration is to screen annotated transcription factors and
genes involved in signaling pathways. In S. mediterranea, for
example, the epidermal growth factor (EGF) receptor pathway
was found to regulate regeneration and homeostasis in the pharynx
and eye pigment cells (Fraguas et al., 2011), the gut (Barberan
et al., 2016a), and the protonephridia (Barberan et al., 2016b; Rink
et al., 2011). Although this approach is often successful, it may lead
to a biased selection of candidate genes. Another, unbiased strategy
is to characterize the expression proﬁle of deﬁned tissues and to
functionally test upregulated transcripts. One elegant way to obtain
tissue-speciﬁc expression is to purify organs, which has been
successfully done with the intestines (Forsthoefel et al., 2012),
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2.2. Whole mount in situ hybridization

cephalic ganglia (Wang et al., 2016), and eyes (Lapan and Reddien,
2012) of S. mediterranea. Another practicable method is to
amputate the area of interest and to characterize the expression
of the regenerating tissue (Adler et al., 2014; Roberts-Galbraith
et al., 2016).
In contrast to triclads, few molecular studies have been performed
in other taxa of Platyhelminthes. Over recent years, the marine,
obligatorily cross-fertilizing hermaphrodite Macrostomum lignano
has been successfully developed as a model organism (Ladurner et al.,
2005b). M. lignano belongs to the Macrostomorpha, the most basal
group of Rhabditophora (Egger et al., 2015; Laumer et al., 2015). Its
small size of around one millimetre and fast generation time of three
weeks enables easy culturing within laboratory conditions (Ladurner
et al., 2005b). Several methods, including in situ hybridization (ISH)
(Pﬁster et al., 2007), RNA interference (Pﬁster et al., 2008), BrdU
(Ladurner et al., 2000), antibody staining (Ladurner et al., 2005a),
and transgenesis (Wudarski et al., 2017) have been established. M.
lignano is able to regenerate its anterior-most region (Egger et al.,
2006; Verdoodt et al., 2012) as well as any tissue posterior to the
pharynx (Egger et al., 2006). A study focused on the regenerating tail
plate demonstrated that the posterior blastema is an accumulation of
proliferating neoblasts (Egger et al., 2009). After amputation of the
tail plate adhesive organs can be observed in squeeze preparations
and stained specimens after just 48 h of regeneration (Egger et al.,
2009; Lengerer et al., 2016). Three days after amputation the male
copulatory apparatus has begun to rebuild, and the vesicula granulorum and a small stylet are visible. Within the next two to three days
the stylet grows to full size and the male copulatory apparatus regains
functionality (Egger et al., 2009). Depending on the individual
animal, a full set of adhesive organs are regenerated between six to
ten days, marking the completion of tail plate regeneration (Egger
et al., 2009; Lengerer et al., 2016).
Recently, literature on transcriptome and genome assemblies of
M. lignano (Grudniewska et al., 2016; Wasik et al., 2015) has been
published. A positional RNA sequencing (RNA-seq) analysis was
performed by Arbore et al., to identify transcripts speciﬁcally
expressed in the head-, testis-, ovary-, and tail region. Thereby, a
collection of 366 tail-region-speciﬁc transcripts were identiﬁed
(Arbore et al., 2015). Interestingly, a recent study by Ramm et al.
has shown that 150 of these transcripts exhibited plasticity of
mRNA expression levels depending on their social environment. As
part of this study animals were kept alone or in groups of eight. A
diﬀerential gene expression analysis revealed transcripts up- or
downregulated in the larger group size (Ramm et al.). Based on the
data of these studies we aimed to identify transcripts involved in
regeneration of the tail region.
Here, we present a region-speciﬁc in situ hybridization screen of
111 transcripts predominately expressed in the posterior region of
Macrostomum lignano. Using RNA-seq we characterized temporal
expression in the regenerating tail plate. The expression of selected
transcripts in the regenerating tissues were conﬁrmed with in situ
hybridization and analysed with RNA interference. Three novel
genes were found to be expressed in the regenerating stylet, and
their knock-down resulted in animals speciﬁcally lacking the male
copulatory apparatus.

Whole mount in situ hybridization was performed as previously
described (Lengerer et al., 2014). Brieﬂy, primers were designed with
Primer3 (Untergasser et al., 2012) and a T7 promoter region was added
at the 5`end of the reverse primers. Primer sequences are listed in
Suppl. Table 1. Template DNA was produced using standard PCR
reactions. To synthesize single stranded digoxigenin-labelled RNA
probes, T7 polymerase (Promega or Thermo Scientiﬁc) and DIG
labelling mix (Roche) were used. Anti-digoxigenin-AP Fab fragments
(Roche) were diluted 1:2000 and the signal was developed using the
NBT/BCIP system (Roche) at 37 °C. Specimen were mounted in
Mowiol® 4–88 (Roth, Germany), prepared according to the manufacturer's protocol and images were taken using a Leica DM5000
microscope.
2.3. Sample preparation for RNA-seq
For RNA-seq, tissue samples were collected from 60 worms per
sample. The “A” sample included whole regenerating animals (including the regenerating tail). In the “B” sample the regenerating tail was
amputated and only the anterior part of the animals was collected for
RNA isolation. For the ﬁrst amputation, 120 adult worms were cut
behind developing eggs at the level of cement glands, using a razor
blade under a binocular microscope. Afterwards, the worms were
transferred to petri dishes containing culture medium and algea. To
avoid algea contamination in the RNA samples, animals were starved
16 h prior to the second amputation and ﬁxation. In case of 12 h of
regeneration, the amputated animals were not fed after the ﬁrst
amputation. After the given times of regeneration, 60 of the 120
worms were transferred to TRI reagent® (“A”) and 60 were amputated
a second time to remove the regenerating tail. The anterior fragments
of the twice amputated worms (“B”) were immediately transferred to
TRI reagent® (Sigma) and the regenerating tails were discarded. The
tissue samples was stored at −80 °C until total RNA extraction, done by
TRI reagent/Chloroform extraction. All regeneration experiments were
repeated in three replicates.
2.4. Diﬀerential gene expression
For the identiﬁcation of diﬀerentially expressed transcripts, six
TruSeq Stranded mRNA libraries (Illumina) for every regeneration time
point (three biological replicates each of RNA-seq “A” and “B”) were
generated. The libraries were sequenced with 50 bp Illumina single
reads. However, the quality of the reads of one biological replicate from
the timepoints 12 h until day four could not be used for the analysis. The
reads of the regeneration time course were mapped to the reference
transcriptome (version MLRNA131024, http://www.macgenome.org/
download/MLRNA131024/) with Bowtie2 (Langmead and Salzberg,
2012). The data have been deposited with links to BioProject
accession number PRJNA381865 in the NCBI BioProject database
(https://www.ncbi.nlm.nih.gov/bioproject/). Diﬀerentially expressed
transcripts were identiﬁed using DESeq. 2 (Love et al., 2014). We
deﬁned transcripts as diﬀerentially expressed between RNA-seq “A” and
“B”, if they show a 2-fold diﬀerence in the number of mapped reads and
a cut oﬀ p-value of < 0.01. The list of the transcripts and the
corresponding fold change throughout regeneration time course are
provided in (Suppl. Table 2).

2. Material and methods
2.1. Animal culture

2.5. RNA interference
Macrostomum lignano (Ladurner et al., 2005b) cultures of the
inbred line DV1 (Janicke et al., 2013) were kept in petri dishes with
nutrient enriched artiﬁcial seawater (Guillard's f/2 medium)
(Anderson, 2005) and were fed ad libitum with the diatom Nitzschia
curvilineata. Animals were maintained in a climate chamber with
20 °C, 60% humidity and a 14:10 day-night cycle.

RNAi was performed as previously described (Kuales et al., 2011).
Brieﬂy, a double-stranded RNA (dsRNA) probe was generated by an in
vitro transcription system using primer pairs with Sp6 and T7
promoter regions (T7 and SP6 Ribomax™ large scale RNA kit,
Promega). DsRNA was diluted in artiﬁcial sea water (ASW) to a ﬁnal
449
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concentration of 15 ng/μl (400 μl per well). The solution was supplemented with algae and with antibiotics (antibiotic concentration:
50 µg/ml). Streptomycin, Kanamycin, and Ampicillin were alternated
every day to prevent the selection of resistant bacterial strains. Adult
animals were amputated at the level of cement glands and treated with
dsRNA during the entire regeneration process. 25 animals were kept in
each well of a 12-well plate. Every 24 h, animals were transferred to a
clean well plate and the dsRNA solution was changed. Throughout the
whole experiment, animals were fed ad libitum and were maintained at
normal culture conditions (in a climate chamber with 20 °C, 60%
humidity and a 14:10 day-night cycle). Here we use luciferase dsRNA
(Suppl. Fig. 10), or the omission of dsRNA (Fig. 3, Fig. 4, Fig. 5, Suppl.
Fig. 8) as controls. As also shown in earlier studies, RNAi treatment
had no mock eﬀect on tissue and organ morphology on light- and
electron microscopic level (Kuales et al., 2011; Pﬁster et al., 2008; Sekii
et al., 2009). The eﬃcacy of the knockdown was veriﬁed by performing
whole mount in situ hybridization. Phenotypes were documented in
vivo, after carefully squeezing the animals between a microscope slide
and a cover slip. Images were taken using a Leica DM5000 microscope.
Selected phenotypes were additionally documented with phalloidin,
lectin, and antibody labelling (see next sections).

was visualized with an addition of DAPI (1 µg/ml in PBS-T) for 30 min
at room temperature. After several washes with PBS-T, the specimen
were mounted in Vectashield (Vector) and analysed using a Leica SP5
II confocal scanning microscope.
3. Results
3.1. Posterior-region-speciﬁc in situ hybridization screen
To identify organ-speciﬁc expression in the posterior region of
Macrostomum lignano we performed a medium-scale ISH screen
based on the positional transcriptome of Arbore et al. (2015). Brieﬂy,
Arbore et al. performed a positional RNA-seq analysis and deﬁned four
regions along the anterior-posterior body axis of M. lignano: the head-,
testis-, ovary-, and tail-region. To obtain region-speciﬁc samples,
animals were cut at diﬀerent body regions, and the anterior part was
used for RNA-seq. Expression diﬀerences between samples were
calculated to determine region-speciﬁc transcripts (Arbore et al.,
2015). For example, transcripts with an at least 4-fold higher expression in the whole animal compared to the region anterior of the
developing eggs were considered as potentially tail-region-speciﬁc. The
so deﬁned tail region contains all tissues posterior to the ovaries,
including developing eggs, the female and male genitalia, and adhesive
organs (Fig. 1A). To avoid confusion between the terms “tail region”
and “tail plate”, we termed this body area “posterior region” within this
study. Candidates for the posterior-region-speciﬁc ISH were chosen
independently of any sequence annotations. The transcripts were
selected according to following criteria: (1) transcripts with ≥ 4-fold
higher mapped reads in whole animals compared to the region anterior
of the developing eggs (putative posterior-region-speciﬁc); (2) transcripts with ≥ 50 mapped reads either absolute, or calculated RPK =
reads per kilobase in whole animals (to exclude very low expressed
transcripts); (3) a length of at least 200 bp, to enable labelling with ISH
probes. Overall, 316 transcripts fulﬁlled these criteria. 150 transcripts
changed their expression level due to changes in the social environment, 140 of which were upregulated in larger groups (Ramm et al.).
These transcripts were predicted to represent seminal ﬂuid candidates
and will be reported elsewhere as part of a project on seminal ﬂuid
diversity and function in M. lignano (Weber et al.). Finally, 166
transcripts were selected for the present study.
Of the 166 screened transcripts (transcriptome version
MLRNA110815), 111 had an expression pattern in whole mount ISH of
adult animals (Suppl. Table 1). We classiﬁed the spatial expression pattern
into seven categories: antrum, cement glands, male copulatory apparatus,
adhesive organs, cells enriched in posterior region, posterior region and
other tissues, and other pattern (Fig. 1B). Of the transcripts, 34 were
expressed in female tissues, including 19 antrum-speciﬁc (Fig. 1C, Suppl.
Fig. 1) and 15 cement gland-speciﬁc (Fig. 1D, Suppl. Fig. 2A-O). The 13
transcripts expressed in the male copulatory apparatus included 11 prostate
gland cell-speciﬁc (Fig. 1E, Suppl. Fig. 2P-Z) and two with expression in the
stylet and the false seminal vesicle (Suppl. Fig. 2AA-AB). 20 transcripts
were expressed in the cells of the adhesive organs (Fig. 1F). By the
localization of their expression, they were categorized into secretory gland
cell-speciﬁc (16) (Fig. 1F, Suppl. Fig. 3A-P), anchor cell-speciﬁc (3) (Suppl.
Fig. 3Q-S), or expression in both secretory gland cells and anchor cells (1)
(Suppl. Fig. 3T). The category “cells enriched in posterior region” was used
to summarize four diﬀerent expression patterns. Two transcripts of this
category were localized in rhabdite glands, which are distributed over the
whole animal but are more numerous in the tail plate (Fig. 1G, Suppl.
Fig. 3U,V). One transcript labelled paired cells on the ventral side of the
posterior region (Suppl. Fig. 3W). Two transcripts were expressed in a
subset of epidermal cells surrounding the whole tail plate (Suppl. Fig. 3XY). Beside the expression of the transcripts, these epidermal cells were not
distinguishable from other epidermal cells. One staining revealed single
cells in the dorsal part of the tail plate (Suppl. Fig. 3Z). The corresponding
cell type is currently unknown. The term “posterior region and other

2.6. Phalloidin and lectin PNA labelling
Animals were relaxed with 7.14% MgCl2 hexahydrate and then ﬁxed
in 4% formaldehyde (made from paraformaldehyde) in PBS (PFA) for
1 h. Afterwards the specimen were washed six times 10 min in Trisbuﬀered saline (pH 8.0) supplemented with 5 mM CaCl2 and 0.1%
Triton (TBS-T). Unspeciﬁc background staining was blocked by preincubation in TBS-T containing 3% (w/v) bovine serum albumin (BSAT) for 1 h at RT. Biotinylated PNA lectin (Vector Laboratories) was
diluted 1:200 and applied to the specimen for 2 h at RT. After six
washes of 10 min each in TBS-T, the specimen were incubated for 1 h
in Dylight488-conjugated-streptavidin (Vector Laboratories) and
Phalloidin-Rhodamine both diluted 1:300 in BSA-T at RT (in darkness). After several washing steps in TBS-T, the specimen were
mounted in Vectashield and analysed using a Leica DM5000 or Leica
SP5 II confocal scanning microscope.
2.7. Macif1 antibody staining
Animals were relaxed with 7.14% MgCl2 hexahydrate and then ﬁxed
in 4% formaldehyde (made from paraformaldehyde) in PBS (PFA) for
1 h. Afterwards the specimen were washed several times in PBS and
0.1% Triton (PBS-T) and heated overnight in a 1:10 diluted epitope
retrieval solution (DakoCytomation K5336) at 80 °C. After several
washing steps with PBS-T, the specimen were blocked in PBS-T
containing 1% (w/v) bovine serum albumin (BSA-T) for 4 h at 4 °C.
Then they were incubated with 1:1000 diluted polyclonal Rabbit-αmacif1 antibody (Lengerer et al., 2016) in 1% BSA-T overnight at 4 °C.
After several washes with PBS-T, the specimen were incubated for 1 h
in a swine- α-rabbit-FITC antibody diluted 1:500 in BSA-T at room
temperature. After several washing steps in PBS-T, the specimen were
mounted in Vectashield and analysed using a Leica DM5000 or Leica
SP5 II confocal scanning microscope.
2.8. EdU labelling
Intact adults were soaked in the thymidine analogue 5-ethynyl-2′deoxyuridine (EdU; Invitrogen) at a concentration of 100 µM in
artiﬁcial seawater for seven days continuously. Afterwards, the animals
were relaxed with 7.14% MgCl2 hexahydrate and ﬁxed in 4% PFA for
30 min. The specimen were washed several times with PBS-Triton and
blocked with 3% BSA in PBS-T. After several washes in PBS-T, the
specimen were incubated in Click-iT® EdU reaction cocktail (concentrations according to manufacturer's instructions – Invitrogen). DNA
450

Developmental Biology 433 (2018) 448–460

B. Lengerer et al.

Fig. 1. Overview expression pattern of the posterior region speciﬁc in situ hybridization screen. (A) Schematic drawing of an adult Macrostomum lignano. (B) Pie cart indicating the
expression categories and number of transcripts with corresponding in situ pattern. (C-H) Exemplary in situ hybridizations of the posterior region speciﬁc expression categories. Scale
bar: 100 µm.

eggs at the level of the cement glands. This cutting level was chosen to
exclude developing eggs from the amputated tissue and thereby reduce the
complexity of expressed mRNA. Furthermore, the same amputation level
was used in previous studies on tail plate- (De Mulder et al., 2009; Egger
et al., 2009; Nimeth et al., 2007) and adhesive organ- regeneration
(Lengerer et al., 2016), which facilitated the comparability of the results.
We observed that tail amputation resulted in morphological changes in the
anterior part of the animal, especially in the testes and ovaries. Tailamputated animals stopped sperm production, reduced testes size (personal observation), and altered overall gene expression in the regenerating
animal (Wasik et al., 2015). A comparison of regenerating animals with
intact ones would represent all expressional changes throughout the whole
animal. However, we were interested in the genes exclusively expressed in

tissues” was used to describe transcripts with an expression in tissues
speciﬁc for the posterior region and an additional expression in anterior
body parts, mostly in the gonads (14) (Fig. 1H, Suppl. Fig. 4). Another 24
transcripts showed non-posterior-region-speciﬁc expression pattern (Suppl.
Fig. 5), with the majority being expressed in testes, ovaries, or both gonads.
For 55 transcripts either no speciﬁc primers could be designed (2), the PCR
failed (15), or the ISH did not result in a speciﬁc staining (38).

3.2. Expression analysis during tail plate regeneration
Next, we aimed to deﬁne the expression proﬁle during tail plate
regeneration using RNA-seq. In contrast to the positional transcriptome
(Arbore et al., 2015), we amputated the animals posterior of the developing
451
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sion was already known for 186 transcripts based on the posteriorregion-speciﬁc and seminal ﬂuid ISH screen (Weber et al.).
Additionally, 34 novel, diﬀerentially expressed transcripts were found
in the RNA-seq data (Suppl. Table 2, Sheet1). Notably, 164 transcripts
showed expression in the posterior-region-speciﬁc and seminal ﬂuid
ISH screen (Weber et al.), but they did not show diﬀerential expression
in the RNA-seq data (Suppl. Table 2, Sheet2). We assume that this
resulted from the presence of multiple isoforms in the transcriptome
(see discussion).
In previous studies it was shown that after tail plate amputation,
adhesive organs start to diﬀerentiate after 48 h (Egger et al., 2009;
Lengerer et al., 2016). The RNA-seq data corroborated this time course
of
diﬀerentiation
and
adhesive
organ-speciﬁc
transcripts
(MLRNA131024 transcriptome) had increased expression in the tail
from 48 h onwards (Fig. 2B). The male copulatory apparatus starts to
regenerate at 72 h. At this point, the tip of the stylet is already visible,
and in the following two to three days the stylet grows to full size. At
the same time, the attached vesicula granulorum, true and false
seminal vesicle, and the prostate gland cells are rebuilt (Egger et al.,
2009). In our RNA-seq dataset, transcripts of the male copulatory
apparatus were upregulated in the tail from 96 h onward (Fig. 2C,
Suppl.
Fig.
6A).
Three
transcripts
(RNA1310_25676,
RNA1310_28866, RNA1310_36278) were also expressed at earlier
time points in the RNA-seq dataset. For prostate-speciﬁc transcript
RNA1310_25676, the temporal and spatial expression during regeneration conﬁrmed the early appearance of the transcript (Suppl.
Fig. 6B).
3.3. Spatial and temporal co-expression groups in adhesive organs
The adhesive organs in M. lignano consist of three cell types: a
supportive anchor cell and two secretory glands - one adhesive and one
releasing gland cell (Lengerer et al., 2014; Tyler, 1976). After tail plate
amputation, the ﬁrst adhesive organs diﬀerentiate after 48 h (Egger et al.,
2009; Lengerer et al., 2016). Over the following days their numbers
increase, until they reach their full number of about 130 organs after nine
days of regeneration (Egger et al., 2009; Lengerer et al., 2016). Accordingly,
all tested secretory gland-speciﬁc transcripts (RNA815_13121.1,
RNA815_21583, RNA815_23142, RNA815_27695.2, RNA815_48402,
RNA1310_81421) and anchor cell-speciﬁc transcripts (RNA1310_4919,
macif1) where expressed in regenerating animals from 48 h onwards after
amputation (Fig. 3A-B, Suppl. Fig. 7). Likewise, the expression levels of the
transcripts from the macif1 gene (RNA1310_7834/ RNA1310_9642/
RNA815_3251.1) in the diﬀerential RNA-seq data increased after 48 h
(Suppl. Table 2, Sheet 1). In addition, we identiﬁed one novel anchor cell
speciﬁc transcript (RNA1310_30724) that encodes for a 144 amino acid
long protein containing two EF-hand domains. This transcript showed a
characteristic anchor-cell-speciﬁc expression proﬁle during regeneration
(Fig. 3C).
The transcript RNA1310_47545 showed an unexpected mode of
expression with respect to RNA-seq data and ISH patterns. Initially
classiﬁed as posterior-region-speciﬁc in Arbore et al. (Arbore et al.,
2015), here we show an expression limited to the ovaries in intact
animals (Suppl. Fig. 5M, Fig. 3D1). However, during regeneration the
transcript was strongly expressed in the rostrum and in single cells
throughout the body (Fig. 3D2-D4). After 48 h of regeneration, an
additional expression in the anchor cells was visible (Fig. 3D3-D4).

Fig. 2. Amputation scheme used for RNA-seq experiments and exemplary expression of
adhesive organ and copulatory apparatus speciﬁc transcripts over regeneration time
course. (A) Schematic drawing of the amputation scheme used for RNA-seq experiments.
(B) Adhesive organs speciﬁc transcripts and (C) copulatory apparatus speciﬁc transcripts
with a diﬀerential expression between sample A and B (log2 scale).

the regenerating tail. Due to the small size of the amputated tail fragments,
it was not possible to collect these fragments directly, as they tended to
disintegrate after amputation. To overcome these limitations, two samples
were taken at every regeneration time point (Fig. 2A). Sample A included
whole regenerating animals of the respective time point, including the
regenerating tail. In sample B, the regenerating tail was amputated, and
only the anterior part of the animals was collected for RNA isolation. This
experimental setup allowed focus on the expression dynamics, especially
within the regenerating area. We deﬁned seven regeneration time points –
12, 24, 48, 72, 96, 120, and 168 h post-amputation - to cover the time
required for the formation of all organs speciﬁc for the tail plate.
For diﬀerential gene expression, RNA was isolated in triplicates of
samples A and B for every time point. Illumina libraries were
generated, and 50 bp sequencing was performed (see Material and
Methods; raw reads available under BioProject accession number
PRJNA381865). The generated Illumina reads were mapped to the
reference transcriptome available at that time (version
MLRNA131024). Because of our interest in organ regeneration, we
selected 220 transcripts that exhibited a diﬀerential expression (≥ 2fold, p-value 0.01) in at least two time points between 48 and 168 h of
regeneration (Suppl. Table 2, Sheet1). From these, the spatial expres-

3.4. Characterization of a new gene required for microvilli formation
in anchor cells
To determine their function, all identiﬁed anchor cell-speciﬁc
transcripts (RNA1310_4919, RNA815_51776, RNA815_8153,
RNA1310_30724, RNA1310_47545) were analysed with RNA interference (RNAi) during regeneration. As positive control, RNAi of the
former described anchor cell-speciﬁc macif1 (Lengerer et al., 2014)
452
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Fig. 3. Expression pattern of adhesive organs speciﬁc transcripts in regenerating animals and RNAi phenotype of RNA1310_4919. (A-D) Representative ISH pattern of (A1-4) the
secretory gland cell speciﬁc transcript RNA815_23142, (B1-4) the anchor cell speciﬁc transcripts RNA1310_4919, (C1-4) RNA1310_30724, and (D1-4) RNA1310_47545. (E-N) Tail
plate of control- and RNA1310_4919 RNAi treated animals after nine days of regeneration: (E, F) ISH of RNA1310_4919, (G, H) squeeze preparation, (I, J) phalloidin staining, (K, L)
Macif1 antibody staining, and (M, N) adhesive gland cell labelling with lectin PNA. Arrowheads highlight the microvilli of anchor cells. Note the shorter microvilli after RNAi treatment.
Scale bars: (A) 100 µm, (E-N) 20 µm.

3.5. Identiﬁcation of novel genes required for the formation of the
male copulatory apparatus

was performed. The ISH after nine days of treatment revealed that all
ﬁve knock-downs were eﬃcient (data not shown). However, only the
knock-down of RNA1310_4919 led to a detectable phenotype
(Fig. 3E-N). The RNA1310_4919 RNAi-treated animals showed a
non-adhesive phenotype. Squeezing preparations revealed a shortening of their anchor cell speciﬁc microvilli (Fig. 3G, H).
Furthermore, the microvilli were only weakly stained with phalloidin
(Fig. 3I, J), demonstrating a reduction of actin ﬁlaments. As these
morphological changes strongly resembled the previously described
macif1 (RNAi) phenotype (Lengerer et al., 2014), we tested if
RNA1310_4919 had an eﬀect on the expression of macif1. The
staining with the available Macif1 antibody (Lengerer et al., 2016)
showed no diﬀerences between control and RNAi-treated animals
(Fig. 3K, L), indicating that RNA1310_4919 does not inﬂuence the
expression of macif1. Also, the labelling of the adhesive vesicles using
the lectin PNA (Lengerer et al., 2016) showed no alterations in the
adhesive gland cells of RNAi treated animals (Fig. 3M, N).

The RNA-seq data revealed six transcripts with a diﬀerential
expression higher in the tail restricted to 96 and 120 h of regeneration.
Two of these transcripts (RNA1310_39915.2 and RNA1310_80800)
were socially sensitive expressed and will be reported elsewhere
(Weber et al.). For one transcript, no speciﬁc primers could be designed
(RNA1310_126882). ISH experiments revealed that the expression of
the other three transcripts (RNA1310_72446, RNA1310_45118, and
RNA1310_51713) was limited to the regenerating stylet (Fig. 4A-C).
Stylet formation is completed after post-embryonic development and
no expression of the corresponding genes was observed in intact
animals (Fig. 4A1, B1, C1). This might be due to a slow homeostatic
cell turnover in the stylet. To gain further insight to stylet-related cell
renewal in intact adults, we performed seven days continuous EdU
exposure. Notably, we have not discovered pronounced accumulation
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Fig. 4. Whole mount ISH pattern of stylet-speciﬁc transcripts in intact, regenerating, and RNAi treated animals. (A-C) Representative ISH pattern of (A1-5) Mlig-stylet1
(RNA1310_72446), (B1-5) Mlig-stylet2 (RNA1310_45118), and (C1-5) Mlig-stylet3 (RNA1310_51713). (D-F) ISH pattern of control and RNAi treated specimen after four days of
regeneration of (D1-2) Mlig-stylet1, (E1-2) Mlig-stylet2, and (F1-2) Mlig-stylet3. Arrowheads highlight the regenerating stylet. Scale bars: (A) 100 µm; (D-F) 20 µm.

knock-down, a subset of 10 animals were ﬁxed after four days of
treatment and whole mount ISH was performed. All transcripts were
eﬃciently knocked down after four days of regeneration (Fig. 4D1-F2).
The single knock-down of Mlig-stylet1 and Mlig-stylet3 led to knockdown phenotypes in the male copulatory apparatus of varying shape
and frequency (Table 1). The strongest phenotype resulted in individuals missing all parts of the male copulatory apparatus (Fig. 5A). This
severe morphological phenotype was observed in squeezing preparations of living animals (Fig. 5B, E). In contrast to control animals
(Fig. 5B), treated animals had no stylet, vesicula granulorum, true and
false seminal vesicle, or prostate gland cells (Fig. 5E). Phalloidin
staining conﬁrmed the absence of the muscular seminal vesicle,
vesicula granulorum, and the muscles associated with the stylet
(Fig. 5C, F). According to the loss of prostate gland cells, the expression
of prostate genes was also diminished (Fig. 5D, G). Moreover, the

of EdU-positive cells in the stylet region (in 38 out of 39 animals)
(Suppl. Fig. 8A1–4), indicating that the cells of the stylet were not
renewed within this time. This is in contrast to a newly forming
copulatory apparatus (seen in 1 out of 39 animals) (Suppl. Fig. 8B1–4),
which can occur when animals lose their stylet. From these results we
conclude that there is very slow cell turnover in the stylet. This
observation was also supported by long term RNAi experiments in
intact animals (see next sections).
No homologues proteins were found using BLAST search (blastx)
(Altschul et al., 1997) against available protein databases for all three
sequences (Suppl. Table 3). Based on their expression pattern, we refer
to the three transcripts as Mlig-stylet1 (RNA1310_72446), Mligstylet2 (RNA1310_45118), and Mlig-stylet3 (RNA1310_51713). To
evaluate their function, we soaked tail-amputated animals in dsRNA
until the regeneration was completed after nine days. To conﬁrm the
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absence of the male copulatory apparatus in the tail plate also aﬀected
the sperm production and testis size. In control animals, the testis was
full with developing and mature sperm (Fig. 5H). In contrast, no sperm
production could be observed in individuals missing the male copulatory apparatus, resulting in smaller testis size (Fig. 5I). In 15 out of 22
investigated individuals missing a copulatory apparatus, received
sperm in the female antrum were present (Suppl. Fig. 8C).
Furthermore, in 21 of 22 animals developing eggs were present.
These results indicate that the animals can copulate and receive sperm
in absence of an own male copulatory apparatus. Mlig-stylet1 (RNAi)
and Mlig-stylet3 (RNAi) also resulted in less pronounced phenotypes
(Table 1), like individuals with a visible vesicula granulorum and the
tip of the stylet (Suppl. Fig. 8D) or a stylet with only about half of the
normal length (Suppl. Fig. 8E). In these animals, the morphology of the
copulatory apparatus resembled control animals after three or four
days of regeneration in an otherwise completely regenerated tail plate
(Suppl. Fig. 8D, E). Around half of the animals in both treatment
groups regenerated in a normal way (Table 1).
Simultaneous RNAi treatment against two stylet-speciﬁc transcripts
resulted in an increased frequency of the phenotypes (Table 1). The cotreatment with Mlig-stylet2 dsRNA increased the number of treatment
phenotypes for both of the other stylet transcripts, although single
treatment against Mlig-stylet2 had no visible eﬀect (Table 1). The
highest frequency of animals lacking the male copulatory apparatus

Table 1
Summary of shape and frequency of phenotypes, observed after nine days of RNAi
against Mlig-stylet transcripts during tail plate regeneration.

Control
Milg-stylet1
(RNAi)
Milg-stylet2
(RNAi)
Milg-stylet3
(RNAi)
Milg-stylet1 +
Milgstylet2
(RNAi)
Milg-stylet1 +
Milgstylet3
(RNAi)
Milg-stylet2 +
Milgstylet3
(RNAi)

Normal

No copulatory
apparatus

Only vesicula
granulorum and tip
of stylet

Stylet of
half size

100%
(50/50)
44.7%
(21/47)
95.2%
(40/42)
55.8%
(24/43)
17.3%
(9/52)

0%

0%

0%

12.8%
(6/47)
2.4%
(1/42)
2.3%
(1/43)
25.0%
(13/52)

21.3%
(10/47)
0%
20.9%
(9/43)
21.2%
(11/52)

21. 3%
(10/47)
2.4%
(1/42)
20.9%
(9/43)
36.5%
(19/52)

16.7%
(8/48)

41.7%
(20/48)

16.7%
(8/48)

25.0%
(12/48)

55.0%
(22/40)

15.0%
(6/40)

5.0%
(2/40)

25.0%
(10/40)

Fig. 5. RNAi phenotype of stylet-speciﬁc transcripts. (A) Schematic drawings of the tail plate of control and RNAi treated animals. (B-G) Tail plate of control- and RNAi treated animals
(Mlig_stylet1 + Mlig_stylet2) after nine days regeneration: (B, E) squeeze preparation, (C, F) phalloidin staining, and (D, G) ISH pattern of prostate transcript RNA815_15018.1. Note
that all parts of the male copulatory apparatus are missing in the RNAi animals. (H) Testis of a control animal. (I) Testis and ovary of an RNAi animal (Mlig_stylet1 + Mlig_stylet2).
Note the small size of the testis and the absence of sperm. fsv false seminal vesicle, g gut, ov ovaries, pr prostate, sp sperm, st stylet, sv seminal vesicle, te testes. Scale bars: (B-I) 50 µm.
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seminal ﬂuid-related transcripts, while our lab is interested in developmental genes and genes involved in egg and animal adhesion. In a
recent study, Ramm et al. showed that 150 posterior-region-speciﬁc
transcripts exhibited increased expression levels with respect to group
size (Ramm et al.). The majority of these transcripts are upregulated in
groups of eight animals, compared to solitary animals. As prostate
gland cells are present in the posterior region, it was predicted that
these social-sensitive transcripts are involved in seminal ﬂuid production (Ramm et al.). Therefore, all 150 diﬀerentially expressed transcripts in the posterior region were screened in a study targeted at the
identiﬁcation of seminal ﬂuid proteins by the Ramm lab (Weber et al.).
Many indeed showed expression in the prostate glands (Weber et al.),
proving the adequacy of the seminal-ﬂuid protein selection. For the
ISH screen we selected posterior-region-speciﬁc transcripts that did
not show plastic expression according to the social environment (see
ﬁrst section of results), which encompass expression in the reproductive organs, cement glands, adhesive organs, and rhabdite glands.

(41.7%) after nine days was achieved by the combined treatment of
Mlig-stylet1 and Mlig-stylet3 dsRNA (Table 1). Next, we explored if
the lack of the male copulatory apparatus is due to the absence of an
organ primordium or if a primordium is formed and breaks down later.
Therefore, we performed simultaneous RNAi treatment of Mlig-stylet1
and Mlig-stylet3 and quantiﬁed the presence of a visible male
copulatory primordia after three or four days in live squeeze preparations (Suppl. Fig. 8F). In 64 out of 65 animals a primordium was
present. However, after nine days 13 out of 55 animals (10 animals
were lost during manipulation) completely lacked the male copulatory
apparatus. From this ﬁnding we conclude that the expression of the
Mlig-stylet genes is not required for primordium formation, but for the
diﬀerentiation of the male copulatory apparatus. Further, we were
asking whether the expression of the Mlig-stylet genes inﬂuenced each
other. For that reason, we performed RNAi and ISH of all three Mligstylet genes and found that their expression is independent (Suppl.
Fig. 9). Next, we evaluated if animals lacking the copulatory apparatus
can recover from the RNAi treatment. Therefore, we transferred
animals lacking the copulatory apparatus after nine days of regeneration and RNAi treatment (Mlig-stylet1 + Mlig-stylet2) to normal
culture medium. Five days after the end of the treatment, all animals
had regenerated a stylet, and the testes produced sperm (5 out of 5).
This indicated that immediately after the end of the dsRNA treatment,
the missing structures started to regenerate. Therefore, the copulatory
apparatus can be regenerated in the otherwise fully developed tail
plate. To evaluate if RNAi also aﬀected an existing stylet in an intact
adult worm, we treated adults for 22 days with Mlig-stylet1 and Mligstylet3 dsRNA. All animals (44 out of 44) showed a normal stylet
phenotype at the end of the treatment period.

4.2. Methodological considerations: transcriptomes, strategy of
amputation, RNA-seq analysis
The positional RNA-seq approach by Arbore et al. (Arbore et al.,
2015) was based on the transcriptome "MLRNA110815" available at
that time and containing 76,437 contigs. Likewise, the ISH screen
presented here is based on this transcriptome version. The RNA-seq
regeneration time course dataset was generated when a new version of
a M. lignano transcriptome was available (MLRNA131024; 174,922
contigs). This version had improvements regarding assembly strategy,
contig length, CEGMA coverage, and isoform content (Simanov, 2014).
Therefore, we decided to map the RNA-seq reads against the new
transcriptome. However, one has to take into account that the two
transcriptomes do not show a 1:1 transcript correlation. Rather, the
increased number of contig isoforms led to the fact that multiple
transcripts of the MLRNA131024 transcriptome often correspond to
one transcript of the MLRNA110815 transcriptome. Thus, for example,
transcript RNA815_31710 from the MLRNA110815 transcriptome
relates to transcripts RNA1310_20970, RNA1310_22602, and
RNA1310_23356 from the MLRNA131024 transcriptome (Suppl.
Table 2). In order to avoid any confusion, both transcript names are
included in the ﬁgures and tables.
Upon tail plate amputation, the circular and longitudinal
muscles contract to close the wound, and the epidermal cells ﬂatten
to cover the wound surface. Due to the muscular contractions, the
early formed blastema is bent to the ventral side and remains in
this position until about 24 h post amputation (Egger et al., 2009).
This early blastema is very fragile and tends to disintegrate when it
is amputated. Therefore, we did not collect the regenerating tail
directly but decided to perform a diﬀerential approach, comparing
regenerating animals with and without the regenerating tail
(Fig. 2). However, this approach might not allow the identiﬁcation
of tail plate expressed genes with additional expression in the
anterior part of the animals. In such cases, the increase of
expression during regeneration in the tail plate does not compensate for the high expression in the anterior part. For this reason,
stem cell-speciﬁc genes like piwi and vasa did not show up in the
diﬀerential RNA-seq. Additionally, the reads were mapped to the
unclustered transcriptome version that was available at the time
(MLRNA131024), which contains a high number of transcripts
(174,922). This high number is due to multiple variants of one
transcript. In such cases, mapping of reads results in a dilution in
the number of reads across the transcript variants. This can lead to
a false-negative diﬀerential expression in the RNA-seq data.
Recently, an improved transcriptome version ML150904 was
published containing less than half that number of transcripts
(60,180) (Grudniewska et al., 2016). Even in this improved
transcriptome, more than half of the genes were found to be

4. Discussion
4.1. Selection of transcripts for the posterior-region-speciﬁc ISH
screen
The knowledge of spatial and temporal expression pattern is
essential to understanding the molecular mechanism controlling tissue
maintenance and regeneration. Therefore, large-scale ISH screens have
been performed in most model organisms, such as mouse (Eichele and
Diez-Roux, 2011; Lein et al., 2007; Neidhardt et al., 2000), chicken
(Bell et al., 2004; Darnell et al., 2007), zebraﬁsh (Kudoh et al., 2001;
Thisse and Thisse, 2008), Xenopus (Pollet et al., 2005; Pollet and
Niehrs, 2001), Drosophila (Frise et al., 2010; Molnar et al., 2012;
Tomancak et al., 2002; Weiszmann et al., 2009), and Ciona intestinalis
(Imai et al., 2006; Miwata et al., 2006). In Platyhelminthes, large
expressional datasets are available for Schmidtea mediterranea
(Forsthoefel et al., 2012; Lapan and Reddien, 2012; RobertsGalbraith et al., 2016; Sanchez Alvarado et al., 2002; Thi-Kim Vu
et al., 2015). In most members of this phylum, expression analysis is
either missing or limited to a low number of genes, such as in
Schistosoma mansoni (Rofatto et al., 2012; Wang and Collins, 2016;
Wilson et al., 2015), Dugesia japonica (Hwang et al., 2015; Pang et al.,
2016; Shibata et al., 2012), or Macrostomum lignano (Grudniewska
et al., 2016; Kuales et al., 2011; Pﬁster et al., 2007). The study on
positional RNA-seq in M. lignano by Arbore et al. provided a resource
for further analysis of spatially restricted cell-, tissue-, and organspeciﬁc-genes (Arbore et al., 2015). However, only exemplary transcripts were shown for the diﬀerent regions. Out of the 366 posteriorregion-speciﬁc transcripts, three were conﬁrmed to show a tail-speciﬁc
expression (Arbore et al., 2015). Yet the posterior region of M. lignano
holds a variety of tissues and organs involved in reproduction and
adhesion. Regarding our interest in reproductive organs and adhesion
of M. lignano, we aimed to screen the expression of all posteriorregion-speciﬁc transcripts by ISH. In order to distribute the screening
workload between our lab and the Ramm lab (University of Bielefeld), a
further selection of transcripts was made. The Ramm lab is focused on
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Two transcripts were expressed in a subset of epidermal cells in the tail
plate (Suppl. Fig. 3X-Y), which were morphologically undistinguishable
from other epidermal cells. Also, the cell types corresponding to the
labelled cells in the tail plate and single cells posterolateral to the
pharynx could not be identiﬁed (Suppl. Fig. 3Z). In summary, the large
number of expression patterns pave the way for future studies of the
diﬀerent organs and cells.

duplicated (Grudniewska et al., 2016), reﬂecting chromosome
duplication events in the used M lignano DV1 line (Zadesenets
et al., 2016).
4.3. Tissue and organ speciﬁc expression in the posterior-region
In our posterior-region-speciﬁc ISH screen, a variety of molecular
markers for diﬀerent tissues, cells, and organs were identiﬁed. The
posterior region contains the structures of the male and female
genitalia, as well as the adhesive organs. Out of the 13 transcripts
speciﬁc for the male copulatory apparatus, 11 were expressed in
prostate gland cells (Suppl. Fig. 2P-Z), and those transcripts were not
upregulated in the social RNA-seq screen (Ramm et al.). Our attempt to
knock-down one of the non-diﬀerentially expressed transcripts
(RNA1310_25676), which is one of the earliest expressed prostatespeciﬁc transcripts in regenerating animals, did not lead to a reduction
of the mRNA level. Therefore, future studies are necessary to evaluate
the function of the identiﬁed prostate-speciﬁc-transcripts.
We identiﬁed 19 transcripts speciﬁc for the antrum (Suppl. Fig. 1)
and 15 transcripts expressed in the cement gland cells (Suppl. Fig. 2AO). When an egg matures, it migrates into the female antrum. The
female opening is surrounded by the cement gland cells. It was
proposed that the secretions of cement gland cells form the outer layer
of the egg shell and provide the permanent glue that attaches the egg to
the substratum (Ladurner et al., 2005b). A similar shell formation was
described in polyclad ﬂatworms (Ishida, 1989, 1986). Our list of
transcripts expressed in the antrum and cement gland cells now allows
characterization of the genes required for egg shell formation and the
proteinaceous components of the permanent adhesive. Future investigations based on this data will help to describe the mode of egg shell
formation and to identify novel adhesive proteins.
Currently we are investigating the adhesive secretions of the duogland adhesive system in a multidisciplinary project aimed at the
characterization of temporary marine adhesives. A comprehensive
functional analysis of secreted adhesive proteins identiﬁed here will
be presented elsewhere. In the current study, we therefore concentrated on the function of anchor-cell-speciﬁc transcripts. Overall, six
transcripts with an expression in the anchor cells during homeostasis
and/or regeneration were identiﬁed (Suppl. Fig. 3Q-T, Fig. 3B-D). The
knock-down of RNA1310_4919 led to severe morphological changes of
the anchor cells and resulted in a non-adhesive phenotype (Fig. 3E-N).
The sequence of RNA1310_4919 encodes for a 953 amino acid long
formin-like protein, with a FH2 domain at its C-terminal end
(Interpro) (Finn et al., 2017). Formins are known to regulate actin
ﬁlament elongation and to catalyse the assembly of long ﬁlaments. The
FH2 domains dimerize and form a donut-shaped ring that binds to
barbed ends of actin ﬁlaments. Formin-dimers stay attached to the
barbed ends during the elongation and generate long, unbranched
bundles of actin ﬁlaments (reviewed in (Carlier et al., 2015; Grikscheit
and Grosse, 2016; Shekhar et al., 2016)). The expression of the forminlike RNA1310_4919 was restricted to the anchor cells of adhesive
organs (Suppl. Fig. 3Q, Fig. 3B,E). RNAi-mediated knock-down led to
shortened anchor-cell-speciﬁc microvilli with reduced actin ﬁlament
bundles (Fig. 3G-J). The phenotype depicted the formerly described
RNAi phenotype of the intermediate ﬁlament macif1 (Lengerer et al.,
2014), but it did not aﬀect the expression of the latter (Fig. 3K-L). Due
to the cell-type speciﬁc expression and the RNAi phenotype, we assume
that the identiﬁed formin-like protein RNA1310_4919 is required for
the elongation of actin bundles in the anchor-cell-speciﬁc microvilli.
The phenotype corroborated the relevance of the structural integrity of
the anchor-cell-speciﬁc microvilli during the adhesion process
(Lengerer et al., 2014).
Additionally, the posterior-region-speciﬁc ISH screen revealed so far
undescribed cell types (Suppl. Fig. 3W-Z). Based on their shape and
location, the paired cells in the posterior region could represent nerve
cell bodies (Suppl. Fig. 3W) (Ladurner et al., 2005a; Morris et al., 2007).

4.4. Identiﬁcation and characterization of stylet-speciﬁc genes
Previous studies in freshwater ﬂatworms showed that the expression of genes required for organogenesis is often maintained in fully
developed organs (Adler et al., 2014; Forsthoefel et al., 2012; Fraguas
et al., 2011; Lapan and Reddien, 2011, 2012; Rink et al., 2011). In our
regeneration RNA-seq dataset, the majority of transcripts upregulated
in regenerating tails were also expressed in the tail plate of homeostatic
animals (Suppl. Fig. 2, Sheet 1). Only a small proportion of transcripts
were exclusively expressed during tail regeneration (Suppl. Fig. 2,
Sheet 1). Among those, we identiﬁed three novel stylet-speciﬁc genes
with a restricted expression in the forming stylet (Fig. 4A1-C5). The
down-regulation of these transcripts led to regeneration defects in the
male copulatory apparatus. The most severe phenotype was the
complete absence of any tissues of the male copulatory apparatus,
including stylet, true and false seminal vesicle, and prostate glands
(Fig. 5). RNAi and ISH revealed that the knockdown of one Mlig-stylet
gene had no visible eﬀect on the expression of the other two Mlig-stylet
genes (Suppl. Fig. 9). The variation of phenotype shapes and occurrence could be the result of incomplete knock-down and/or other
redundant genes that were not identiﬁed (Table 1, Fig. 5).
Interestingly, animals treated with dsRNA of Mlig-stylet1 and Mligstylet3 formed a visible male copulatory apparatus primordium after
three and four days (Suppl. Fig. 8F). After prolonged RNAi treatment
(nine days), animals lacking the male copulatory apparatus showed no
signs of a primordium anymore (Fig. 5). This may indicate that the
Mlig-stylet genes are not initially required for the formation of the
primordium, but for the diﬀerentiation of the cells of the male
copulatory apparatus. When the male copulatory apparatus fails to be
formed, the primordium seems to disintegrate. Nevertheless, as no
conserved domains or any homology to other proteins was identiﬁed,
the speciﬁc function of the stylet-speciﬁc genes remains elusive.
In Macrostomum lignano approximately one third of all cells are
renewed within two weeks (Nimeth et al., 2002). After seven days
continuous EdU treatment of intact animals, no EdU-positive cells in
the area of the stylet were present (Suppl. Fig. 8A). Accordingly, the
knockdown of Mlig-stylet1 and Mlig-stylet 3 for three weeks in intact
adults led to no stylet phenotype. Both indicates that once the male
copulatory apparatus is formed, the cell turnover in the stylet happens
very slowly. Previous ﬁndings showed, that in mass culture occasionally
adults without a functional stylet can be found (Schärer and Vizoso,
2007). It was observed that adult animals can lose their stylet, which is
rebuild after the loss (L. Schärer pers. comm.). In accordance to this
observation, we identiﬁed one individual that was rebuilding the stylet
at the time of the ﬁxation, resulting in an accumulation of EdU-positiv
cells at the area (Suppl. Fig. 8B).
Reparative regeneration is thought to be initiated as a response to a
traumatic injury (reviewed in (Erler and Monaghan, 2015)). An interesting
aspect of the copulatory apparatus is that upon the stop of the RNAi
treatment, the missing copulatory apparatus regenerated within the otherwise complete tail plate. LoCascio et al. proposed a model for passive tissue
regeneration through constant progenitor production that could explain
this phenomena (LoCascio et al., 2017). However, the proposed model
requires a constant rate of homeostatic cell turnover, which seems not to be
the case in the stylet of M. lignano. At the moment it remains unclear how
the absence of the stylet triggers its formation in an intact tail plate. It may
be that the restoration of the copulatory apparatus does not require a
regenerative trigger but recapitulates regular post-embryonic development.
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Appendix A. Supporting information

Several studies in M. lignano were aimed at the investigation of sex
allocation and resulting phenotypic plasticity (Janicke et al., 2013;
Schärer, 2009; Schärer and Ladurner, 2003). The RNAi phenotype of
animals lacking the male copulatory apparatus provides a new tool to
study behaviour and transcriptomic consequences of hermaphrodites
artiﬁcially depleted of their male function. Additional to the lack of the
male copulatory apparatus, the RNAi-treated animals consequently did
not restore their sperm production during regeneration. This resulted
in smaller testes without any mature sperm. In future studies, this
severe morphological phenotype could be used to distinguish mRNAs
expressed speciﬁcally within the male reproductive system. For example, in S. mediterranea, RNAi of Six1/2-2 and POU2/3 was used to
deplete the protonephridia and to compare the expression between
RNAi-treated animals and controls (Scimone et al., 2011), by which the
key regulatory genes for protonephridia regeneration and essential
proteins for their function in excretion and osmoregulation were
identiﬁed. A similar approach in M. lignano using Mlig-stylet (RNAi)
would allow the identiﬁcation of genes responsible for organogenesis of
the male copulatory apparatus, sperm production, and prostate seminal ﬂuid proteins.

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.ydbio.2017.07.021.
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