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Abstract

WU ET AL.

In this contribution, feeding behaviour assays with the three species Paucumara falcata, Dugesia sp. and

Girardia sp. were used to investigate the function of the pharynx during feeding and whether absence of

feeding behaviour until full regeneration is a widespread phenomenon among planarians from different

taxonomic groups. Our results showed that feeding behaviour of decapitated flatworms was inhibited.

Intact worms responded only to pork liver pieces, but isolated pharynges were highly responsive to both

pork liver pieces and pork liver extracts. After transverse cutting, the oral part of the isolated pharynx was

responsive, while the aboral part showed no response to food items, suggesting that the oral portion of

pharynx plays a crucial role during feeding.
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Introduction

Freshwater planarians  (Platyhelminthes,
Tricladida) are predators that feed on a vari-
ety of invertebrate prey species, such as anne-
lids, molluscs, crustaceans, and insect larvae
(Jennings, 1962; Vila-Farré & Rink, 2018, and
references therein). The feeding process
includes chemotaxis, pharyngeal extension
and, subsequently, ingestion of the food by
the pharynx (Shimoyama et al., 2016). Feeding
and movement of these worms have been
used as marker behaviour in physiological and
ecotoxicological studies on planarians, since
such behaviour can be quantified more easily
and objectively than, for example, reproduc-
tion or growth (Hellou, 2011; Rodrigues et al.,
2016).

The pharynx of freshwater and marine
planarians, as well as that of many terrestrial
planarians, is a cylindrical muscular tube that
during feeding is protruded from an opening
in the ventral body wall that is generally called
the mouth. The muscular pharynx penetrates
the body of the prey and ingests fluids and
small pieces of tissues by peristaltic muscular
action (Sluys, 1989). Surprisingly, pharynges

isolated from the body are able to perform this
function without having any connection with
the central nervous system, the pharyngeal
nerve plexus apparently being a self-sufficient
system (Miyamoto et al., 2020). This indepen-
dent feeding action of isolated pharynges was
observed already by the great naturalist Von
Baer (1827), although his observations were
generally not acknowledged by later workers
(apart from Von Graff, 1912—17; Koehler, 1932;
Reisinger, 1976) who observed the same phe-
nomenon (Wulzen, 1917; Kepner & Rich, 1918;
Viaud, 1954; Miyamoto et al., 2020). Only a
few years after Von Baer’s publication, Charles
Darwin in 1832 observed in land planarians
that “... after the rest of the animal was com-
pletely dead ... this organ [the pharynx] still
retained its vitality” (Darwin 1983, p. 25; see
also Darwin, 1844). Another early observer
was Leidy (1847), who noted that when one of
the pharynges of the polypharyngeal species
Phagocata gracilis (Haldeman, 1840) became
isolated from the body, the organ gave the
impression of being a live young worm. Such
isolated pharynges may be obtained after
physical amputation (under natural condi-
tions through autoamputation, or during
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laboratory experiments through surgical abla-
tion) or chemical amputation (Viaud, 1949;
Shiroor et al., 2018). This apparent individual-
ity of the pharynx corresponds with the fact
that it is the only organ in the planarian body
incapable of regenerating an entire new ani-
mal, as it lacks neoblasts (Baguiia, 1976; Sal6 &
Baguiia, 1989; Adler et al., 2014, and references
therein).

Behavioural assays on their feeding and
movements have been used to analyse the
function of the nervous system involved in
chemotaxis, thermotaxis, and thigmotaxis
of planarians (Inoue et al.,, 2015). Previous
studies showed that the feeding behaviour of
decapitated planarians, such as Dugesia japon-
ica Ichikawa & Kawakatsu, 1964 (Inoue et al.,
2015; Shimoyama et al.,, 2016) and Girardia
tigrina (Girard, 1850) (Bardeen, 1901; Sheiman
et al,, 2002) was inhibited, whereas the feeding
of tail-amputated planarians was not affected
(Shimoyama et al., 2016). The brain was con-
sidered to be a necessary requirement in the
control and regulation of pharynx extension,
while the pharynx may also send signals to
the brain for its positioning and food localiza-
tion (Inoue et al., 2015; Shimoyama et al., 2016;
Miyamoto et al., 2020).

Regeneration studies revealed that after
amputation of the distal part of the pharynx
or removal of the entire pharynx, the worms
exhibited no feeding behaviour until full
regeneration (Ito et al., 2001; Sheiman et al,
2002). However, these conclusions were drawn
from only three freshwater species of the fam-
ily Dugesiidae, namely D. japonica (Ito et al,
2001), G. tigrina (Sheiman et al.,, 2002) and
Schmidtea mediterranea (Benazzi, Baguiia,
Ballester & del Papa, 1975) (Adler et al.,, 2014;
Shiroor et al., 2018), via different experimental
settings. Therefore, it is still unclear whether
this is a widespread phenomenon among
planarians from different taxonomic groups
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and different habitats, such as freshwater,
brackish, and marine environments.

Therefore, our study aimed to examine
whether the feeding behaviour of both the
amputated worms and the isolated pharynx is
conserved among planarian species dwelling
in different habitats and belonging to differ-
ent taxonomic groups. From that perspective,
we examined the marine triclad Paucumara
falcata Wang & Li, 2019 (Suborder Maricola
Hallez, 1892) and the freshwater plana-
rians Dugesia sp. and Girardia sp. (Suborder
Continenticola Carranza, Littlewood, Clough,
Ruiz-Trillo, Bagufia & Riutort, 1998) by study-
ing the effect of amputation of their heads or
tails on their feeding behaviour. Furthermore,
asithasbeensuggested that a two-fold chemo-
tropic response takes place during feeding,
one being the movement of the worm towards
the food item and the other formed by exten-
sion and movement of the pharynx (Wulzen,
1917), we have analysed also the feeding reac-
tion of isolated pharynges.

Materials and methods

Collection and culturing

Specimens of Dugesia sp. were provided
by Professor Wu from the Protein Science
Laboratory of the Ministry of Education,
Tsinghua University. Specimens of Girardia
sp. were collected from a ditch at the out-
let of the Changlingpi reservoir, Shenzhen,
Guangdong Province, China (22°37'0" N,
114°0'46" E) (World Geodetic System 1984)
and have been cultured in our laboratory for
years. Paucumara falcata specimens were col-
lected from a beach at Shenzhen, Guangdong
Province, China (22°28'11“ N, 114°3212" E)
(wGs84). All specimens were cultured at
26—27°C in 500 mL glass bowls and were fed
with slices of pork liver for 3 h every two days.
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Paucumara falcata was cultured in sea water
with a salinity of 19%o, while Dugesia sp. and
Girardia sp. were cultured in freshwater.

Feeding behaviour assay

Heads or tails of the worms were amputated
using a surgical blade (fig. 1A, B). Isolated phar-
ynges were obtained by cutting the anterior
and posterior ends of the pharyngeal pocket
with a surgical blade (fig. 1C). Subsequently,
the pharynx was transferred to a glass slide,
with a small amount of water, in order to
prevent desiccation. In order to examine the
feeding response of different portions of the
isolated pharynges, they were divided into an
oral part and a basal or aboral part by cutting

FIGURE 1

WU ET AL.

through the middle of the organ (fig.1D). Liver
extracts were prepared by removing the con-
nective tissue of the liver and then homogen-
izing it in water (0.1g/mL) with a sonicator
(Scientz-1ID, Zhejiang, China). The homogen-
ized samples were centrifuged at 6,000 g, and
4°C for 5 min. The supernatants were filtered
using membranes with a pore size of 0.22 um,
while the filtrates were collected as extracts of
the liver.

The following four experiments were per-
formed: (1) to investigate which portion of the
body is important for the feeding function,
intact worms (fig. 2A, B, C) and amputated
worms were kept in Petri dishes (each dish
containing 10 individuals) and fed with pork

Schematic diagram of specimen preparation. A-B: amputation of Dugesia sp., Girardia sp. (A) and

Paucumara falcata (B) (dashed line indicates level of transection); C: isolated pharynx; D: transection
of isolated pharynx (upper part originally connected to the intestine and thus forming the aboral end,
while the opposite portion concerns the oral end).
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liver (0.01g) for two hours per day. The liver
was weighed before and after feeding and the
food uptake was scored as percentage of liver
weight consumption per day. In this exper-
iment, normal, intact worms were used as
the control group; (2) to determine whether
the intact worms and isolated pharynges
(fig. 2D, E, F) respond differently to solid food
and water-soluble substances from the cor-
responding food, intact worms and isolated
pharynges were fed with pieces of pork liver or
incubated in pork liver extracts. Percentages
of individual worms and pharynges that
showed feeding response were scored during
a period of two hours immediately after the
food source had been dispensed. Feeding
response of intact animals was defined in
three steps: (a) movement toward the food,
(b) extension of the pharynx, (c) ingestion
of food by the pharynx. Response of isolated
pharynges was defined as extension of the
pharynx and ingestion of food; (3) to deter-
mine the efficacy of liver extracts, in terms of
feeding behavioural response induction, iso-
lated pharynges were incubated with a series
of diluted pork liver extracts (0.1%, 1%, 10%
series dilution of liver extracts). Isolated phar-
ynges in freshwater (Dugesia sp. and Girardia
sp.) or in sea water with a salinity of 19%o
(P, falcata) were used as the control groups.
Percentages of pharynges with an ingestion
response to the extracts were documented
within two hours directly after the food source
had been dispensed; (4) to determine which
portion of the isolated pharynx is crucial for
the feeding function, intact pharynx, aboral
part, and oral part of the pharynx were fed
with pieces of pork liver. In this experiment,
intact pharynges were used as the control
groups. Percentages of pharynges, or parts
thereof, with ingestion responses to food were
documented within two hours. Each of these
four experiments was replicated six times.
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Statistical analysis

Statistical analysis was carried out using the
nonparametric Mann-Whitney U test for
experiment #1, and experiment #4 (no feed-
ing response in the aboral part of the phar-
ynx, therefore, only the feeding responses of
isolated intact pharynges and oral portions
were statistically tested). Kruskal-Wallis test
was applied for experiment #3. For experi-
ment #2, no statistical test was required, since
the response of the animals was 100% versus
almost no response in the controls. A P-value
< 0.05 was considered statistically significant
in all tests. For data presentation, box-and-
whiskers plots were constructed in R 4.2.2 (R
Core Team, 2022) with ggplotz (Wickham,
2016).

Results

Recovery of feeding after amputation of head
ortail
In all three of the examined species, during
the first and second days of the experiments,
feeding of decapitated worms was significantly
inhibited in comparison with the control
groups. Food uptake behaviour restarted from
day-3 post-amputation of the head, although
in Girardia sp. and P. falcata food uptake in
the decapitated group was still distinctly lower
than that of the control group, i.e., intact worms
(fig. 3). Although in the following days there
were also significant differences between the
decapitated animals and the control groups,
the percentage of food uptake in the decapi-
tated group recovered to a level similar (no sta-
tistically significant differences) to the control
group at day-6, day-7, and day-8 post-amputa-
tion in P, falcata, Girardia sp. and Dugesia sp.,
respectively (fig. 3).

In the tail-removing experiments, only
Dugesia sp. displayed feeding inhibition
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FIGURE 2

Three species and their isolated pharynges. A: Dugesia sp.; B: Girardia sp.; C: Paucumara falcata; D-F:

isolated pharynges of Dugesia sp., Girardia sp. and Paucumara falcata, respectively (intestinal, aboral
side at the top and oral end at the bottom; scale bars: 500 um).

during the first day after amputation (scored
at 2-hours post-amputation), but the feeding
response was resumed at day-2 post-amputa-
tion. As for Girardia sp. and P. falcata, these
animals began feeding within two hours after
amputation (data not shown).

Comparison of feeding responses of intact
flatworms and pharynges

Intact worms and their isolated pharynges
were fed with two types of food, viz., pieces of
pork liver and liver extracts. In all three spe-
cies examined, the response of intact worms
was 100% when pieces of pork liver were

provided (fig. 4). However, when pork liver
extracts were given, no response could be
observed in all three species. In contrast, the
isolated pharynges of all three species were
highly responsive to both forms of food, with
82—-93% average response to liver extracts. The
isolated pharynges exhibited uptake of food
at the oral opening, followed by peristaltic
movements, which is similar to the activity of
the pharynx in intact worms when it extrudes
from the ventral side of body during feed-
ing (see supplementary video S1 and S2: vid-
eos showing an intact worm and an isolated
pharynx feeding on pork liver tissue). When
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A Dugesia sp.
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FIGURE 3

Recovery of feeding in three species after head amputation. Data represent percentage of food

uptake from one to nine days post- amputation. A: Dugesia sp.; B: Girardia sp.; C: Paucumara falcata
(nonparametric Mann-Whitney U test, **P < 0.01; *P < 0.05; ns, not significant).

fed with different dilutions of the pork liver
extracts, the feeding responses of isolated pha-
rynges were concentration dependent (fig. 5).
Specifically, the isolated pharynges of Dugesia
sp. and Girardia sp. incubated with freshwa-
ter, or P, falcata incubated with brackish water
without pork liver extracts, showed no feeding

response at all, while the feeding response of
isolated pharynges was greatest at 10% diluted
liver extracts, reaching a response of 98 + 4%
in Dugesia sp. and Girardia sp., and 93 + 5% in
P. falcata. The inducing effect was weakened
at lower concentrations. Even at the lowest
concentration examined (0.1% dilution) the
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feeding response of isolated pharynges was
still detectable in all three examined species,
reaching 73 + 10% in Dugesia sp., 28 + 21% in
Girardia sp., and 38 + 8% in P, falcata.

(Kruskal-Wallis test, **P < 0.01; *P < 0.05; ns, not significant).

Feeding response of oral and aboral portions
of isolated pharynges

Based on the comparison of feeding responses
of the oral and aboral portions of the isolated
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pharynx, the oral portion exhibited obvious
feeding reactions to pork liver tissue, with
the percentage of response reaching 97 + 5%
in Dugesia sp., 90 + 9% in Girardia sp., and
98+4% in P falcata. In addition, there
were no statistically significant differences
between intact pharynges and oral portions of
pharynges (fig. 6). Specifically, in both intact
pharynges and oral portions of pharynges, the
oral opening expanded and, subsequently,
engulfed the food item, whereafter it closed
again. Subsequently, the engulfed pork liver
tissue was transported towards the poste-
rior, aboral part of the pharynx through per-
istaltic action of the pharyngeal musculature,
and eventually expelled at the posterior end
(fig. 7A1-C2). In contrast, in all three of the
species examined, the aboral part of the phar-
ynx did not show any response to pork liver
tissue and finally shrank to form a sphere

(fig. 7A3-C3).

Discussion

The results of amputation experiments
showed that feeding in decapitated worms
was completely inhibited, with no food
uptake during the first two days after ampu-
tation, while it gradually recovered during

regeneration (fig. 3). These results conform to
those obtained for decapitated planarians by
Shimoyama et al. (2016) and lend support to
the notion that the brain plays an important
role in the regulation of feeding behaviour
(Inoue et al. 2015). Meanwhile, we found that
in decapitated worms of all three experimen-
tal species, the food uptake began to increase
at day-3, while statistically significant differ-
ences between decapitated and untreated
worms were only observable by day-6 to day-
8, depending on the species being examined.
Therefore, it may be the case that the central
nervous system is not fully recovered or func-
tioning in these species until approximately
day-7 post-amputation. However, this pre-
sumption requires further investigation by
histochemical analyses of the neural system,
as results solely based on bioassays cannot
fully resolve this issue.

Planarian feeding behaviour has been
interpreted as consisting of a twofold chemo-
tropic response, with one being formed by
movement of the worm towards the food
item and the other by the activity of the
pharynx (Wulzen, 1917; Sheiman et al., 2002).
Movement of worms towards food was consid-
ered to be a response to chemical or physical
stimulation from the food source (Sheiman
et al., 2002). As shown by our results, intact
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FIGURE 7
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Feeding response of isolated complete pharynx, oral portion, and aboral portion of pharynges of (A)
Dugesia sp., (B) Girardia sp., (C) Paucumara falcata. Panels no. 1 show intact pharynx, with liver tissue
being transported through peristaltic movements and being expelled at the aboral end (top); panels
no. 2 show oral portion of the pharynx, with liver tissue being expelled at the aboral end (top); panels
no. 3 show unresponsive aboral portion of pharynx being contracted to a sphere. Abbreviations: L,
liver tissue; P, pharynx; AP, aboral part of pharynx; OP, oral part of pharynx. In all figures: aboral part

at the top and oral portion at the bottom,; scale bars: 200 pum.
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worms showed 100% response to liver pieces,
but not to the filtered liver extract, which did
not contain solid content. This suggests that
physical stimulation predominates in elici-
ting a feeding response in the worm when it
approaches the food source. In contrast, iso-
lated pharynges were highly responsive to
both the pieces of liver and the extracts, thus
suggesting that the feeding reaction of the
pharynx is stimulated through chemosensory
perception of the soluble substances emanat-
ing from the solid food source.

Our results on the feeding behaviour of iso-
lated pharynges basically corroborate the vivid,
precise, albeit more anecdotal, accounts of
Von Baer (1827) and Wulzen (1917). The intact
isolated pharynges in all three of our exper-
imental species exhibited peristaltic move-
ments facilitating ingestion. Furthermore, the
aboral portion of the isolated pharynx in all
three species had no response to food items.
In contrast, the oral part was highly responsive
during feeding, while no significant differences
were found between the feeding of the oral
part and the intact isolated pharynx. These
results are in good agreement with those from
D. japonica (Ito et al., 2001; Miyamoto et al.,
2020) and lend further support to the impor-
tant role of the oral portion of the pharynx in
feeding behaviour.

According to Kepner and Rich (1918), in
an intact pharynx attached to the body of
Phagocata albissima (Vejdovsky, 1883), the
oral end and a sphincter muscle at the base
of the pharynx are necessary for normal feed-
ing movements. When in the isolated pharynx
one or both of these two portions — oral end
and sphincter — were removed, the remaining
part generally showed no feeding response,
although it may move about; occasionally,
however, an isolated pharynx without its
sphincter muscle, nevertheless, ingested
food. The oral portion of the isolated pharyn-
ges either showed opening or closing move-
ments or remained inactive, depending on
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the particular experiment. Later studies on D.
_japonica found also that when the oral portion
of the pharynxwasremoved, there wasno feed-
ing response in either the fixed pharynx (Ito
etal,, 2001) or the isolated pharynx (Miyamoto
et al., 2020).

Although in the present study we did not
specifically study the pharyngeal nervous sys-
tem, it is interesting to note that the pharynx
contains automatic neural machinery and has
sensory neurons and motor neurons, which
constitute a simple reflex pathway and con-
trols movements of pharyngeal muscle layers
(Hanstrém, 1926). Interestingly, a study indi-
cated that the chemosensory neurons that
constitute nerve rings, have been detected
also at the oral end of the pharynx (Okamoto
et al.,, 2005). Therefore, the oral end of the
pharynx, especially the pharyngeal nerve cord
within this area, most likely plays an indispen-
sable role in regulating its feeding action and
reaction.

Interestingly, the high degree of neural
autonomy of the tubular pharynx as reported
here, and in other studies, for freshwater and
maricolan planarians has been established
also in other turbellarian flatworms, such as
prorhynchids, polyclads, typhloplanids, and
proseriates (Reisinger, 1976). It is not only the
pharynx that exhibits a high degree of neural
independence, but this holds true also for the
intestine and thus for the entire stomatogas-
tric system (Reisinger, 1976). In planarians, the
presence of a gastrodermal nerve plexus was
first demonstrated by Baguiia (1974) and pre-
sumably this plexus autonomically facilitates
defecation via the pharynx, which is usually
accompanied by convulsions and muscular
contractions of the entire body (Hyman, 1951;
Ball & Reynoldson, 1981) and by peristaltic
action of the gut (Reisinger, 1976). According
to Ehlers (1985), the stomatogastric plexus
represents a primitive, plesiomorphic con-
dition that evolved already in the common
ancestor of all flatworms.


https://creativecommons.org/licenses/by/4.0/

360
Acknowledgements

We thank Jia-Jia Chen, Wei-Xuan Li, Ying
Yang and Xiao-Yu Song for assistance dur-
ing sample culturing, and Dr. Si Chen for
valuable comments on the present work.
This study was supported by the Guangdong
Undergraduate  Training  Program  for
Innovation and Entrepreneurship (Grant
No. 201910590068), as well as grants from
the Scientific and Technical Innovation
Council  of  Shenzhen  Government
(grant JCYJ20210324093412035
KCXFZ20201221173404012) and Guangdong
Natural Science Foundation (grant no.
2020A1515011117) to Yu Zhang. The authors like
to thank two anonymous reviewers for their
useful comments.

nos. and

Supplementary material

Supplementary material is available online at:
https://doi.org/10.6084/mg.figshare.22692226

References

Adler, C.E., Seidel, C.W,, McKinney, S.A. & Sanchez
Alvarado, A. (2014) Selective amputation of
the pharynx identifies a FoxA-dependent
regeneration program in planaria. eLife, 3,
e02238.

Baguiia, J. (1974) A demonstration of a peripheral
and gastrodermal nervous plexus in planarians.
Zool. Anz., 193, 240—244.

Bagufia, J. (1976) Mitosis in the intact and
regenerating planarian Dugesia mediterranea n.
sp. L. Mitotic studies during growth, feeding and
starvation. J. Exp. Zool., 195, 53—64.

Ball, LR. & Reynoldson, T.B. (1981) British

Cambridge

Planarians. University Press,

Cambridge.

WU ET AL.

Bardeen, C.R. (1901) The function of the brain in
Planaria maculata. Am. J. Physiol., 5, 175-179.
Darwin, C. (1844) Brief descriptions of several

terrestrial Planariae, and of some remarkable
marine species, with an account of their habits.
Ann. Mag. Nat. Hist., 14, 241-251 + 1 pl.
(1983) The Voyage of the ‘Beagle’.
Everyman’s Library, JM. Dent & Sons Ltd,

Darwin, C.

London and Melbourne.

Ehlers, U. (1985) Das Phylogenetische System der
Plathelminthes. Gustav Fischer Verlag, Stuttgart
& New York.

Hanstrom, B. (1926) Uber den feineren Bau des
Nervensystems der Tricladen Turbellarien
auf Grund von Untersuchungen an Bdelloura
candida. Acta. Zool.-Stockholm, 7, 101-115.

Hellou, J. (2011) Behavioural ecotoxicology, an
“early warning” signal to assess environmental
quality. Environ. Sci. Pollut. Res., 18, 1-11.

The Invertebrates: Platy-
helminthes and Rhynchocoela. Vol. 11. McGraw-
Hill, New York.

Inoue, T., Hoshino, H., Yamashita, T., Shimoyama,

Hyman, LH. (1951)

S. & Agata, K. (2015) Planarian shows decision-
making behavior in response to multiple stimuli
by integrative brain function. Zool. Lett., 1, 1-15.

Ito, H., Saito, Y., Watanabe, K. & Orii, H. (2001)
Epimorphic regeneration of the distal part of the
planarian pharynx. Dev. Genes. Evol., 211, 2—9.

Jennings, J. B. (1962) Further studies on feeding
and digestion in Triclad Turbellaria. Biol. Bull.,
123, 571-581.

Kepner, W. A. & Rich, A. (1918) Reactions of the
proboscis of Planaria albissima Vejdovsky.
J- Exp. Zool., 26, 83-100.

Koehler, O. (1932) Beitrdge zur Sinnesphysiologie
der Stuflwasserplanarien. Z. vergl. Physiol. 16,
606—756.

Miyamoto, M., Hattori, M., Hosoda, K., Sawamoto,
M., Motoishi, M., Hayashi, T, Inoue, T. &
Umesono, Y. (2020) The pharyngeal nervous
system orchestrates feeding behavior in

planarians. Sci. Adv., 6, eaazo882.


https://doi.org/10.6084/m9.figshare.22692226
https://creativecommons.org/licenses/by/4.0/

FEEDING IN PLANARIAN FLATWORMS

Okamoto, K., Takeuchi, K. & Agata, K. (2005)
Neural projections in planarian brain revealed
by fluorescent dye tracing. Zool. Sci., 22, 535-546.

R Core Team. (2022) R: Alanguage and environment
for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL
https://www.R-project.org/

Reisinger E. (1976) Zur Evolution des stomato-
gastrischen Nervensystems bei den Plathel-
minthen. Z. zool. Syst. Evolut.forsch., 14, 241—253.

Rodrigues, A.CM., Henriques, J.F., Domingues,
I, Golovko, O., Zlabek, V., Barata, C., Soares,
AM.VM. & Pestana, J.L.T. (2016) Behavioural
responses

of freshwater planarians after

short-term  exposure to the insecticide
chlorantraniliprole. Aquat. Toxicol., 170, 371-376.

Sal6, E. & Baguiia, J. (1989) Regeneration and
pattern-formation in planarians. 11. Local
origin and role of cell movements in blastema
formation. Development, 107, 69—76.

Sheiman, .M., Zubina, E.V. & Kreshchenko, N.D.
(2002) Regulation of the feeding behavior of
the planarian Dugesia (Girardia) tigrina. J. Evol.
Biochem. Phys., 38, 414—418.

Shimoyama, S., Inoue, T., Kashima, M. & Agata,
K. (2016) Multiple neuropeptide-coding genes
involved in planarian pharynx extension. Zool.
Sci., 33, 311-319.

Shiroor, D.A., Bohr, TE. & Adler, CE. (2018)
Chemical and

amputation regeneration

361

of the pharynx in the planarian Schmidtea
mediterranea. Journ. Visual. Exp., 133, e57168.

Sluys, R. (1989). A Monograph of the Marine Triclads.
A. A. Balkema, Rotterdam & Brookfield.

Viaud, G. (1949) Tropismes et polarité. LAnnee
Psychol., 50, 281-291.

Viaud, G.
sur le galvanotropisme des planaraires sens

(1954) Recherches éxperimentales

cathodique du tropisme et anisotropie
électrique de “Planaria (= Dugesia) lugubris”
O. Schm. LAnnee Psychol., 54,1-33.

Vila-Farré, M. & Rink, J. (2018) The ecology
of freshwater planarians. In: Rink, J. (ed.)
Planarian Regeneration: Methods and Protocols.
Methods in Molecular Biology, vol 1774, pp. 173
205. Springer Science + Business Media LLC,
New York.

Von Baer, KE. (1827) Uber Planarien. Nova
Acta Physico-Medica Academiae Caesareae
Leopoldino - Carolinae Naturae Curiosum, 13
(Abth. 2), 690—730 +1 pl.

Von Graff, L. (1912-17) Tricladida. In: H.G Bronn’s
Klassen und Ordnungen des Tier-Reichs. Bd 1v
Vermes, Abt. 1c: Turbellaria 11 Abt.: Tricladida.
pp- 2601-3369 + 34 pls. C.F. Winter, Leipzig.

Wickham, H. (2016) ggplot2: Elegant Graphics for
Data Analysis. Springer-Verlag New York.

Waulzen, R. (1917) Some chemotropic and feeding
reactions of Planaria maculata. Biol. Bull., 33,

67-69.


https://www.R-project.org/.12c
https://creativecommons.org/licenses/by/4.0/

