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ABSTRACT. The taxonomic position of the genus
Culmenella within Hygrophila remains uncertain. The
spermatozoa of Culmenella rezvoji, a species from the
Far East of Russia, were examined using a combination
of light, scanning and transmission electron microsco-
py with the objective to assess the utility of sperm
characters for clarifying the phylogenetic relationships
of the genus. The spermatozoa of C. rezvoji are divided
into four regions: head, midpiece, glycogen piece and
endpiece. The head contains a slender, cone-shaped
acrosome and a conical nucleus with a sinistrally coiled
keel. The acrosome consists of an apical vesicle and a
thick-walled pedestal with an electron lucent canal par-
tially filled with a patchy electron-dense material. The
midpiece contains the mitochondrial derivative that
encloses apically three parallel glycogen-filled tracts
(helices) positioned in such a way that in the sperm
cross section two helices lie opposite each other and
equidistant from the third helix. The surface of the
sperm above one of the helices forms a high, narrow
ridge; the ridges above the remaining two helices have
a much lower profile. The boundary between the mid-
piece and glycogen piece is demarcated by a constric-
tion (annulus) consisting of an anterior electron-dense
ring and a posterior conical cylinder connected to the
ring with thin filaments. The structure of spermatozoa
in Culmenella is consistent with the general pattern of
sperm morphology common to all studied species of
Hygrophila, but the spermatozoa of Culmenella also
have distinctive characters (three glycogen helices and
high-profile surface ridge in the apical portion of the
midpiece) that should be potentially useful in resolving
the taxonomic position of this genus.

Introduction

The taxonomic system of freshwater pulmo-
nates (Hygrophila) has been reviewed and revised
several times in recent years [Starobogatov et al.,
2004; Bouchet et al., 2005, 2017; Vinarski, Kantor,
2016; Kiyashko et al, 2016], but despite these
attempts to refine the classification of the group a

number of taxonomic problems remain unsolved.
One of these problems is the taxonomic status,
composition and phylogenetic relationships of the
genus Culmenella Clench, 1927. Members of this
genus live in Asia and have been studied by only a
few authors [Clench, 1927, 1931; Lindholm, 1929;
Zhadin, 1952; Hubendick, 1955a, b, 1967; Staro-
bogatov, 1957, 1967; Starobogatov, Prozorova,
1990]. There have been different opinions on the
taxonomic position of this genus: it was assigned
either to Bulinidae [Starobogatov ef al., 2004] or to
Planorbidae [Bouchet et al., 2005; Vinarski, Kantor,
2016], even though the taxonomic boundaries of
both families are still to be firmly established. Re-
cently, Culmenella and closely related Camptoceras
Benson, 1843 were shown by molecular data to be
a sister group of Ferrissia (Tryon, 1863) (fam.
Ancylidae) [Saito et al., 2018], but these results
should be regarded as preliminary due to limited
taxon sampling. Overall, the taxonomic position of
Culmenella remains uncertain warranting the search
for new criteria that may shed light on morphology,
taxonomy and phylogeny of this genus.

Sperm ultrastructure has been a consistently
reliable source of phylogenetic markers in several
groups of gastropods [Thompson, 1973; Kohnert,
Storch, 1984; Healy, Willan, 1991; Hodgson et al.,
1991; Healy, 1993, 2001; Healy, Taylor, 1996; Hodg-
son, Healy, 1998; Ropstorf et al., 2002] and was
successfully employed in phylogenetic studies [Pon-
der, Lindberg, 1997; Dayrat, Tiller, 2002]. Among
about 500 species of Hygrophila [Strong et al.,
2008], sperm ultrastructure is currently known only
for 16 species [Bogitsh, 1974; Maxwell, 1975, 1977,
Kitajima, Paraense, 1976; Rigby, 1982; Healy, 1983;
Brackenbury, Appleton, 1991a, b; Appleton, Brack-
enbury, 1997; Hodgson, Healy, 1998; Soldatenko,
Shatrov, 2016; Soldatenko et al., 2016]. These
studies have shown that the spermatozoa of Hy-
grophila have a complex morphology with a number
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of traits common to all studied species. The sper-
matozoa are divided into four successive regions:
head, midpiece, glycogen piece and endpiece. The
head is occupied by a nucleus, usually in the shape
of a slender cone, which is tipped by an acrosome
consisting of an acrosomal pedestal capped with an
apical vesicle. The midpiece, which is by far the
longest region of the spermatozoon, is filled with a
mitochondrial derivative surrounding the axoneme.
The mitochondrial derivative encloses long strands
of glycogen (glycogen helices) coiling in a helix-like
fashion along the length of the midpiece. The sur-
face of the nucleus and the midpiece is covered
with spiralling ridges serving to add rotation to the
forward movement of the sperm. The boundary
between the midpiece and the glycogen piece is
abrupt and is marked by a constriction known as
annulus. The glycogen piece lacks the mitochondri-
al derivative and is filled instead with an amorphous
mass of glycogen surrounding the axoneme. The
posterior-most region of the sperm, the endpiece,
contains only the tip of the axoneme enclosed in the
plasma membrane.

The morphology of the acrosome, nucleus, hel-
ices, and ridges shows significant variation be-
tween species of Hygrophila suggesting that they
can be used as a source of phylogenetic informa-
tion. Since no information on sperm morphology in
Culmenella is currently available, we have exam-
ined the spermatozoa of Culmenella rezvoji (Lind-
holm, 1929), a species from the Far East of Russia,
with the objective to compare their morphology
with that of other species of Hygrophila. The study
used a combination of light, scanning and transmis-
sion electron microscopy to make an accurate as-
sessment of the size and shape of the sperm struc-
tures. The information on sperm morphology pre-
sented in this study may provide the foundation for
establishing new taxonomically informative charac-
ters and contribute to creating a more comprehen-
sive dataset for the phylogenetic analysis of Hy-
grophila.

Material and Methods

The snails (sexually mature individuals) of C.
rezvoji were collected by T.Ya. Sitnikova in July
2014, in marshes connected with an inlet of Lake
Khanka (Primorsky Krai; 44°42°N, 132°04’E). All
individuals were identified by E.V. Soldatenko and
the voucher specimens were deposited at the Zoo-
logical Institute, Russian Academy of Sciences (St.
Petersburg, Russia).

Since the spermatozoa of Hygrophila have a
significant length (250 pm to 900 pm) and are
packed in the seminal vesicles in a regular and
highly compressed fashion [Soldatenko et al., 2018],
the detailed examination of sperm morphology and

measurement of morphometric parameters were
made possible by smearing the contents of the
seminal vesicles on microscope slides or cover-
slips, which produced a great number of stretched,
isolated spermatozoa.

For light microscopy (LM), the preparations
were made as dry mounts [Soldatenko et al., 2016].
The seminal vesicles were extracted from live mol-
luscs and placed on a slide in a drop of distilled
water, then teared apart and smeared on the slide
with entomological pins. The smears were air-dried,
rinsed in distilled water and then air-dried once
again. Only fully mature spermatozoa or those at
the final stages of maturation were used for meas-
urements and the description of morphology. The
preparations of spermatozoa were photographed on
a Leica DM LS-2 light microscope equipped with a
Leica EC-3 digital camera.

For scanning electron microscopy (SEM), the
method of dry-mount preparations on coverslips
was used. The seminal vesicles were spread out on
a coverslip until spermatozoa were well separated
from one another. Preparations were then washed
several times in distilled water, air-dried, covered
with a platinum layer in an Eiko IB-5 apparatus, and
examined with SEM Quanta-250 (FEI) at 10-15 kV
and magnification of up to x50000.

For transmission electron microscopy (TEM),
the seminal vesicles were fixed with 2.5% glutaral-
dehyde in 0.1M phosphate buffer (pH 7.2-7.4) for
no less than 4 h at 4-6°C. The specimens were then
washed in several changes of 0.2M phosphate buff-
er, post-fixed with 2% osmium tetroxide in 0.1M
phosphate buffer for 2-4 h at the same temperature,
dehydrated in an ethanol and acetone series and
embedded in an araldite mixture. Ultra-thin sections
were made on a Leica UC-6 ultramicrotome and,
after staining with uranyl acetate and lead citrate,
were examined and photographed with a Morgagni-
268D (FEI) transmission electron microscope.

The measurements of sperm cells were made
from light microscopy images and SEM (Table 1)
and TEM (Tables 2, 3) micrographs. The morpho-
metric characteristics of spermatozoa and the ab-
breviations used in tables are shown schematically
in Fig. 1.

Results

Light-microscopic observations. The total sperm
length ranges from 372 to 439 pum (Fig. 2). The
spermatozoa are divided into four regions: head,
midpiece, glycogen piece and endpiece. The head
(Fig. 2), comprising the acrosome and the nucleus,
has the shape of a slender cone about 5 um in length
(Table 1). Most of the remaining sperm length (on
average about 84%) is occupied by the midpiece
(Table 1). Under oil immersion the midpiece shows
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FIG. 1. Schematic representation of a spermatozoon of Culmenella rezvoji illustrating various sperm structures and morphometric
parameters used in Tables 1-4. The midpiece and glycogen piece are shown shortened for clarity. Abbreviations: a, acrosome;
an, annulus; ax, axoneme; cf, coarse fibres connected with axonemal doublets; Dal, apical acrosomal diameter; Da2, basal
acrosomal diameter; Dg, diameter of glycogen region; Dn1, nuclear diameter near acrosome; Dn2, basal nuclear diameter; Ds,
midpiece diameter at neck region; gh, glycogen helices; gp, glycogen particles; hk, helical nuclear keel; Hr, height of high
surface ridge; La, acrosomal length; Lge, combined length of glycogen piece and endpiece; Lh, head length; Lm, midpiece
length; Ln, nuclear length; md, mitochondrial derivative; n, nucleus; r, high surface ridge; Vr, pitch length of spiral followed by
high surface ridge.

PUC. 1. Cxemaruueckoe nuzobpaxenue criepmarozonna Culmenella rezvoji, mokaspIBaroliee pa3InIHbIC €r0 CTPYKTYPHBIE dJ1e-
MEHTBI 1 MOP(OMETPHUECKHE TTapaMeTpPbl, UCIONb3yeMble B Tabiuiax 1-4. Jlns HaIAAHOCTH CPEHUH U TIIMKOTeHOBBIN
OT/IeJIBI IIOKA3aHbI 3HAYUTENIFHO YKOpOoueHHBIMH. COKpaIleHus: a, akpoCOMa; an, aHHYJII0C; ax, akcoHeMa,; cf, rpy0ble BOJIoK-
Ha, CBS3aHHbIE C QyIUIETaMU MUKPOTPYyOOUeK akcoHeMbl; Dal, anukanbHbINA JuaMeTp akpocoMbl; Da2, 6a3aibHbIi AuameTp
akpocomsl; Dg, nuamerp rmmkoreHoBoro otaena; Dnl, tuamerp sapa BOiIHM3M akpocombl; Dn2, nuamerTp siipa y ero ocHOBa-
Hust; Ds, muaMetp cpeHero otaena B 00acTH MeHKH; gh, NMTUKOTEHOBEIE CIIAPAH; g, YaCTHIIBI NTUKOTeHa; hk, crimpanbHbIit
saepHbId kb, Hr, BbicoTa BeIcOokoro rpebHs; La, minHa akpocomsl; Lge, oOmas AinHa NIMKOT€HOBOTO ¥ XBOCTOBOTO
otzenos; Lh, qmaa ronosky; Lm, ymmHa cpennero otnena; Ln, aiunHa sigpa; md, MUTOXOHApHAIbHAS IPOU3BOIHAS; N, SAPO;
T, BBICOKHH rpebeHb; Vr, NIMHa OJHOTO 000poTa CIIUPAIN BEICOKOTO IpeOHs.

a single high ridge coiled along the length of the
spermatozoon.

Electron-microscopic observations. The acro-
some is composed of a long acrosomal pedestal and
a small apical vesicle located at the tip of the pedes-
tal (Fig. 3A-B) and has the shape of a slender
cylindrical cone with a blunted apex (Fig. 4). The
apical diameter of the acrosome is about 34% its

basal diameter (Table 4). The pedestal caps the
apical end of the nucleus and is slightly curved at
the base so that the pedestal appears tilted relative to
the apical portion of the nucleus (Fig. 3A—B). The
pedestal has thick, electron dense walls surround-
ing an electron lucent canal (Fig. 3B), which is
partially filled with a patchy network or irregular
streaks of electron-dense material (Fig. 3B). The

Table 1. Morphometric characteristics of spermatozoa of C. rezvoji. Light microscopy (LM) and scanning electron microscopy
(SEM). Data are expressed as mean + standard deviation (minimum—maximum).

Tabn. 1. Mopdomerprdeckue xapakTepucTiku criepmato3onioB C. rezvoji. CeroBas (CM) 1 cKkaHHpYIOIIast 3J€KTPOHHAs
mukpockomus (COM). JlaHHbIe MpenCcTaBICHBI B BUIE CPEAHET0 apU(PMETHIECKOTO + CTaHAAPTHOE OTKIOHEHNE (MUHUMYM—

MaKCHMYM).

Morphometric indices of sperm structures (pum)

Ls | Lh | Lm* | Lge* | Nh

45 419291534  523+037  352.40+18.16 61.66+9.92 ;
(372.00-439.00)  (4.30-5.70)  (292.50-380.50) (38.00-76.00)

Lge — combined length of glycogen piece and endpiece (LM); Lh — head length (SEM); Lm — midpiece length (obtained by
subtracting Lh and Lge from Ls); Ls — total sperm length (LM). Nh — number of glycogen helices (SEM). *Indices Lm and
Lge may have measuring errors because the boundary between the midpiece and the glycogen regions is almost indistinct by
LM.

Lge — o0m1as mrHa DIMKOTEHOBOTO U XBOCTOBOTO 0TAEI0B (CM); Lh — mmnHa ronosku (COM); Lm — myinHa cpeHero otaena
(monyuena BerantanueM Lh u Lge u3 Ls); Ls — o0Ommas anuna ciepmaro3ona (CM). Nh — unciio mHKOreHOBBIX crinpaneit
(COM).*Uunexcel Lm u Lge MoTyT conmepKaTh IIOTPEUTHOCTH H3MEPEHNUH, TaK KaK IPaHHIIA MEKIY CPEIHIM U TITUKOT€HO-
BBIM OT/IEJIaMH IIOXO Pa3IndlMa Ha CBETOMHKPOCKOITHYECKOM YPOBHE.
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Table 2. Morphometric ultrastructural characteristics of the sperm head of C. rezvoji (TEM). Data are expressed as mean +
standard deviation (minimum—maximum).

Tabn. 2. Mopdomerprudeckue yasTpacTpyKTypHbIE XapaKTEPUCTHKH TOJIOBOK criepmaro3nonoB C. rezvoji (IIpocBevnBaroIas
9JIEKTPOHHAS! MUKPOCKOMHS). J[aHHbIE MPE/ICTABICHBI B BUAE CPETHET0 apu(METHYECKOTO + CTaHIAPTHOE OTKIOHEHHE (MHU-
HUMYM—MaKCHUMYM).

Morphometric indices of sperm structures (pum)
n_ | Ln | La | Lh | Dnl | Dn2 | Dal | Da2
45 3.47+0.62  1.20+£0.08  4.52+0.64 0.13£0.01 0.78+0.09 0.12+0.03 0.35+0.04
(2.54-4.44) (1.00-1.39) (3.60-5.67)  (0.09-0.14) (0.60-0.93) (0.07-0.18)  (0.26-0.43)

Dal — apical acrosomal diameter; Da2 — basal acrosomal diameter; Dn1 —nuclear diameter near acrosome; Dn2 — basal nuclear
diameter; La — acrosomal length; Lh —head length; Ln —nuclear length.

Dal — anmkanbHEIH 1uaMeTp akpocomsl; Da2 — 6a3anbHbI quaMeTp akpocoMsl; Dnl — nuamertp siapa BOIM3H akpocoMsr; Dn2
— IMameTp aapa y ero ocHoBanusl; La — nuinna akpocomsl; Lh — muinna ronosku; Ln — nnuna sapa.

Table 3. Morphometric ultrastructural characteristics of the midpiece and glycogen piece of spermatozoa of C. rezvoji (TEM).
Data are expressed as mean £+ SD (minimum—maximum).

Tabm. 3. Mophomerprudeckue yIsTpacTpyKTypHbIE XapaKTEPHCTHKU CPEIHETO U IINKOTEHOBOTO OT/EJIOB CriepMaTo30u0B C.
rezvoji (IPOCBEUNBAIOIAsT IEKTPOHHAs MUKPOCKOIH). JlaHHbIE MPEACTABIEHBI B BUJIE CPEAHETO apuPMETHIECKOTO +
CTaHAAPTHOE OTKJIOHEHNE (MUHUMYM—MaKCUMYM).

Morphometric indices of sperm structures (um)

n
Ds | Dg | Hr | Vr
45 0.61+0.10 0.44+0.06 0.37+0.05 1.76+0.16
(0.43-0.77) (0.32-0.54) (0.26-0.54) (1.41-1.99)

Dg — diameter of glycogen region; Ds — midpiece diameter at neck region; Hr — height of high surface ridge; Vr — pitch length of
spiral followed by high surface ridge.

Dg — nuameTtp rukoreHoBoro otaena; Ds — muamerp cpeanero otnena B ooiacty mieiiku; Hr — BricoTa BeIcOKOT0 rpedHst; Vr —
JUTHHA OHOTO 000pOTa CIIMPAITH BEICOKOTO TPEOHS.

Table 4. Morphometric proportions of spermatozoa of C. rezvoji (n=45). Data are expressed as mean + standard deviation
(minimum-maximum).

Ta6n. 4. OtHOmEHUS MOPHOMETPHUECKUX XapaKTEPUCTHK criepMaTo3ounoB C. rezvoji (n=45). JlaHHbBIe IpeACTaBIeHE! B BUIE
CpenHero apu(pMETHIECKOro + CTaHAApPTHOE OTKIIOHEHHE (MUHUMYM—MAKCHMYM).

Sperm proportions
LhiLs | Lm/lLs | Lge/ls | Laln | Ln/Dn2 | Dal/Da2 | Da2/Dn2 | Dg/Dn2
0.013£0.001  0.84+0.03  0.15+0.03  0.350.06  4.52+1.13  0.34+0.08  0.45£0.06 0.57+0.11
(0.010-0.015)  (0.79-0.90)  (0.09-0.20)  (0.27-0.46)  (2.75-6.69)  (0.26-0.56) (0.35-0.60) (0.34-0.84)

Dal — apical acrosomal diameter; Da2 — basal acrosomal diameter; Dg — diameter of glycogen region; Dn2 — basal nuclear
diameter; La —acrosomal length; Lge — combined length of glycogen piece and endpiece; Lh —head length; Lm — midpiece
length; Ln —nuclear length; Ls — total sperm length.

Dal — anukanbsHbIN quameTp akpocoMsl; Da2 — GasanbHbIN AuaMeTp akpocoMsl; Dg — quameTp MIMKOreHoBOro otaesna; Dn2 —
OazanpHBI TnameTp aapa; La — mmuHa akpocoMsr; Lge — o01mas [uimHa IIIMKOTEHOBOTO M XBOCTOBOTO 0TAe0B; Lh — nimnHa
ronoBkH; Lm — nimHa cpenero otaena; Ln — nimna sinpa; Ls — o0mias JutnHa criepMaTo301a.

apical vesicle appears to be ovoid in some electron
micrographs, but its exact shape and size cannot be
properly resolved.

The nucleus has the shape of a slender cone and
is about three times as long as the acrosome (Tables
2, 4). The basal portion of the nucleus is much
wider than its apical portion (Table 2). The surface
of the nucleus bears a wide sinistral helical keel that
makes 2.5 turns along the length of the nucleus

ending at about one-fifth the distance from the
nuclear base (Figs 3A, 4). A narrow electron-lucent
axial channel passes through the entire length of the
nucleus. Basally, the nucleus has a shallow V-shaped
fossa that encloses the proximal ends of the ax-
oneme and coarse fibres (Fig. 3A, D).

The neck region of the midpiece is marked by an
electron-dense ring closely apposed to the base of
the nucleus and encircling the axial complex of the
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FIG. 2. General view of a spermatozoon of Culmenella rezvoji.
Light microscopy. Scale bar =100 pm.

PUC. 2. CBeroBast MukpogoTorpadus o0Iero Buaa crnep-
marozouna Culmenella rezvoji. MacmraGHast TiHelka =
100 MKM.

midpiece (Fig. 3A, D). The axial complex originates
from the V-shaped fossa at the base of the nucleus
and consists of an axoneme with a typical 9+2
microtubule pattern surrounded in the apical portion
of the midpiece by nine thick coarse fibres. In the
neck region, the mitochondrial derivative is filled
with a single mass of glycogen granules (Fig. 3A,
D), but in the apical portion of the midpiece, this
glycogen mass becomes separated into three glyco-
gen-filled tracts (helices) (Fig. 3D, E) that extend in
a spiral fashion along the length of the midpiece.
The helices run in parallel one after another and are
arranged in such a way that the third (distal-most)
helix is followed by a gap about the width of
another helix (Fig. 3D, F). In the sperm cross
section, the first and the third helices lie opposite
each other and equidistant from the middle helix,
with the gap located opposite the middle helix (Fig.

3E). The surface of the sperm above the third helix
forms a high, narrow ridge filled with electron
dense material (Fig. 3D-F); this is the only ridge
that is clearly visible in a light microscope. The
ridges above the remaining two helices have a much
lower, triangular profile (Fig. 3F). The surface ridg-
es gradually decrease in height posteriorly and final-
ly disappear in the posterior portion of the midpiece
(Fig. 3G-I). The glycogen helices terminate con-
secutively along the length of the midpiece leaving
first two helices (Fig. 3G), then one (Fig. 3H) and
finally no helices near the posterior end of the
midpiece (Fig. 31). The diameter of the midpiece
only slightly decreases towards its posterior end
(Table 3).

The boundary between the midpiece and the
glycogen piece is marked by a constriction (annu-
lus). The anterior part of the annulus consists of
ring-shaped electron-dense material at the posterior
end of the mitochondrial derivative (black arrows,
Fig. 3J-L). The posterior part is a hollow, truncated
electron-dense cone 0.1+0.02 pm (n=4) in length
(white arrows, Fig. 3K-L) capping the glycogen
mass of the glycogen piece. The cone narrows
down posteriorly and flares out at the anterior end
attaching with its flaring rim to the plasma mem-
brane of the sperm (Fig. 3K-L). The anterior ring-
shaped structure and the posterior cone are con-
nected by thin filaments.

The axoneme in the glycogen piece is tightly
surrounded by an amorphous mass of glycogen
granules (Fig. 3J, K, M). The endpiece is short and
has initially the classical 9+2 microtubule pattern
(Fig. 3N), but further down the tail the microtu-
bules terminate one after another until none are left
at the distal tip of the sperm (Fig. 30).

Discussion

The spermatozoa of C. rezvoji are typical in
morphology for Hygrophila consisting of four dis-
tinct regions: head, midpiece, glycogen piece and
endpiece [Anderson, Personne, 1967, 1970; Max-
well, 1975, 1977; Kitajima, Paraense, 1976; Dan,
Takaichi, 1979; Rigby, 1982; Healy, 1983, 1988;
Brackenbury, Appleton, 1991a, b; Schileyko, 1991;
Healy, 2001; Appleton, Brackenbury, 1997; Hodg-
son, Healy, 1998]. Like all other Hygrophila, C. rezvoji
has the spermatozoa with the heads containing an
acrosome (apical vesicle and pedestal) and a nucleus
with a sinistrally coiled keel. The acrosome of C.
rezvoji 1s similar in its narrow, conical shape to
those of Ancylus fluviatilis O.F. Miiller, 1774
[Hodgson, Healy, 1998; Soldatenko, Shatrov, 2016],
Armiger crista (Linnaeus, 1758) [Soldatenko et al.,
2016], Biomphalaria glabrata (Say, 1818) [Kitaji-
ma, Paraense, 1976], three species of Bulinus O. F.
Miiller, 1781 [Appleton, Brackenbury, 1997; Brack-
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FIG. 3. Longitudinal (LS) and transverse (TS) TEM sections of spermatozoa of Culmenella rezvoji. A. LS, head of a spermatozoon

at the final stage of maturation. B. LS, internal structure of the acrosome. C. TS, middle portion of the nucleus. D. LS, basal
portion of the nucleus, the neck region and the anterior portion of the midpiece. E. TS, neck region showing coarse fibres,
three glycogen helices enclosed within the mitochondrial derivative and a high surface ridge. F. LS, middle portion of the
midpiece showing three glycogen helices, a high surface ridge, the mitochondrial derivative and the axoneme. G. TS, middle
portion of the midpiece with two glycogen helices and the axoneme. H. TS, posterior portion of the midpiece with a single
glycogen helix. I. TS, posterior portion of the midpiece without glycogen helices. J. TS, annulus region showing a ring at the
tip of the mitochondrial derivative (black arrows). K-L. LS, annulus region showing a ring at the tip of the mitochondrial
derivative (black arrows) and a cylinder at the anterior end of the glycogen piece (white arrows). M. TS, glycogen region. N.
TS, axoneme in the tail region with a complete 9+2 pattern of microtubules. O. TS, tail region without an axoneme.
Abbreviations: a, acrosome; ac, axial acrosomal canal; ap, acrosomal pedestal; av, apical vesicle; ax, axoneme; cf, coarse fibres
connected with axonemal doublets; g, glycogen granules; gh, glycogen helices; gp, glycogen particles; hk, helical nuclear keel;
md, mitochondrial derivative; n, nucleus; r, high surface ridge; s, sub-nuclear ring; sa, streaks of electron dense material in axial
acrosomal canal. Scale bars: A= 1.0 pm; B-L =0.25 pym; M-O = 0.5 pm.
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enbury, Appleton, 1991a], Gyraulus albus (O. F.
Miiller, 1774) [Soldatenko et al., 2016], Physa acu-
ta Draparnaud, 1805 [Brafikenbury, Appleton,
1991b], Planorbis planorbis (Linnaeus, 1758) [Sol-
datenko, Shatrov, 2016], and Planorbarius corneus
(Linnaeus, 1758) [Thompson, 1973; Soldatenko,
Shatrov, 2016]. This contrasts with the spermato-
zoa of Burnupia stenochorias (Melvill et Ponsonby,
1903) [Hodgson, Healy, 1998], three species of
Lymnaea Lamarck, 1799 [Thompson, 1973; Max-
well, 1975, 1977; Rigby, 1982; Healy, 1983], and
Segmentina nitida (O.F. Miiller, 1774) [Soldatenko,
Shatrov, 2016], which have short, widely conical
or cap-shaped acrosomes. The length of the acro-
some in Hygrophila varies from 0.7 pm in Burnupia
stenochorias [Hodgson, Healy, 1998] to 2.2 um in
Bulinus tropicus (Krauss, 1848) [Brackenbury, Ap-
pleton, 1991a] and that of C. rezvoji (ca. 1.2 pum) is
approximately in the middle of this range. In gener-
al, the size and shape of the acrosome does not
provide any new evidence on the phylogenetic posi-
tion of Culmenella.

Although the structure of the acrosomal pedes-
tals is not always well resolved by TEM, it is
possible to make some preliminary conclusions re-
garding the morphological differences of pedestals
within Hygrophila. On the basis of their internal
structure, the acrosomal pedestals in Hygrophila
can be divided into two types. The first type (Planor-
bis planorbis, Gyraulus albus, and Armiger crista)
is characterized by the presence of an electron
dense cone-shaped plug that occupies the internal
space in the pedestal near its base [Soldatenko,
Shatrov, 2016; Soldatenko et al., 2016]. The sec-
ond type (Ancylus fluviatilis, Planorbarius cor-
neus, Segmentina nitida and three species of Lym-
naea) lacks an internal plug; the inner space in these
pedestals is electron lucent or filled with a network
of flocculent electron-dense material [Rigby, 1982;
Healy, 1983; Soldatenko, Shatrov, 2016; Soldatenko
et al.,2016]. The pedestal with an internal plug has
so far been described only in the species that belong

FIG. 4. Scanning electron micrograph of the sperm head of
Culmenella rezvoji. Scale bar=1 pm.

PUC. 4. Muxkpodororpadust (CkaHUpYIOMAs IEKTPOHHAS
MHUKPOCKOIHS) TONOBKH criepmaro3zouna Culmenella
rezvoji. MacmraOHas TuHEiKa = 1 MKM.

to the tribe Planorbini (fam. Planorbidae), which
was shown by molecular evidence to be nested
deep within Hygrophila [Albrecht et al., 2006; Sol-
datenko, Petrov, 2019], and therefore this type of
pedestal might constitute a synapomorphy of this
tribe. In contrast, the pedestal without a plug is
present across different hygrophilan groups and is
likely to be the basal condition for Hygrophila. The
pedestal of C. rezvoji lacks an internal plug and if
this type is indeed a plesiomorphic condition, it
cannot provide any information on the phylogenetic
relationships of this species.

The sperm nucleus of C. rezvoji is narrowly
conical in shape, which is the most common condi-
tion in Hygrophila. The exception is the nuclei of
Segmentina nitida that have a characteristic hour-

PUC. 3 (Ilpempinymias ctpanuna). Mukpogororpaduu (IpocBednBaromas 3MeKTPOHHAs MUKPOCKOIHsT) ponoisHbIX (LS) n

nonepeussIX (TS) cpe3os ciepmarozonnoB Culmenella rezvoji. A. LS, ronoBka ciepMaTo3onia Ha IIOCIIeAHEeH CTaIuH co3pe-
BaHus. B. LS, BHyTpenHss cTpykTypa akpocoMmsl. C. TS, cpennsis gacte siapa. D. LS, 6a3anbpHas dacte siapa, o0macTb
meiiku 1 nepeHss yacTh cpeaero oraena. E. TS, obnacts meiiku ¢ rpyObIMU BOTOKHAMH, TPEMSI ITTUKOTE€HOBBIMH CTIUpATs-
MH BHYTPH MHTOXOH/IpHAJIBHOHN IIPOM3BOJHON 1 BEICOKUM rpebHeM. F. LS, cpennsis qacTh cpeHero otTaena ¢ TpeMs IIHKO-
TEHOBBIMH CITUPAJISIMU, BBICOKHM I'peOHEM, MUTOXOHIPUAIIEHOM TPOU3BOIHOI 1 akcoHeMol. G. TS, cpenHsist 4acTb CpeaHero
oTJena ¢ 1ByMs IkoreHoBbIMU cripansaMu. H. TS, 3aiusist uactb cpeHero otaena ¢ oqHou mukoreHoBow cnupansto. L TS,
3aIHSSL 9aCTh CPEJIHETO OT/ena O0e3 NIMKOreHOBhIX crupaieil. J. TS, o6macTs aHHYIIOCa ¢ KOTBI[OM Ha KOHUYMKE MUTOXOH/[PH-
anpHOU pon3BoHOM (depHbie cTpenkn). K—L. LS, 06nacTh aHHyI0Ca; YepHbBIC CTPEJIKH YKa3bIBAOT Ha KOJIBIIO HA KOHUHKE
MHTOXOHIPHAIEHO TPON3BOIHOM, GeIbIe CTPENKH YKa3bIBAIOT HA IIMIIMHP HA TIepeIHeM KOHIIE ITTMKOTeHOBOTO oTAena. M.
TS, rmuxorenossiii otaen. N. TS, akcoHeMa B XBOCTOBOM OT/AEINE € OJIHBIM HA00pOM MUKpOTpyOouek (9+2). O. TS, xBocTo-
Bo# oTzen 6e3 akconeMbl. COKpallleHus: a, aKpoCcoMa; ac, 0CEBOI KaHaJI akpOCOMBI; ap, akpOCOMHBIH ITbEJIECTAIT; aV, alTHKAIb-
HBIH My3BIpeK; ax, akcoHeMa; cf, rpyOble BOIOKHA, CBSI3aHHBIE C AyTIIETaMU MHKPOTPYOOUEeK aKCOHEMBI; g, ITTHKOTCHOBEIE
rpaHyIsl; gh, NIMKOT€HOBBIE CIIUPANH; gp, YaCTUIIBI IHKoreHa; hk, crupanbHbIA sAepHbIH KiiTb; md, MUTOXOHIpHAIbHAS
MPOU3BOAHAS; N, SAPO; I, BEICOKHI I'peOeHb; s, MOABIAEPHOE KOIBIO; SA, BOJOKHA 3IEKTPOHHO-IUNIOTHOTO MaTephaia B
0CeBOM KaHaJle akpocoMbl. Macmtabusle muneiiku: A = 1.0 mxm; B-L = 0.25 mxm; M-O = 0.5 MkM.
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glass shape, and widely conical nuclei of Lymnaei-
dae. In all Hygrophila, the nucleus bears one or
several keels wound in a sinistral spiral along the
length of the nucleus. Culmenella rezvoji has the
sperm nucleus with a single keel, a condition, which
is also found in Burnupia stenochorias [Hodgson,
Healy, 1998], Armiger crista [Soldatenko et al.,
2016], Gyraulus albus [Soldatenko et al., 2016]
and species of Bulinus [Brackenbury, Appleton,
1991a; Appleton, Brafikenbury, 1997]. Two keels
are present in Ancylus fluviatilis [Hodgson, Healy,
1998, Biomphalaria glabrata [Kitajima, Paraense,
1976], Physa acuta [Brackenbury, Appleton, 1991b],
and Planorbarius corneus [Soldatenko, Shatrov,
2016] and species of Lymnaea have seven parallel
keels [Maxwell, 1975, 1977; Rigby, 1982]. Since
Culmenella was suggested by molecular evidence
to be related to Ferrissia (i.e. the family Ancylidae),
the differences in the number of nuclear keels be-
tween C. rezvoji (one keel) and Ancylus fluviatilis,
another representative of Ancylidae (two keels), is
an indication that this character is likely to be varia-
ble within groups of familial rank and might be
determined not only by phylogenetic constraints,
but also by the hydrodynamic conditions within the
reproductive tracts of each particular species.

In the midpiece, the spermatozoa of C. rezvoji
have two characters that distinguish them from the
spermatozoa of all other Hygrophila studied to date.
One of these characters is the number and arrange-
ment of glycogen helices. The maximum number of
helices in C. rezvoji is three, while in most Hy-
grophila the spermatozoa have apically four helices
that run equidistant from one another. In C. rezvoji,
the glycogen helices run parallel side-by-side, with
the third helix followed by a gap in place of a
missing fourth helix. Three helices in the apical part
of the midpiece have previously been described in
Planorbarius corneus [Soldatenko, Shatrov, 2016]
and Physa acuta [Brackenbury, Appleton, 1991],
but unlike those in C. rezvoji the helices in these
species appear to run at roughly equal distances
from one another, with no additional gap between
them.

The second unique feature of the sperm mid-
piece in C. rezvoji is a high and narrow ridge above
the third helix; the surface ridges of other Hy-
grophila have a significantly lower profile. The two
other surface ridges in C. rezvoji are much lower in
height; this difference in height and shape between
the ridges is also uncommon in Hygrophila and has
so far been described only in Planorbarius corneus
[Soldatenko, Shatrov, 2016].

The annulus region in different species of Hy-
grophila was described by different authors either
as a simple constriction [Kitajima, Paraense, 1976],
a single ring [Brackenbury, Appleton, 1991a, b;
Appleton, Brackenbury, 1997] or a more complex

structure composed of two or three elements [Sol-
datenko, Shatrov, 2016; Soldatenko et al., 2016].
The differences in descriptions, however, may be
due to accumulation of electron-dense material in
the annulus regions, which makes these structures
difficult to resolve by TEM. It is possible that most
or all annuli in Hygrophila may in fact be composed
of two elements: the anterior ring and the posterior
hollow cylinder or cone, and the most obvious
difference between the annuli in different species is
in the length of the posterior structure, which can
be either long or short. The annulus of C. rezvoji
conforms to this bipartite morphology and belongs
to the type with a long cylinder.

The comparative analysis of sperm morphology
of C. rezvoji does not reveal any sperm characters
that may be regarded as well-supported synapo-
morphies shared with any other species of Hy-
grophila, for which the sperm morphology is cur-
rently known. Several of the traits that characterize
the spermatozoa of C. rezvoji are either very com-
mon in Hygrophila (narrow conical acrosome, con-
ical nucleus with a single keel) or appear to be
plesiomorphic for the whole group (acrosome with-
out an electron dense plug). The spermatozoa of
C. rezvoji are similar to those of Planorbarius
corneus in having apically three glycogen helices
and ridges of different shape and height, but this
similarity is probably a result of convergence. Two
characters that have so far been found only in C.
rezvoji (three glycogen helices apically with a gap
after the third helix and an exceptionally high surface
ridge above the third helix) may prove to be
particularly useful in clarifying the phylogenetic
relationships of this species and genus. If found in
the genera thought to be related to Culmenella (e.g.
Camptoceras and Ferrissia), these characters may
significantly strengthen the case for uniting these
genera into a single monophyletic group.
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PE3FOME. Bormpoc 0 TaKCOHOMHYECKOM TIOJOKEHIH
pona Culmenella B ipenenax Hygrophila octaercst muc-
KyCCHOHHBIM. /17151 BBIAICHEHUS BO3MOKHOCTH HCTIOJIb-
30BaHUs TPU3HAKOB MOP(OJIOTUH CIIEPMHEB B yCTa-
HOBJICHUH (HryIoreHeTHYecKHX cBsizelt Culmenella Obu1o
MIPOBEICHO KOMILJIEKCHOE HCCIIEIOBaHUE CIIEPMaTo30-
UJIOB BHEBOCTOYHOTO TMPEJICTABUTENS 3TOTO PO/,
Culmenella rezvoji (Lindholm, 1929), ¢ ucmonn3oBanu-
€M CBETOBOM, CKAaHUPYIOLLEH 3JIEKTPOHHOM U NPOCBE-
YUBAIOIICH 2JIEKTPOHHON MUKpOoCcKoruH. CriepMaro3o-
unsl C. rezvoji NenaTcsl Ha 4eThIpe OT/elNa: TOJI0BKY,
CpeIHHH OT/EI, NIMKOTeHOBBIH OT/IeI ¥ XBOCT. [ 010BKa
CIEPMUS COAEPKUT y3KYIO, KOHYCOBHIHYIO aKPOCOMY
1 KOHUYECKOE APO C JIEBO3aKPYIECHHBIM KHJIEM. AKPO-
COMa COCTOWT U3 alMKaJIbHOTO ITy3BIPbKa U TOJICTO-
CTEHHOTO MbEJIECTANA C TPOXOSIIIUM CKBO3b HETO JJIeK-
TPOHHO-TIPO3PAYHBIM KaHAJIOM, YaCTHYHO 3allOJHEH-
HBIM XJIOIIbEBUIHBIM 3JICKTPOHHO-IIFIOTHBIM MaTepHa-
soMm. CpeHui OTAEN COAEP>KUT MUTOXOHIPHATIBHYTO
MIPOM3BOIHYIO, KOTOpasi B CBOCH amMKalbHON YacTH
BKJIFOYAET TP MapaJUIeIbHbIC TNTUKOTCHOBBIE CIUPAIIH,
pacrioyokeHHbIE TAaKKMM 00pa3oM, 4TO Ha IIOTIEPEYHOM
cpese uepes CliepMuit IBe CITUpaIH JeskaT IPOTHUBOIIO-
JIOKHO JIPYT APYTY, @ TPEThsl HAXOAUTCS Ha PaBHOM
paccTostHUM OT HUX. [IoBEpXHOCTH criepMust Haf OTHOM
13 CIHpasieil HeceT BRICOKHM, Y3KH TpeOeHb; rpeOHH
HaJl IBYMsI APYTUMH CIIUPATAMHU 3HAYUTEILHO HIUKE.
CpenHuii oTaesn OTAeCH OT IFTMKOTEHOBOT0 OT/IeNa ITe-
PeTSKKOM (aHHYIIOCOM), COZIEpKAIIUM B CBOEH mepe-
JTHEH YacTH JIEKTPOHHO-TUIOTHOE KOJIBIIO, a B 3aHEH —
KOHUYECKUH IIMIIMH/P, COSTUHEHHBIN C KOIBIIOM TOH-
knmu punamentamu. Cnepmun Culmenella cootser-
CTBYIOT OOIIIeH CXeMe OpTaHU3aIN1, XapaKTePHOH IS
criepMHeB Bcex uccnenoBanubix Hygrophila, Ho nMeror
TaK)Ke U OTINYUTENLHBIE 0COOEHHOCTH (TPH TIIUKOTE€HO-
BbI€ CITUPAJIN ¥ BEICOKHH TPEOCHB B alMKaIbHOM YaCcTH
CPEHETO OT/eNa), KOTOPhIE CIeIyeT YUUTHIBATh MPH
YTOYHEHUH TAKCOHOMUYECKOTO MTOI0XKEHHS 3TOTO POAIa.




