Proceedings of the Zoological Institute RAS
Vol. 326, No. 4, 2022, pp. 284-293
10.31610//trudyzin/2022.326.4.284

YK 594.381

Muscle system of the penial complex in three species of Hygrophila
(Gastropoda: Pulmonata)

E.V. Soldatenko and A.A. Petrov*

Zoological Institute, Russian Academy of Sciences, Universitetskaya Emb. 1, 199034 Saint Petersburg, Russia;
e-mail: anatoly.petrov@zin.ru

Submitted November 24, 2022; revised December 1, 2022; accepted December 6, 2022.

ABSTRACT

The Hygrophila, a group comprising freshwater lung-bearing gastropods, have a complex copulatory apparatus,
whose musculature has recently been shown to provide a number of phylogenetically informative characters that
appear to concur with the results of molecular phylogenetic analyses. The number of hygrophilan species for which
the male copulatory musculature is known, however, is still relatively small. We examined the muscle arrangement
in the penial complex (penis and penis sheath) of three species of Hygrophila: Aplexa hypnorum (Linnaeus, 1758)
(fam. Physidae), Kolhymorbis bogatovi Zatravkin et Moskvicheva, 1985 (fam. Planorbidae, tribe Segmentinini),
and Planorbarius corneus (Linnaeus, 1758) (fam. Planorbidae, tribe Helisomatini) to explore whether the organi-
zation of the male copulatory musculature in these species is consistent with the previously proposed phylogenetic
hypotheses. In A. hypnorum, the primarily glandular penis sheath has a three-layered musculature with outer and
inner circular and intermediate longitudinal layers. The tubular penis also has a three-layered musculature, with
the same sequence of muscle fibers as in the penis sheath. In K. bogatovi, the sequence of muscle layers in the penis
sheath is essentially the same as in A. hiypnorum. Penial musculature is also arranged in three layers, but the inter-
mediate layer consists of small radial, rather than longitudinal fibers and the inner and outer layers are circular.
In P. corneus, the boundaries between muscle layers in both penis and penis sheath are somewhat indistinct, but
the circular muscles tend to lie close to their outer and inner walls, while the longitudinal fibers are concentrated
in the interior. The comparison with other hygrophilan species, in which the copulatory musculature has been
previously studied, shows that the male copulatory musculature of K. bogatovi is consistent in arrangement with
that of other representatives of Segmentinini and that the phylogenetic lineage leading to P. corneus has probably
diverged before the clade Planorbini + Segmentinini. The musculature of the penial complex of A. hypnorum is
generally similar to that of another physid, Physella acuta (Draparnaud, 1805), but the penis sheath of P. acuta
lacks an outer layer of circular muscle fibers, which may be explained by reduction.
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PE3IOME

IIpecHoBoaHbIe Terounbie Moatocku (Hygrophila) uMeroT 105K HO OpraHU30BaHHbII KONy IATUBHBIA alliapar,
Ybsi MYCKYJIaTyPa, Kak ObLJIO HEJAaBHO MOKAa3aHO, MOXKET OBITh UCTOYHMKOM I[€JIOTO Psifia TAKCOHOMUYECKU
“HQOPMATUBHBIX NPU3HAKOB, XOPOUIO COIJIACYIOIIUXCS C JAHHBIMH MOJIEKYJSIDHON (UIOTEHUW, OIHA-
KO K HACTOSIIEMY BPEMEHM 3Ta MYCKYyJaTypa HCCJIEJOBAHA JIUIIb Y OTHOCUTENHHO HEGOJBIIOro YhCIa
BuoB. Hamu GbLIO IPOBENEHO MCCIENOBAHUE MYCKYJIATypPhl MEHUAIBHOTO KOMILJIEKca (EHUCca W MENIKa
nenuca) y Tpex sunos Hygrophila: Aplexa hypnorum (Linnaeus, 1758) (cem. Physidae), Kolhymorbis bogatovi
Zatravkin et Moskvicheva, 1985 (cem. Planorbidae, Tpuba Segmentinini) u Planorbarius corneus (Linnaeus,
1758) (cem. Planorbidae, Tpu6a Helisomatini), 151 BBISICHEHUS BOPOCA, HACKOJBKO MBbIIIEYHAST OPIraHU3a M
KOIIYJISITUBHOTO alliapaTa y 3TUX BU/IOB COIJIACYeTCSI C NPEAJOXKEHHBIMH paHee (UJIOTEHETHYEeCKUMHU
runoresamMu. Y A. hypnorum MeIIOK MNEHMCA, COCTOSINUNA NPEMMYIIECTBEHHO W3 JKEJIe3UCTOM TKaHH,
BKJIIOYAeT TPU MBIIIEYHBIX CJIOS: HAPYXXHBIN U BHYTPEHHUU KOJIBI[EBBIE U IPOMEKYTOUYHBIHN, COCTOSIIUH U3
MIPOJOTBHBIX BOJOKOH. L{uanmHApryeckuii MeHNC 3TOT0 BU/Ia TaKKe NUMeeT TPEXCIOUHYI0 MyCKyIaTypy, C TOI
e TI0CJIe/JOBATEIBHOCTBIO CJI0EB Kak U B Melnke neHuca. Y K. bogatovi mociefoBaTeIbHOCTD CJI0EB B MEIITKE
HEeHUCA CXO/IHA C TAKOBOU y A. hypnorum. IleHuaipHast MyCKyJIaTypa y 5TOTO BU/IA TAKIKE BKIIOYAET TPH CJIOS,
HO IIPOMEXYTOUHBIN CJIOM COCTOUT M3 TOHKUX PaJUaJbHBIX, a He NPOJOJBHBIX, BOJOKOH, M BHYTPEHHUMH
M HAPYKHBII cT0M 06Pa30BaHbI KOJTBI[EBHIMY BOJOKHAMU. Y P. cOrneus rpaHuIbl MEXK/Y MBIIIEYHBIMY CIIOSIMU
BIIEHHCE ¥ METITKE TTEHICA BBIPAJKEHBI ILII0X0, HO KOJIBIIEBBIE BOJIOKHA PACIIOIOKEHbI TPEUMYIIIECTBEHHO BOIM3U
BHYTPEHHe! 1 Hapy KHOU CTEHOK, a IPOZ0JIbHbIE BOJIOKHA 3aHIMAIOT IPOMEXY TOUHOE ITosToxkeHue. CpaBHeHHe
C IPYTUMU BUAAMU IIPECHOBOAHBIX JIETOYHBIX MOJLITIOCKOB, Y KOTOPBIX H3BECTHA OPTaHU3AIUSI MYCKYIATyPhI
KOIIYJISITUBHOTO aIlapaTa, IOKa3bIBAeT, YTO MbIIIEYHAS CUCTEMA IeHuaIbHOTO KoMIiekca K. bogatovi numeet
CTPOEHMe, XapaKTePHOe /s IIpefcTaBuTeel Tpubbl Segmentinini, u uTo QusoreHernyeckass BeTb P. cor-
neus BepoATHO 060co6uIach paHblie o01uei Kiansl, BKodaomei Planorbini u Segmentinini. MyckynaTypa
MEeHUANBHOTO KOMILJIeKca A. Aypnorum B OCHOBHOM CXOJHA C TAKOBOM y APYroro MpeicTaBUTeNst GU3UL,
Physella acuta (Draparnaud, 1805), Ho B Memike neunuca P. acuta 0TCyTCTBYET HAPYKHBIN CJION KOJIbIIEBBIX
MBIIIEYHBIX BOJIOKOH, YTO MOXKET ObITh 06BSICHEHO €T0 PELYKIIUEH.

KaioueBsie cioBa: KOH(l)OKaJIbHaH MUKPOCKOIIUA, MPECHOBOAHDbIE JIETOYHBIE MOJIJIIOCKH, MBIIII[bI, IIECHUAJb-
HBIH KOMIIJIEKC, IIEHUC, MEIIIOK II€eHHCa

INTRODUCTION

Characters of the male copulatory organs in gas-
tropods tend to be phylogenetically conserved and
have been widely used in gastropod taxonomy, es-
pecially at the familial and generic levels (see, e.g.,
Taylor 2003; Golding et al. 2008; De Mattia et al.
2021). The characters traditionally used in taxonomy
are almost exclusively gross anatomical traits of the
copulatory apparatus such as the presence or absence
of certain structures or the arrangement, shape and
relative sizes of organs. The microanatomical traits,
on the other hand, have played essentially no role in
taxonomy, which is primarily due to our insufficient
knowledge of gastropod copulatory organs at the mi-
croscopic level.

The microanatomy of the muscle system of the
Hygrophila, a molluscan clade comprising freshwa-
ter lung-bearing snails, has recently been examined
in different representatives of this group (Soldatenko
and Petrov 2012, 2016, 2019) showing that the or-
ganization of the male copulatory musculature can

characterize several major hygrophilan taxa and pro-
vide a set of familial and tribal-rank synapomorphies.
The copulatory apparatus, or the penial complex,
of the Hygrophila begins proximally at the opening
of the vas deferens into the penis sheath. The penis
sheath is a hollow muscular tube that houses the pe-
nis extending as an outgrowth from its proximal
end. The penis sheath leads to the terminal part of
the penial complex, called the preputium, which is
an eversible muscular sleeve opening to the exterior
through the genital pore. Microscopic examination of
the hygrophilan penial complex has shown that the
most promising source of taxonomically informative
characters is provided by the musculature of the penis
sheath and penis, which vary significantly across taxa
(Soldatenko and Petrov 2019).

In the presumed plesiomorphic condition present
in the families Acroloxidae (Acroloxus lacustris (Lin-
naeus, 1758)), Physidae (Physella acuta (Draparnaud,
1805)), and Lymnaeidae (Radix auricularia (Lin-
naeus, 1758)), the penial musculature includes the
outer and inner circular layers and the intermediate
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longitudinal layer. In the Ancylidae (Ancylus fluvi-
atilis O. F. Miiller, 1774) and Biomphalaria glabrata
(Say, 1818) (fam. Planorbidae), the interior of the pe-
nis between the inner and outer circular muscle layers
has a more complex muscle arrangement: it is crossed
by radial muscle fibers and there are two widely sep-
arated longitudinal layers, rather than one. In other
planorbids comprising the sister tribes Planorbini
and Segmentinini, the penial musculature is essen-
tially reversed in arrangement compared to other Hy-
grophila: the outer and inner layers are longitudinal
in orientation, while the intermediate layer consists
of radially oriented fibers. It has been suggested (Sol-
datenko and Petrov 2019) that this arrangement has
evolved from that seen in Biomphalaria, in which the
outer and inner circular layers have been lost, so that
the two initially intermediate layers of longitudinal
muscle fibers assumed the inner and outer positions.

The organization of the penis sheath muscles
shows variation consistent with that of the penial
musculature (Soldatenko and Petrov 2019). In the
likely plesiomorphic arrangement found in the Ac-
roloxidae, Lymnaeidae, Physidae, and Planorbella
duryi (Wetherby, 1879) (fam. Planorbidae), the pe-
nial sheath musculature is two-layered consisting
of outer longitudinal and inner circular layers. In
Segmentinini and Planorbini, three distinct layers
are present: the outer circular, the intermediate lon-
gitudinal and the inner composed of either circular
or diagonal muscle fibers. Similar, although probably
convergently evolved, three-layered musculature is
also present in the Lymnaeidae (R. auricularia). In
B. glabrata, the penis sheath musculature becomes
even more complex consisting, from outside to inside,
of a longitudinal, circular, another longitudinal, and
diagonal layers.

The distribution of synapomorphies proposed for
hygrophilan taxa based on the sequence of penial and
penis sheath muscles is in good agreement with exist-
ing molecular phylogenetic evidence (Albrecht et al.
2007; Soldatenko and Petrov 2019; Saadi et al. 2020),
but in most cases the muscle arrangement is known
only for one or two species in each hygrophilan taxon
of familial or tribal rank and it is still unclear whether
this arrangement in each case characterizes the whole
group or only some of its representatives. The aim of
the present paper was therefore to examine the penial
and penis sheath musculature in three other represen-
tatives of previously studied hygrophilan groups. This
may provide a better understanding of the extent of
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variation in copulatory musculature that could be ob-
served within hygrophilan families or tribes and veri-
fy the validity of the proposed synapomorphies.

MATERIAL AND METHODS

The musculature of the penial complex was stud-
ied in three species of Hygrophila: Aplexa hypno-
rum (Linnaeus, 1758), Planorbarius corneus (Lin-
naeus, 1758), and Kolhymorbis bogatovi Zatravkin
et Moskvicheva, 1985. Localities and the number
of specimens studied for each species are listed in
Table 1. The mature individuals with the fully de-
veloped male reproductive system were fixed intact
with 4% formaldehyde in 0.01 M phosphate-buffered
saline (PBS) for 4—6 h at ambient temperature, then
their shells were removed and their bodies dissected
to remove the copulatory apparatuses. Most penial
complexes were studied as whole mounts, but some of
the large penial complexes of P. corneus were sliced
transversely or longitudinally with a razor blade. The
removed copulatory apparatuses were rinsed and
kept in 0.01 M PBS containing 0.1% (w/v) sodium
azide (Sigma-Aldrich, St. Louis, Missouri, USA) at
4—6°C. For phalloidin staining, the copulatory ap-
paratuses were permeabilized for 2 h with 0.25%
Triton X-100 (Sigma-Aldrich, St. Louis, Missouri,
USA) in 0.01 M PBS, stained for 24 h with Alexa
Fluor 555-conjugated phalloidin (Life Technologies,
Carlsbad, California, USA; diluted 1:150), washed in
0.01 M PBS and then mounted on slides with Vec-
tashield (Vector Laboratories Inc., Burlingame, Cal-
ifornia, USA). Confocal images were acquired and
photographed on a Leica TCS SP5 confocal laser
scanning microscope (Leica Microsystems GmbH,
Wetzlar, Germany) at the Taxon Research Resource
Center (Zoological Institute RAS). All confocal im-
ages of phalloidin-stained preparations are presented
as maximum intensity projections of the Z-stacks.

RESULTS

Aplexa hypnorum. The penis sheath is hyaline
and its walls are mostly glandular. The outer muscle
layer of the penis sheath consists of loosely spaced,
thin circular muscle fibers arranged in a single row
(ocs, Fig. 1A, B). The circular muscle fibers make nu-
merous anastomoses with one another to form a sin-
gle meshwork of fibers. Beneath the circular muscles
is a thick layer of glandular tissue, which also contains
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Table 1. List of the species studied.
Species Locality and collection date Coordinates Collector NoS
Aplexa hypnorum Russia, Smolensk Prov., Demidovskiy Distr., 55°30” N, E.V. Soldatenko 5
(Linnaeus, 1758) National Park “Smolenskoye Poozerye”, near 31°47°E
Przhevalskoye town, temporary ponds near
“Chistik” Teaching Centre (Smolensk State
University), August 6, 2020
Pskov Prov., Bol'shaya Budnitsa village, an inun- 55°52°54.4" N,  E.V. Soldatenko 7
dated depression on the left-hand side of the road 30°20"11.9” E
at the village exit toward Smolensk, July 18, 2020
Kolhymorbis bogatovi Russia, Vladivostok, Russky Island, wetland near 43°00708.0” N, L.A. Prozorova 3
Zatravkin et Moskvicheva the mouth of the Russkaya River on the shore of 131°4817.5" E
in Zatravkin, 1985 Voyevoda Bay, August 25, 2018
Planorbarius corneus Russia, Smolensk Prov., Demidovskiy Distr., 55°30" N, E.V. Soldatenko 5
(Linnaeus, 1758) National Park “Smolenskoye Poozerye”, near 31°%46" E
Przhevalskoye town, Lake Rytoye, July 2015
Russia, Smolensk Prov., Smolensk, slow moving 54°47° N, E.V. Soldatenko 4
section of the Dubrovenka River, August 2020 31°56" E

Abbreviations: NoS — Number of individuals studied.

loosely spaced, anastomosing longitudinal muscle
fibers (Ips, Fig. 1A, B). Below the glandular cells is
the inner (luminal) layer of circular muscle fibers (ics,
Fig. 1B). The individual fibers in this layer are much
broader than those in the outer layer and much denser
spaced.

The tubular penis (Fig. 1C) is slightly longer than
halfthe length of the penis sheath. Distally, the penisis
distended into a circular swelling (bs, Fig. 1C), which
then tapers to the penial apex to form a conical papil-
la-like tip that makes up more than one-third of the
penis length (pt, Fig. 1C). The penial musculature is
arranged in three layers. Both outer (ocp, Fig. 1C, D)
and inner (icp, Fig. 1C, D) layers consist of a single
row of densely spaced circular muscles. The third, in-
termediate, layer (Ip, Fig. 1C, D) is composed of sev-
eral rows of muscle fibers oriented primarily in the
longitudinal or slightly diagonal direction. In nearly
all cases, however, the proximal ends of these muscle
fibers attach to the inner circular layer and their dis-
tal ends to the outer circular layer and these fibers are
therefore topologically radial. At the enlarged base of
the penis tip, both endings of longitudinal muscle fi-
bers anchor to the outer wall of the penis, at the prox-
imal and distal sides of the circular swelling.

Kolhymorbis bogatovi. The elongated, tubular
penis sheath (ps, Fig. 2A) has a relatively thin wall
with musculature arranged in three layers. The outer
layer is composed of one row of wide strap-shaped cir-
cular fibers (ocs, Fig. 2B, C). The intermediate layer
(Ips, Fig. 2B, C) is longitudinal and is 2—3 fiber thick.

The inner layer (ics, Fig. 2B, C) consists of 1-2 rows
of circular muscle fibers that are round or oval in
cross section.

The tubular penis (pe, Fig. 2A) is about as long as
the penis sheath and at the tip bears a small, trough-
shaped stylet. The ejaculatory canal opens in the ter-
minal position at the base of the stylet. A small glan-
dular structure (flagellum; fl, Fig. 2A, B) is located in
the invagination of the penis sheath wall at the base of
the penis and opens into the penis sheath cavity. The
penial musculature consists of the outer (olp, Fig. 2B,
C) and inner (ilp, Fig. 2C) longitudinal layers ar-
ranged each in a single row and the intermediate layer
composed of radially oriented fibers (rp, Fig. 2B, C).
The radial fibers are often combined in larger bundles.

Planorbarius corneus. The penis sheath and pe-
nis are very small relative to a large, muscular prepu-
tium. The muscle fibers in the penis sheath are orient-
ed either in longitudinal or in circular direction, but
there are no clear boundaries between muscle layers.
The circular fibers tend to lie close to the outer (ocs,
Fig. 3A, B) and to the luminal (ics, Fig. 3A, B) walls
of the penis sheath and the longitudinal fibers (Ips,
Fig. 3A, B) are concentrated primarily in the interi-
or, but muscle fibers of different orientation overlap
with one another at the boundaries between these
loosely demarcated layers. The inner circular mus-
cles are much thinner than the outer and are arranged
in about 3-8 rows (vs. about 8—12 rows in the out-
er layer) and the longitudinal layer is about 6—8 fiber
thick.
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Fig. 1. Musculature of the penial complex of Aplexa hypnorum. A, B. Musculature in the wall of the penis sheath. C. Overall view of the
vas deferens and penis. The penis sheath is removed. D. Longitudinal projection through the central axis of the penis. Abbreviations:
bs — basal swelling of conical penis tip; icp — inner circular penial muscles; ics — inner circular muscles of penis sheath; Ip — longitudinal
penial muscles; Ips — longitudinal muscles of penis sheath; ocp — outer circular penis muscles; ocs — outer circular muscles of penis sheath;
pc — penial canal; pt — penial tip; vd — vas deference. Scale bars: A—C =100 pm, D — 10 pm.

A small cone-shaped penis (pe, Fig. 3A) has a sub-
terminal ejaculatory opening so that the tip of the pe-
nis forms a small terminal papilla. The penial muscle
arrangement is similar to that in the penis sheath: the
circular muscle fibers form inner (icp, Fig. 3D) and
outer (ocp, Fig. 3C, D) layers, while the longitudinal

fibers (Ip, Fig. 3C, D) lie in the interior, but muscle
layers are indistinct and fibers of different orientation
overlap with one another. Both circular layers are
2-3 fiber thick and the longitudinal layer comprises
3—4 rows of muscle fibers. In the penial papilla, the
inner circular layer is absent.
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Fig. 2. Musculature of the penial complex of Kolhymorbis bogatovi. A. Overall view of the vas deferens and the penial complex. B.
Longitudinal projection through the penial complex at the base of the penis sheath. C. Longitudinal projection through the central axis
of the penis and penis sheath. Abbreviations: fl — flagellum; ics — inner circular muscles of penis sheath; ilp — inner longitudinal penial
muscles; Ips — longitudinal muscles of penis sheath; ocs — outer circular muscles of penis sheath; olp — outer longitudinal penial muscles;
pc — penial canal; pe — penis; pr — preputium; ppr — preputium retractor muscle; ps — penis sheath; psc — penis sheath cavity; rp — radial
penis muscles. Scale bars: A =100 pm, B=C =20 pm, C =10 pm

DISCUSSION

The present study is a continuation of a series of
studies (Soldatenko and Petrov 2012, 2016, 2019)
that used phalloidin staining in combination with
confocal microscopy to examine the male copulato-
ry musculature in several representatives of the Hy-
grophila. Soldatenko and Petrov (2019) have shown
that the musculature of the penial complex (penis
sheath and penis) provides a set of clearly defined
characters for several hygrophilan groups that pre-
viously lacked morphological synapomorphies. The
three species included in the present study were se-
lected as members of different hygrophilan taxa to
verify phylogenetic hypotheses proposed based on
mapping the characters of the male copulatory mus-
culature onto a molecular phylogenetic tree (Sol-
datenko and Petrov 2019) by comparing these species
with those examined earlier.

Aplexa hypnorum. The family Physidae is cur-
rently subdivided into two subfamilies: Physinae and
Aplexinae (Starobogatov 1967; Taylor 2003) and the
only representative of the family for which muscu-
lature of the penial complex has so far been studied
is P. acuta (Soldatenko and Petrov 2019), a member

of the Physinae. Aplexa hypnorum, a representative
of Physidae included in the present study, belongs to
the other subfamily, Aplexinae, and the comparison of
muscle arrangement in the penial complex of these two
species may therefore clarify the degree of variation in
male copulatory musculature across the two subfami-
lies. Penial musculature of A. Aypnorum has essential-
ly the same arrangement as that of P. acuta: in both
there are outer and inner circular muscle layers and an
intermediate layer of longitudinal muscles. In Aplexa
the intermediate layer is much wider than in P. acuta
and this helps better understand the arrangement of
longitudinal muscles in this layer. The opposite end-
ings of these muscle fibers attach to the inner and out-
er walls of the penis and can alternatively be regarded
as obliquely oriented radial muscles. This complicates
the interpretation of the plesiomorphic arrangement
of penial muscles in the Hygrophila. It has previous-
ly been suggested (Soldatenko and Petrov 2019) that
longitudinal fibers in the intermediate layer were an-
tecedent to the radial fibers, but their arrangement in
A. hypnorum blurs the distinction between these two
types of muscle and gives some credence to the view
that radial muscles may in fact represent a plesiomor-
phic condition for the Hygrophila.
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Fig. 3. Musculature of the penial complex of Planorbarius corneus. A. Overall view of the penis and penis sheath. B. Longitudinal
projection through the wall of the penis sheath. C. Tangential projection through the wall of the penis. D. Slightly oblique longitudinal
projection through the central axis of the penis. Abbreviations: eo — ejaculatory opening; icp — inner circular penial muscles; ics — inner
circular muscles of penis sheath; Ips — longitudinal muscles of penis sheath; ocp — outer circular penis muscles; ocs — outer circular
muscles of penis sheath; pc — penial canal; pe — penis; psc — penis sheath cavity. Scale bars: A =100 pym, B-D = 50 pm

The tip of the penis in A. hypnorum is set off from
the penial shaft and is enlarged at its base probably
serving to secure the penis in the partner’s vagina.
This is apparently achieved by contraction of longitu-
dinal muscles at the base of the penis tip, which cre-
ates a bulge pressing against the walls of the vagina.
The muscle arrangement in the penis tip of A. hypno-
rum remains essentially the same as in the penis shaft.

Although an annular swelling at the penis tip is not
universally present in the Physidae, P. acuta also has
this type of penis tip, but in this species it lacks inner
circular muscle fibers, which is almost certainly ex-
plained by a secondary loss.

The organization of the penis sheath musculature
in A. hypnorum differs from that in P. acuta. In Aplexa,
the penis sheath has three muscle layers (inner and
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outer circular and intermediate longitudinal), while
in P. acuta there are only two layers (outer longitu-
dinal and inner circular). It has been previously hy-
pothesized based on character mapping onto a molec-
ular phylogenetic tree (Soldatenko and Petrov 2019)
that the two-layered musculature of the penis sheath
is plesiomorphic both for the Physidae and the Hy-
grophila in general. The presence of a three-layered
penis sheath musculature in A. hypnorum raises the
possibility that this condition can in fact be plesiom-
orphic (at least for the Physidae). If this assumption
is correct, it can be argued that the outer circular lay-
er in the penis sheath may have been lost in P. acuta
(and probably in other Physinae), which agrees with
molecular data that place Aplexa as the most basal ge-
nus of the Physidae (Wethington and Lydeard 2007).

Kolhymorbis bogatovi. In K. bogatovi, the se-
quence of muscle fibers in both penis sheath and pe-
nis is the same as in the other two segmentinins (Seg-
mentina oelandica (Westerlund, 1885) and Hippeutis
complanatus (Linnaeus, 1758)) and in the eight spe-
cies of Planorbini, in which the male copulatory mus-
culature has been studied (Soldatenko and Petrov
2016, 2019). In all cases, the penis sheath muscula-
ture is three-layered and has the outer circular and
intermediate longitudinal muscle layers. The inner
layer shows some variation; in all species of Seg-
mentinini including K. bogatovi it consists of circu-
lar muscle fibers, but in almost all Planorbini it is
formed by crisscrossing diagonal fibers (Soldatenko
and Petrov 2019). The only exception is Gyraulus al-
bus (O.F. Miiller, 1774), which, like segmentinins, has
a circular inner layer (Soldatenko and Petrov 2019).
This distinction between Segmentinini and Pla-
norbini, however, should not be interpreted as hav-
ing much phylogenetic importance, because circular
muscle fibers can easily assume diagonal orientation
if this is required by biomechanical factors. The pe-
nial musculature of Planorbini and Segmentinini is
always composed of outer and inner circular fibers,
with radial fibers crossing the space between these
layers. The arrangement with the outer and inner
muscle layers composed of circular fibers is unique in
the Hygrophila and the presence of the same muscle
arrangement in K. bogatovi adds further support for
the argument that this character provides a strong
synapomorphy for the clade comprising the tribes
Planorbini and Segmentinini.

Planorbarius corneus. The phylogenetic position
of P. corneus within the Planorbidae remains conten-

tious. Molecular phylogenetic studies place Planor-
barius variously either as the sister group to the clade
uniting the tribes Segmentinini and Planorbini (Sol-
datenko and Petrov 2019), in an unresolved polyto-
my with Planorbini + Segmentinini and the tribe He-
lisomatini (Albrecht et al. 2007) or as the sister group
to Helisomatini (Saadi et al. 2020). Comparison of
the male copulatory musculature of P. corneus with
that of representatives of Segmentinini + Planorbini
and Helisomatini can therefore be useful to decide,
which of the phylogenetic hypotheses appears more
likely. Although the penial musculature of P. corneus
is unusual in that its muscle layers partially overlap
with one another, it adheres to the muscle arrange-
ment presumably plesiomorphic for the Hygrophila
with the outer and inner circular and intermediate
longitudinal muscles. The penial musculature in the
clade comprising Segmentinini and Planorbini is fun-
damentally different and has a reversed arrangement
of muscle layers (the inner and outer muscle layers are
longitudinal), which indicates that P. corneus belongs
to a lineage that diverged before the last common an-
cestor of Planorbini and Segmentinini.

The penis sheath musculature of P. corneus and
Segmentinini + Planorbini has the same sequence of
muscle layers (outer and inner circular and interme-
diate longitudinal), while in the more basal taxa the
penis sheath musculature is in most cases only two-
layered (outer longitudinal and inner circular). The
three-layered penis sheath musculature may consti-
tute a synapomorphy of the clade comprising P. cor-
neus and Segmentinini + Planorbini, but this char-
acter seems less reliable than the arrangement of pe-
nial musculature, as was shown above in the case of
Physidae.

In Helisomatini, the musculature of the penial
complex has been studied in B. glabrata and P. duryi
(Soldatenko and Petrov 2019). Since the muscula-
ture of the large, massive penis of P. duryi has been
significantly modified as a result of the unusual mat-
ing behavior of this species (Soldatenko and Petrov
2012, 2019), it is difficult to compare it with that of
P. corneus. The penis of B. glabrata, which is probably
more typical in morphology for Helisomatini, has cir-
cular muscle fibers in the outer and inner layers (a ple-
siomorphic character also present in P. corneus), but
the interior of the penis in this species contains two
separate layers of longitudinal muscles and the radial
muscle fibers. The penis of P. corneus, in contrast, has
only one intermediate layer of longitudinal muscles.
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Since the arrangement of penial muscles observed in
B. glabrata is also present in the Ancylidae, which is
amore basal group, it is likely that in the lineage lead-
ing to P. corneus the musculature in the interior of
the penis has been simplified and the radial muscles
have been lost. This simplification can be explained
by a highly modified mating behavior of P. corneus, in
which the copulation is guided by a very large prepu-
tium, the vas deferens and specialized preputial and
atrial organs and the penis plays only a subsidiary
role (Soldatenko and Petrov 2013).

CONCLUSION

The results of this study support and strengthen
the conclusion of an earlier study (Soldatenko and
Petrov 2019) that the musculature of the penial com-
plex in the Hygrophila may provide a reliable source
of phylogenetically informative characters. Although
there is some variation in muscle arrangement with-
in families or tribes that could probably be explained
by reduction of muscle layers (as in the Physidae) or
by biomechanical constraints (as in Planorbini), the
organization of the male copulatory musculature is
generally uniform within major hygrophilan groups,
but displays variation between these taxa. The most
reliable synapomorphy (circular muscle fibers in the
inner and outer penial muscle layers) defines the clade
comprising the tribes Planorbini and Segmentinini,
a group that has no formal name in the currently ac-
cepted classification of the Hygrophila (Bouchet et
al. 2017). The muscle sequence in the penial complex
of A. hypnorum is essentially the same as in another
physid, P. acuta, but this arrangement is probably ple-
siomorphic for the Hygrophila in general and cannot
be taken as evidence of phylogenetic relationship. The
sequence of muscles in the penis complex of P. corneus
suggests that this species diverged prior to the com-
mon ancestor of Planorbini + Segmentinini, but the
degree of its relationship with Helisomatini cannot be
established, probably because the musculature of the
penis and penis sheath in Planorbarius has been sig-
nificantly modified as a result of its unusual mating
biology.

ACKNOWLEDGEMENTS

We thank L.A. Prozorova for her help in collecting
material for this study. This work was supported by

Soldatenko and Petrov

budget funding of the Russian Academy of Sciences
(projects 1021051402797-9 and 122031100281-5)
and used the material deposited in the collection of
the Zoological Institute RAS.

REFERENCES

Albrecht C., Kuhn K. and Streit B. 2007. A molecular
phylogeny of Planorboidea (Gastropoda, Pulmonata):
insights from enhanced taxon sampling. Zoologica
Scripta, 36(1): 27-39. https://doi.org/10.1111/j.1463-
6409.2006.00258.x

Bouchet P., Rocroi J.-P., Hausdorf B., Kaim A.,
Kano Y., Niitzel A., Parkhaev P., Schrodl M. and
Strong E.E. 2017. Revised classification, nomenclator
and typification of gastropod and monoplacophoran
families. Malacologia, 61(1-2): 1-526. https://doi.
org/10.4002,/040.061.0201

De Mattia W., Reier S. and Haring E. 2021. Morpho-
logical investigation of genital organs and first insights
into the phylogeny of the genus Siciliaria Vest, 1867
as a basis for a taxonomic revision (Mollusca, Gastrop-
oda, Clausiliidae). ZooKeys, 1077: 1-175. https://doi.
org/10.3897/zookeys.1077.67081

Golding R.E., Byrne M. and Ponder W.F. 2008. Novel
copulatory structures and reproductive functions in
Amphiboloidea (Gastropoda, Heterobranchia, Pulmo-
nata). Invertebrate Biology, 127(2): 168—180. https://
doi.org/10.1111/j.1744-7410.2007.00120.x

Saadi A.J., Davison A. and Wade C.M. 2020. Molecular
phylogeny of freshwater snails and limpets (Panpulmo-
nata: Hygrophila). Zoological Journal of the Linnean
Society, 190(2): 518-531. https://doi.org/10.1093/
zoolinnean/zlz177

Soldatenko E.V. and Petrov A.A. 2012. Mating be-
haviour and copulatory mechanics in six species of Pla-
norbidae (Gastropoda: Pulmonata). Journal of Mollus-
can Studies, 78(2): 185—196. https://doi.org/10.1093/
mollus/eyr056

Soldatenko E.V. and Petrov A.A. 2013. Mating and mor-
phology of the copulatory apparatus in Planorbarius
corneus (Linnaeus, 1758)(Gastropoda: Pulmonata).
Zoosystematica Rossica, 22(2): 153—-164. https://doi.
org/10.31610,/zs1/2013.22.2.153

Soldatenko E.V. and Petrov A.A. 2016. A comparative
study of mating and copulatory mechanics in Hippeutis
complanatus and Segmentina oelandica (Gastropoda:
Pulmonata). Zoosystematica Rossica, 25(2): 189-203.
https://doi.org/10.31610/zsr/2016.25.2.189

Soldatenko E.V. and Petrov A.A. 2019. Musculature of
the penial complex: A new criterion in unravelling the
phylogeny of Hygrophila (Gastropoda: Pulmonata).
Journal of Morphology, 280(4): 508—525. https://doi.
org/10.1002/jmor.20960


https://doi.org/10.1111/j.1463-6409.2006.00258.x
https://doi.org/10.1111/j.1463-6409.2006.00258.x
https://doi.org/10.4002/040.061.0201
https://doi.org/10.4002/040.061.0201
https://doi.org/10.3897/zookeys.1077.67081
https://doi.org/10.3897/zookeys.1077.67081
https://doi.org/10.1111/j.1744-7410.2007.00120.x
https://doi.org/10.1111/j.1744-7410.2007.00120.x
https://doi.org/10.1093/zoolinnean/zlz177
https://doi.org/10.1093/zoolinnean/zlz177
https://doi.org/10.1093/mollus/eyr056
https://doi.org/10.1093/mollus/eyr056
https://doi.org/10.31610/zsr/2013.22.2.153
https://doi.org/10.31610/zsr/2013.22.2.153
https://doi.org/10.31610/zsr/2016.25.2.189
https://doi.org/10.1002/jmor.20960
https://doi.org/10.1002/jmor.20960

Muscle system of penial complex in three species of Hygrophila 293

Wethington A.R. and Lydeard C. 2007. A molecular
phylogeny of Physidae (Gastropoda: Basommatopho-
ra) based on mitochondrial DNA sequences. Journal
of Molluscan Studies, 73(3): 241-257. https://doi.
org/10.1093/mollus/eym021

Starobogatov Y.I. 1967. On systematization of freshwa-
ter pulmonate molluscs. Trudy Zoologicheskogo insti-
tuta AN SSSR, 42: 280-304. [In Russian].

Taylor D.W. 2003. Introduction to Physidae (Gastropoda:
Hygrophila); biogeography, classification, morphology.
Revista de Biologia Tropical, 51(Suppl 1): 1-263,
265-287.


https://doi.org/10.1093/mollus/eym021
https://doi.org/10.1093/mollus/eym021

