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Understanding the patterns of microevolutionary processes involves a wide range of population ge-
netic studies on different species. However, the number of genetically studied species is limited due
to significant methodological difficulties in testing the genetic conditionality of various traits. De-
veloping population phenetics may become an alternative, which allows considering a large number
of new species subject to development of morphologically and genetically-based system to describe
the variability and classification of phenotypic traits. Gastropods are a classic object for carrying out
population genetic studies based on the analysis of polymorphism of shell coloration. The parametric
classification system proposed by S. Sergievsky et al. (1995) for periwinkles of the genus Litforina
may serve as a basis for the developing of a universal system for classifying color traits for that tax-
onomic group. Since a large amount of new data has been published in recent years, this system re-
quires correction and revision. The study aims to revise the system, taking into account new material
on the pigment composition, as well as on the peculiarities of the formation and inheritance of color
traits, their joint occurrence, efc. A revised and modified classification system for shell coloration traits
is presented by the example of the White Sea gastropods L. obtusata; this system considers the idea
of the formation of a phenotype as a combination of several elementary traits. These are traits asso-
ciated with the formation of: 1) a shell background color (the ability to include different pigments
in the ostracum and the hypostracum color); 2) a pattern of spots (the presence of inclusions of white
and/or brown pigment); and 3) wide longitudinal bands (brown, white, and orange). Elementary traits
are highlighted taking into account the pigments involved, as well as the mechanisms of their forma-
tion and inheritance. When describing the shell coloration, elementary traits are first used to describe
relatively simple traits (groups of phenes “Shell background color”, “Hypostracum color”, “Pattern
of spots”, and “Wide longitudinal bands”), which are subsequently combined to describe the pheno-
type as a whole. Our study provides an overview of the available data on the qualitative composition
of shell pigments in periwinkles and patterns of formation and inheritance of color traits; their pos-
sible combinations are described. The phenes isolated by us are described together with their occur-
rence, color specification in the RGB system, and the peculiarities of the formation, taking into ac-
count the distribution of pigments in the shell. Visible traits, that may be used to assess the distribu-
tion of pigments in the shell, are indicated. The ontogenetic changes in traits are described. Despite
the fact that the proposed classification system is developed by the example of L. obtusata, it can
be used for same purposes for other periwinkle species and, with some modifications, for a wide range
of gastropod species.
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Understanding the patterns of microevolutionary processes involves carrying out a wide range
of population genetic studies on different species. At the same time, the number of genetically stud-
ied species is limited due to significant difficulties in checking out the genetic conditionality of vari-
ous traits: problems in keeping and breeding animals, long generational change, efc. Therefore, the pat-
terns revealed may be insufficiently characteristic of all living nature. The way out lies in the develop-
ment of population phenetics, which allows extending population genetic methods to species, whose
direct genetic study is difficult or impossible (Yablokov, 1987 ; Yablokov & Larina, 1985). This ap-
proach should be based on the formation of reasonable systems for describing variability and classifying
phenotypic traits.

Gastropods serve as a classical object for carrying out population genetic studies associated with shell
coloration polymorphism (Ito & Konuma, 2020 ; Miura et al., 2007 ; Scheil et al., 2014). The emergence
of a sufficiently flexible and well-grounded system for classifying formation and inheritance of shell col-
oration traits will make it possible to include in consideration a large number of new species. Despite
the best knowledge of the genetics of pulmonates (Kozminsky, 2014 ; Backeljau et al., 2001), model
objects for the development of such a classification system should be sought among the prosobranchias:
more numerous and significantly more varied in color. Molluscs of the genus Littorina, which are charac-
terized by high polymorphism (Reid, 1996) in shell coloration, are a promising model object; on its basis,
an attempt can be made to create a classification system universal for gastropods.

Molluscs of the genus Littorina are a popular subject for numerous studies related to the variabil-
ity of shell coloration (Estévez et al., 2020 ; Rolan-Alvarez et al., 2015 ; Sokolova & Berger, 2000).
So far, several systems have been proposed to describe it. The first one — formulated in the early XX cen-
tury — was a system for describing variability in Litforina obtusata, in which each stable combination
of coloration traits (morph) had its own name (Dautzenberg & Fischer, 1915, cited from: Reid, 1996).
With some modifications, this approach was used for a long time in population genetic studies of periwin-
kles (Reimchen, 1979 ; Sacchi, 1974). Its key disadvantage is the problems of studying the variability
of elementary traits, that are part of a morph. The attempt to solve those problems by isolating addi-
tional morphs leads to the unnecessary bulkiness of the system of variability description (Reid, 1996).
For this reason, Pettitt (1973) proposed the system of coloration trait classification in periwinkles, based
on the imaginary system of genetic control, with six “loci” for description of elementary coloration
traits: background, number and coloration of bands, pattern of spots, efc. A similar approach was used
to describe variability in L. obtusata and formed the basis of the parametric system of coloration trait
classification in L. saxatilis (Sergievsky et al., 1995). Since there were no data on the mechanisms of in-
heritance of the shell coloration traits in prosobranchias, Sergievsky et al. (1995) used the monogenic
polyallelic inheritance pattern characteristic of pulmonates. Unfortunately, later studies (Kozminsky,
2014) showed that this assumption is not true. Among the advantages of this approach, due to which
it can serve as a basis for the development of a universal classification system for gastropods, are the de-
scription of coloration variants as a combination of independent elementary traits and an attempt to con-
sider the mechanisms of their inheritance. Moreover, the peculiarities of coloration traits formation
were partly taken into account (Sergievsky et al., 1995).

Considerable time has passed since the emergence of the parametric system for describing variability
in periwinkles, and a lot of new data has appeared. By the example of L. obtusata, it was shown that
the background coloration in periwinkles is a result of the joint activity of several genetic systems, each
of which is responsible for the incorporation of a certain pigment into the shell (Kozminsky, 2014).
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The inheritance of bands and a pattern of spots on the periwinkle shell was studied (Kozminsky,
2011, 2016 ; Kozminskii et al., 2010). The concepts of the distribution of pigments in the shell
and the formation of elementary coloration traits in periwinkles were substantially supplemented,
and the composition of the pigments involved was clarified (Kozminskii & Lezin, 2007). Finally, the effi-
ciency of using shell coloration traits when identifying periwinkle phenotypes was assessed; it was shown
that for accurate identification, the peculiarities of the distribution of pigments in the shell thickness
have to be considered (Lezin & Kozminskii, 2008).

The aim of this work is to revise the previously proposed classification system for shell col-
oration traits (Sergievsky et al., 1995) for molluscs of the genus Litforina, taking into account
new data on the composition of pigments, peculiarities of their distribution in the shell, and inheritance
of coloration traits.

RESULTS AND DISCUSSION

The work is based on the data obtained in the study of the White Sea molluscs Littorina obtusata
(Linnaeus, 1758) and, in some cases, Littorina saxatilis (Olivi, 1792). The methods used and results
obtained are described in detail in the publications of E. Kozminsky et al. (Kozminsky, 2011,2014,2016;
Kozminskii & Lezin, 2006, 2007 ; Kozminsky et al., 2008 ; Kozminskii et al., 2010 ; Lezin & Kozminskii,
2008).

Pigments and coloration of shell areas. The coloration of the gastropod shell consists
of a background coloration and a pattern of bands or spots (Sergievsky et al., 1995).

The shell areas of L. obtusata can be purple', orange, yellow, white, and depigmented. Various pig-
ments are responsible for purple, orange, and yellow coloration. Purple pigment is insoluble in water
and organic solvents; it remains in the sediment in the form of brownish flakes when the shell is dis-
solved by weak acids. Chemical stability and color allow suggesting that purple pigment is melanin.
This pigment is widespread in animals (Britton, 1986) and is found in mollusc shells (Lucas, 1974 ;
Williams, 2017 ; Williams et al., 2016). Yellow and orange colors are caused by pigments insoluble in wa-
ter, but extractable with organic solvents: ethanol, chloroform, hexane, and toluene, as well as diethyl
and petroleum ethers (Kozminskii & Lezin, 2007 ; Sergievsky et al., 1995). When carrying out paper
chromatography, these pigments behave similarly to carotenoids (Zabelensky, Kozminsky, unpublished
data). By their visible color, they can belong to both carotenoids and polyenes also found in mollusc
shells (Délé-Dubois & Merlin, 1981 ; Hedegaard et al., 2006 ; Williams, 2017). Apparently, guanine
is responsible for white coloration, which, strictly speaking, is not a pigment. White color caused by its
presence is structural and associated with the reflection of light by ordered guanine microcrystals (Brit-
ton, 1986). As known, guanine is responsible for the formation of white coloration in many animals,
inter alia molluscs (Britton, 1986 ; Lucas, 1974). The incorporation of guanine into the periwinkle shell
can explain the formation of a denser than usual microstructure of white areas as well (Kozminskii
& Lezin, 2007 ; Sergievsky et al., 1995). Discolored areas of the shell with normal microstructure result
from true depigmentation.

Formation of the shell coloration. The major contributor to the formation of the periwinkle shell
coloration is the irregular-prismatic layer (ostracum) (Kozminskii & Lezin, 2007). The background
shell color can be formed due to the incorporation of one, two, and three pigments into the shell.

'Tt would be more correct to speak of brown. The latter, with a high pigmentation intensity, looks red-brown and even
almost black and was designated by Sergievsky et al. (1995) as purple. In this work, the original designation is used.
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Elementary traits associated with the formation of a background coloration are the ability to incor-
porate various pigments into the shell (melanin, two carotenoids) and the ability to incorporate gua-
nine into the shell. Depending on which pigments are incorporated into the shell, different variants
of the background color are formed (Fig. 1A—M): monochromatic (pure yellow, orange, and purple),
dichromatic (two-layer yellow-purple, yellow-orange, orange-purple, and white-purple), and trichro-
matic ones (three-layer yellow-orange-purple, yellow-white-purple, and orange-white-purple). In yellow-
purple molluscs, the coloration of the shell background depends on the ratio of yellow and purple pig-
ments in the outer ostracum area (Fig. 1H-J). With a higher concentration of yellow pigment, the visible
shell color is almost yellow; with its lower concentration, the shell looks brown. With an intermedi-
ate concentration of pigment, the shell is olive (greenish). It should be noted that the proper (layer-
by-layer) distribution of pigments, which is characteristic of L. obtusata, is not necessary. In L. sax-
atilis, in the presence of the same elementary traits, the distribution of pigments in the shell is often
chaotic. The pattern of spots is formed on the basis of white or purple pigments (Fig. 10-R). Sep-
arate pattern elements are lenticular incorporations of pigment located in the upper ostracum area.
The relative location of the pattern elements varies, as well as the degree of their fusion. The ele-
mentary trait highlighted at this stage is the presence of a pattern of white or purple spots or their
absence. Considering high variability of the pattern of spots, further studies are required of the forma-
tion of this color trait and a highlight of additional elementary traits, e. g. the ability to form a zigzag
pattern. Bands form as interlayers of brown, white, and orange pigments (Fig. 1S-U). As in the pre-
vious case, the elementary trait is the presence of bands of different colors or their absence. The hy-
postracum of the periwinkle shell can be purple or depigmented (Fig. 1N); elementary trait is colored
or depigmented hypostracum.

No one has studied the formation of mollusc shell coloration at histological and biochemical levels.
As known, dorsal and ventral glands, as well as the cells of the dorsal epithelium of the mantle mar-
gin, are involved in the formation of the periwinkle shell (Bevelander & Nakahara, 1970). The ventral
and dorsal glands are responsible for the periostracum formation. The ostracum and hypostracum for-
mation involves the cells of the dorsal epithelium, which are formed in the proliferation zone located
at the mantle margin and are gradually displaced in the dorsal direction. It stands to reason that dur-
ing this displacement, the cells of the dorsal epithelium at certain points in time ensure the synthesis
of different pigments and their incorporation into the shell. Moments of switching modes of functional
activity of pigment-forming cells are obviously genetically determined. As a result, there are an ordered
incorporation of pigments into the shell and a formation of various coloration elements.

When a monochromatic background color is formed, the cells of the dorsal epithelium of the mantle
margin synthesize the same pigment. As these cells are displaced from the proliferation zone, their func-
tional activity may decrease. In this case, a pigmentation gradient is formed, with a decrease in intensity
from the outer to the inner ostracum area. If this does not occur, the prismatic layer is colored evenly.
With the formation of di- and trichromatic variants of the background color, the cells of the dorsal epithe-
lium synthesize one kind of pigment. Then, a synchronous switching of their functional activity occurs
from the formation of one pigment to the formation of another. Since the boundaries between areas of dif-
ferent pigmentation are blurred, it can be concluded that functional activity of pigment-forming cells
changes smoothly. Apparently, we can talk about a certain pattern in the change in the modes of func-
tional activity of pigment-forming cells: first, yellow and orange pigments and guanine are synthesized;
only then, purple pigment is synthesized.
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Fig. 1. Variants of the shell background color and the pattern of spots and bands in Littorina obtusata. Shell
background color: A — depigmented; B — purple; C — yellow; D — orange; E — yellow-orange; F — orange-
purple; G — white-purple; H-J — variants of yellow-purple shell background color; K — yellow-white-purple;
L — yellow-orange-purple; M — orange-white-purple (by the example of L. saxatilis). Hypostracum: N — pur-
ple and depigmented. Pattern: of white (O-Q) and purple (R) spots. Wide longitudinal bands: S — white;
T —orange; U — brown. The general view of the shells (top panel) and the distribution of pigments in the shell
(bottom panel) are presented. This illustrative material is freely available on the website of the Zoological
Institute RAS, Saint Petersburg: http://www.zin.ru/projects/litphen/index.html

With the formation of brown (= purple), white, and orange bands, the cells of the dorsal epithelium,
located in certain areas of the mantle margin, switch at the appropriate time to the formation of the pig-
ment of the bands. Interestingly, the system sometimes fails: the formation of the background coloration
stops, but the synthesis of the pigment of the bands does not occur. In this case, depigmented bands
are formed, which we noted in yellow L. obtusata; these are homologous to the hyalozonata phenotype
of other molluscs (Cook, 1967 ; Cook & King, 1966). When a pattern of spots is formed, a change
in functional activity of pigment-forming cells in certain areas of the mantle margin occurs periodically.
The linear dimensions of such areas are much smaller, and their number is much larger than in the case
of bands. As a result, a pattern of pigment spots is formed, the shape and relative position of which
vary (Fig. 10-R).

Switching of the mantle margin cells from the formation of an irregular-prismatic layer to the for-
mation of a lamellar layer is associated, apparently, with a decrease in the number of possible variants
of functional activity of pigment-forming cells. In the ostracum formation zone, cells can synthesize
purple, orange, and yellow pigments and guanine; in the hypostracum formation zone, purple pigment
alone (Fig. 1N).
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Possible variants and combinations of color traits. In the series of our research, most of the the-
oretically possible variants of the background coloration were revealed, which can be formed on the ba-
sis of three pigments and guanine. Individuals with depigmented shell were obtained under experi-
mental conditions. In vivo, three out of four possible monochromatic color variants (purple, yellow,
and orange) were found; all the possible dichromatic color variants involving purple, yellow, and or-
ange pigments and guanine; and three out of four possible trichromatic color variants. At the same time,
no molluscs were revealed with monochromatic white, dichromatic yellow- or orange-white, and trichro-
matic yellow-white-orange background coloration; obviously, white pigment is found only in conjunction
with purple one.

White bands were registered in periwinkles with the most varied background colors. Brown bands
are characteristic of molluscs, which have a background coloration with orange pigment. Less commonly,
they can be found in periwinkles with a background color formed with yellow pigment (yellow and yellow-
purple molluscs) or — only under experimental conditions — in depigmented individuals. In L. saxatilis,
brown bands are found in white-purple individuals alone. Orange bands are recorded mainly in molluscs
with yellow-purple background color; occasionally, with pure purple one. Bands of different types can oc-
cur simultaneously. Individuals with brown and white bands on the shell are quite common. Periwinkles
bearing both white and orange bands were found as well; however, this color variant is very rare. This
is probably due to the fact that white and orange bands are formed on the same shell area and “interfere”
with each other.

A pattern of white spots blends freely with all the background colors and bands. At the same time,
a pattern of purple spots is associated with the presence of orange pigment in the background coloration
and often with the presence of brown bands. Both pattern variants can occur at the same time.

Inheritance of shell coloration traits. The information on the inheritance of shell coloration traits
in periwinkles is limited. The data of Reimchen (Reimchen, 1974, cited from: Reid, 1996) testify
to the hereditary nature of some color variants. In the work (Kozminsky et al., 1995), an attempt
was made to explain the inheritance of the background shell coloration in periwinkles based on a single-
locus polyallelic inheritance pattern, which is characteristic of pulmonates (Murray, 1975). Unfortu-
nately, in the publication mentioned, little attention was paid to the fact that several different pigments
are involved in the formation of the periwinkle shell coloration, and the possibility of multiple paternity
was not considered, which doubts the conclusions drawn. In later works (Kozminsky, 2011, 2014, 2016 ;
Kozminskii et al., 2010), those shortcomings were eliminated; the results obtained form the basis
of the following scheme of inheritance of shell coloration traits in periwinkles (Table 1).

With the formation of the background color in L. obtusata, three different groups of genes are re-
sponsible for the incorporation of purple, yellow, and orange pigments into the shell (Kozminsky, 2014).
The incorporation of pigments into the shell is dominant. In the case of purple and yellow pigments, each
group incorporates at least two complementary interacting genes. We have not studied the inheritance
of white coloration in L. obtusata due to the rarity of the corresponding phenotypes in the White Sea
populations’. By analogy with pigments, it stands to reason that a separate genetic system is responsible
for the incorporation of guanine into the shell as well (it is shown in the table as a separate biallelic gene).
In general, the background color of the periwinkle shell is formed as a result of the interaction of several
groups of genes, with each being responsible for a certain pigment (synthesis, transport, and incorporation
into the shell).

The corresponding study was carried out by the example of L. saxatilis.
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Table 1. Inheritance of the shell coloration traits in Littorina obtusata

Trait Gene Alleles | Genotype / phenotype accordance
Background coloration (see Kozminsky, 2014)
P . . .
) o ! P,—P,— — the pigment is incorporated into the shell (C*, C**, CWF, COF, CYOP CYWP COWP)
Purple pigment participates / does not Py
rticipate in th loration fi ti P . . L.
participate tn the coloration tormation p2 D191 Po—; Pi—popyi 1P P22 — DO pigment incorporation into the shell
2
White pigment participates / does not w W- — the pigment is incorporated into the shell (C"?, CY"F COWF)
participate in the coloration formation w ww — no pigment incorporation into the shell
Y . .. .
) o ! Y,—Y,— — the pigment is incorporated into the shell (CY, C'?, CY0, CYOP CYWP)
Yellow pigment participates / does not N1
participate in the coloration formation Y, . . .
y i1 Yo—; Yi=2¥,; ¥1Y1Y2Y, — ho pigment incorporation into the shell
2
Orange pigment participates / does not 0 O- — the pigment is incorporated into the shell (C©, C¥0, COF, CYOP COWP)
participate in the coloration formation 0 00 — no pigment incorporation into the shell

Bands (see Kozminsky, 2011, 2016 ; Kozminsky, unpublished data)

B BP— — brown bands are formed (B”)
Presence/absence of brown bands - W BB — 116 brown bands
. " BY BY— — white bands are formed (B")
Presence/absence of white bands B b 5B~ — no white bands
B° B’ —no orange band (B?)
Presence/absence of orange band B’ bo 1°b” — orange band is formed
Pattern of white spots (see Kozminskii et al., 2010)
Sy

Presence/absence of the pattern

W
S1

S

S\~ S5~ — the pattern of spots is formed (S")

waweW_.qW_ W we ww ww
sy sy Sy — Sy—sy sy sy sy sy sy — no pattern

W
o)

Note: designations of phenotypes and further explanations are given in the text; pairs of complementary genes are shown in blue color, and pairs of linked genes, in red

color.
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One gene with two alleles is responsible for the formation of brown bands in periwinkles (Kozmin-
sky, 2011). The inheritance of white (Kozminsky, 2016) and orange (Kozminsky, unpublished
data) bands is also consistent with the hypothesis of a monogenic inheritance pattern. While
the presence of brown and white bands is dominant, the presence of orange bands is most likely
a recessive trait.

At least two complementary genes are responsible for the presence of a pattern of white pigment
spots on the shell (Kozminskii et al., 2010). The high variability of the shape, relative position, and de-
gree of fusion of the pattern elements (Fig. 10-Q) suggests that the number of genes associated with
its formation can be much larger. It is also possible that the manifestation of this trait may depend
on environmental factors.

Analysis of the available data indicates a linkage of the loci responsible for the incorporation of or-
ange pigment (O) into the shell and the formation of brown bands (BP). Within the framework of the cor-
responding hypothesis, the formation of four types of gametes (OB”*, OB”", 0B, 0oB”") is possible,
on the basis of which 10 unique genotypes can be formed. The corresponding phenotypes of individuals
can be combined into four groups (“orange banded”, “non-orange banded”, “orange bandless”, and “non-
orange bandless”), and each of them should be characterized by its own peculiarities of joint inheritance
of background color and bands. In the experiment, in the offspring of orange banded females, banded in-
dividuals with orange background color alone split off. In the offspring of yellow banded females, banded
individuals had yellow background coloration as well. In the offspring of orange bandless females, only
orange bandless individuals were recorded. In the offspring of females of the fourth group, banded
individuals (if present) always had orange background color; the corresponding alleles were obtained,
apparently, from fathers.

It should be noted as follows: in the cases studied by us, in the offspring of yellow banded females,
individuals with bands had yellow background color alone. At first glance, this indicates the emergence
of a new linkage pair resulting from a crossing over and the fact that alleles of one gene are respon-
sible for the formation of yellow and orange coloration, which contradicts the data on the inheritance
of the background color. However, this is not the case. Let the genes, responsible for the inheritance
of orange pigment and bands, and the genes, responsible for the formation of yellow and purple back-
ground colors, be in different chromosomes. Then, the crossover gametes oBP* can freely combine
with all kinds of gametes, that give different variants of the background color with the participation of yel-
low and purple pigments (yellow, purple, yellow-purple, and depigmented; we can neglect gametes giving
white-purple background color, since this variant is rare in L. obtusata). In purple molluscs, the bands
will be invisible. We recorded depigmented individuals with brown bands in the experiment (under natu-
ral conditions, depigmented individuals most likely do not survive). In reality, only combinations of oB"*
gametes with variants of yellow background color (yellow-purple and yellow) will be observed, since
they are the most abundant in the population, giving rise to the sensation of apparent linkage of yellow
color with brown bands.

There are no data on the inheritance of the pattern of purple pigment spots and hypostracum col-
oration. A pattern of purple pigment spots is found only in individuals with a background color with
the participation of orange pigment, both banded and bandless. It can be both a result of the activ-
ity of a separate gene, closely linked to the gene for brown bands, and a by-product of the activity
of a “banded” gene. The formation of hypostracum is associated with a change in the mode of func-
tional activity of the mantle margin cells; at the same time, a change in the programs of synthesis
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and incorporation of pigments into the shell can occur (Fig. IN). Therefore, it stands to reason that
a separate gene (or a group of genes) is responsible for the hypostracum color. It has to be noted that
a separate genetic system is probably also responsible for the embryonic coloration of the shell, since
the embryonic shell in periwinkles is always purple, even in depigmented individuals.

System for describing variability of shell coloration traits in Littorina obtusata

Group of phenes “Shell background coloration” — C.

CP — “Depigmented” (Fig. 1A). A rare coloration variant: two individuals studied were obtained
under laboratory conditions when analyzing the inheritance of shell coloration traits. The shell is depig-
mented, partially translucent, dull white, and horny in color (RGB’: 19713: 180%,: 146+;4). Border
and underside are not expressed; shell microstructure is common. The hypostracum is depigmented.
The embryonic shell contains a small amount of purple pigment. This phenotype can be confused
with very old yellow periwinkles, in which the incorporation of pigment into the shell may have stopped.

CP — “Purple” (Fig. 1B). One of the most common phenotypes in the White Sea populations (about
40 %). The visible shell color is dark brown, almost black (77+;4: 62+;5: 56%;5); border and underside
are not expressed. The coloration intensity varies slightly. The prismatic layer is colored with purple pig-
ment. In one part of individuals, the ostracum color is even; in other part, a gradient is observed, with a de-
crease in the pigmentation intensity from the outer to inner shell area (in some cases, the inner ostracum
area is practically depigmented). Shell microstructure is common. The hypostracum may be purple
or depigmented.

CY —“Yellow” (Fig. 1C). Quite a rare phenotype (0.3 %). The visible color is yellow (1953, 155+3;:
22+)3); the intensity varies relatively little. Border and underside are not expressed. The ostracum is col-
ored with yellow pigment; microstructure is common. The coloration of the prismatic layer can be even,
or there can be a gradient, with a decrease in the pigmentation intensity from the outer to inner shell
area. The hypostracum is usually depigmented, occasionally purple.

CY — “Orange” (Fig. 1D). Common phenotype (2 %). Visible color is orange, with varying intensity
(179%,7: 96%1,: 2143); border and underside are not expressed. The irregular-prismatic layer is colored
with orange pigment; microstructure is common. A gradient is possible, with a decrease in the pigmen-
tation intensity from the outer to inner shell area. The hypostracum can be depigmented or colored
with purple pigment (the latter variant is common in L. saxatilis). The shell may have a pattern of pur-
ple spots, which makes the visible coloration darker. On the contrary, a pattern of white spots makes
the coloration lighter.

CY0 — “Yellow-orange” (Fig. 1E). Quite a rare phenotype (0.3 %). The visible shell color is yellow-
orange (176x31: 119+,5: 917). There is no expressed border; underside has the same color as other shell
areas. Shell microstructure is common. In some individuals, the outer area of the prismatic layer is col-
ored predominantly with yellow pigment, and the inner area is predominantly orange; in most individuals,
the pigments are blended. The color of yellow-orange molluscs varies from almost orange to almost yel-
low, and this can cause problems in identifying the phenotype (Lezin & Kozminskii, 2008). The presence
of a white checker lightens the coloration and can also cause identification problems. The hypostracum
is usually colorless.

3Color coordinates characterizing the shell coloration elements according to the RGB color model (Kozminskii & Lezin,
2006).
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COP — “Orange-purple” (Fig. 1F). Quite a rare phenotype (0.5 %). The visible shell color is orange
(176%6: 93+%6: 38%1g); it seems darker due to purple coloration of the inner ostracum area and often
incorporation of purple pigment in the form of spots. There is an orange border along the mouth edge.
Shell underside is darker and may have a distinct purple tint. The outer area of the prismatic layer is col-
ored with orange pigment, and the inner one is purple. Typically, purple sublayer is very thin. Pheno-
type identification is difficult, since the incorporation of orange pigment into the shell seems to inhibit
the incorporation of purple one, and only a thin, inconspicuous purple sublayer retains at the border
with the hypostracum. The latter is colorless or colored with purple pigment.

CWP _ “White-purple” (Fig. 1G). A relatively rare coloration variant in the White Sea L. obtusata
(0.5 %). Unlike the color of depigmented individuals, white color is saturated, shiny (206%7: 181%4:
1114y,). The shell is dense, opaque. Border along the mouth edge is white; shell underside is purple.
The outer area of the prismatic layer is colored white, and the inner area is purple. The thickness
of a white sublayer varies; accordingly, several variants of white-purple background color, with dif-
ferent intensity, can be distinguished. On thin sections and chips, the shell in the white sublayer area
has a denser than usual microstructure with a bluish tint. The hypostracum is always colored with purple
pigment.

C'" — “Yellow-purple” (Fig. 1H-J). The most common variant of the background coloration
in the White Sea populations (55 %). The visible coloration varies from brown (116tg: 88+9: 60+tg)
to deep yellow (21945: 18147: 611;), but most individuals have olive shell coloration (123155: 1014p3:
511,3), with yellow border along the mouth edge and purple underside. The outer ostracum area is col-
ored with yellow pigment, the inner one is purple. Shell microstructure is common. Coloration depends
on the thickness of yellow pigment sublayer and its pigmentation intensity. In brown individuals, trace
amounts of yellow pigment are incorporated into the shell; the outer ostracum area contains traces of pur-
ple pigment and appears to be discolored’. Olive individuals have a relatively high amount of yellow pig-
ment; when overlaid with traces of purple pigment, a visible greenish coloration is formed in the outer
ostracum area. In individuals with deep yellow color, the yellow sublayer is very thick, and the pigmen-
tation intensity is very high; purple pigment is noticeable only in the lower area of the prismatic layer
and in the hypostracum. Brown molluscs have a colorless border along the mouth edge; olive and yellow
molluscs have a yellow one. The hypostracum is usually purple.

CYWP _ “Yellow-white-purple” (Fig. 1K). A very rare variant of the background coloration (0.01 %).
The visible color varies from white-purple with a slight admixture of yellow pigment to lemon one
(209134: 179155: 33114). Border along the mouth edge is white or yellowish; underside is purple. The dis-
tribution of white and purple pigments corresponds to that of white-purple individuals. White sublayer
has a denser microstructure. In the outer ostracum area, a distinct admixture of yellow pigment is no-
ticeable. The hypostracum is purple.

CYOP _ “Yellow-orange-purple” (Fig. 1L). Apparently, a rather rare phenotype (0.5 %), but its iden-
tification is difficult, since purple sublayer is usually very poorly expressed. The visible color of the shell
(173%30: 116%,9: 161) corresponds to that of yellow-orange molluscs (if the purple sublayer is weakly
expressed) or is slightly darker (if the purple sublayer is expressed enough). In the latter case, a yellow-
orange border along the mouth edge and dark shell underside become noticeable. Shell microstructure
is common. This variant of the background coloration is characteristic of periwinkles with brown bands.

4 Apparently, this is due to the fact that the activity of the gene (or genes) providing the incorporation of yellow pigment
into the shell simultaneously inhibits the incorporation of purple pigment into the shell.
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Interestingly, in this case, a fairly clear separation of yellow and orange pigments is observed as well:
the outer area of the prismatic layer is distinctly yellow outside the brown bands, and the middle area
of the prismatic layer is orange; at the border with the hypostracum, the area is purple. The hypostracum
can be colorless or colored with purple pigment.

CO"P _ “Orange-white-purple” (Fig. IM). This variant of the background color was found in L. sax-
atilis alone (0.01 %). The detection of similar L. obtusata is possible as well, but their occurrence should
be very low, since white-purple L. obtusata are extremely rare. The visible coloration (2201,: 148%)s:
40+36) varies from white-purple with streaks of orange pigment to reddish-cream. Border is white;
shell underside is purple. The distribution of guanine and purple pigment corresponds to that of white-
purple individuals; in the outer ostracum area, there is an admixture of orange pigment. The pris-
matic layer at the location of a white sublayer has a denser than usual microstructure with a bluish tint.

The hypostracum is purple.

Group of phenes “Hypostracum coloration” — H.

The hypostracum of the periwinkle shell (Fig. 1N) can be purple (H”; 66 %) or colorless (H?;
34 %). The hypostracum discoloration is not associated with the formation of a denser microstructure,
which is characteristic of white-colored shell areas. The visible coloration of the hypostracum is af-
fected by the color of the irregular-prismatic layer: for example, in molluscs with yellow and orange
ostracum coloration, the colorless hypostracum seems yellowish and orangey. The effect of the hypos-
tracum color on the shell background color is small: in yellow and orange periwinkles, it makes the visible
shell coloration darker. No unambiguous relationship was found between the colors of the hypostracum
and ostracum. If the color of the prismatic layer is yellow or orange, the hypostracum is usually colorless;
if it is purple, the hypostracum is colored purple.

Group of phenes “Pattern of spots” —S.

SW — “Pattern of white spots” (Fig. 10—Q). Most periwinkles (55 %) are characterized by the pres-
ence of a pattern of white spots on the shell (198+3;: 158+3,: 90+3;). Separate elements of the spot-
ted pattern are lenticular incorporations of white pigment interconnected by thin layers-anastomoses.
The pattern elements are located in the upper area of the prismatic layer. At the location of the pattern el-
ements, the shell has a denser microstructure than in other areas. The shape, relative location, and degree
of fusion of the spotted pattern elements are very variable. The traits are found in molluscs with a wide
variety of phenotypes. No relationship was found between the presence of a pattern of white spots, bands,
and shell background coloration. In periwinkles with yellow and orange shell background color, spots
are yellowish. A pattern of white spots is not formed at the location of brown bands, but may be formed
at the location of an orange band.

SP — “Pattern of purple spots” (Fig. 1R). As in the case of a pattern of white spots, separate
elements are lenticular incorporations of purple pigment interconnected by thin layers-anastomoses
(125%43: 661,7: 22+,9). The pattern elements are located at the top of the ostracum. Microstruc-
ture of the irregular-prismatic layer at the location of the pattern elements is common. The trait
is typical for periwinkles, which have a background color with the participation of orange pig-
ment and brown bands on the shell. It is found in orange and orange-purple bandless molluscs
as well (0.4 %). It appears much later than brown bands and is noticeable only on the last whorls
of the shell.

S, — “No pattern of spots”.
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Group of phenes “Bands” — B.

BY — “White bands” (Fig. 1S). A common color variant (2 %). The shell has one or two wide
white bands (232+)): 2031;;: 110+4;). The main band is located along the whorl periphery; the nar-
rower one, in the suture area of the shell. The bands are layers of additional pigment located in the outer
area of the irregular-prismatic layer. At the location of the bands, the shell has a denser microstructure
than in other areas. The trait is found in periwinkles with yellow, orange, purple, and yellow-purple back-
ground coloration. Since the bands are immersed in the ostracum, their visible color may differ from pure
white: in periwinkles with yellow-purple and yellow ostracum, it is yellowish; in orange and orange-purple
molluscs, it is orangish. The variability of the trait manifests itself in a change in the pigmentation in-
tensity of the bands (down to complete depigmentation) and in narrowing or complete disappearance
of the additional band. In the case of complete depigmentation, in molluscs with a yellow background
coloration of the shell, band silhouettes are visible in the lumen in the spots of their usual location.

B? — “Orange bands” (Fig. 1T). A relatively rare color variant (0.8 %). The shell has one wide or-
ange band (155+t44: 9513: 29+,4) at the whorl periphery. The bands are interlayers of orange pigment
with well-defined edges. The location of the bands in the shell thickness is characterized by expressed
ontogenetic variability. At the time of their appearance (in the first year of life of a mollusc), those are lo-
cated in the inner ostracum area; subsequently, they spread to almost the entire ostracum and disappear
in the fourth-fifth year shifting to the hypostracum. At the location of the bands, shell microstructure
is common. Orange bands are characteristic of molluscs with a yellow-purple shell; sometimes, the trait
was observed in individuals with a purple background coloration.

BP — “Brown (purple) bands” (Fig. 1U). A rare color variant (0.2 %). The shell has two wide
bands of different shades of brown, sometimes almost black (81+35: 501,3: 2315), located in the upper
and lower whorl areas. The bands can either be organized as interlayers of purple pigment in the upper
ostracum area, below which a more or less expressed pigment “trail” extends, or occupy the entire shell
thickness. At the location of the bands, shell microstructure is common. Brown bands are usually found
in L. obtusata with a background coloration with orange pigment. Less commonly, this trait is observed
in yellow and yellow-purple molluscs; in rare cases, in periwinkles with a depigmented shell’. The vari-
ability of the trait manifests itself in a change in the coloration intensity of the bands (down to complete
depigmentation) and their width, in reduction of separate bands, and in fusion and distribution of bands
over the entire shell surface or its part. In yellow-orange periwinkles, depigmentation of the bands re-
sults in a color variant when the individuals look like yellow molluscs with two bands. A pattern of spots
of white or purple pigment, if present, is always formed outside the area of the bands.

B, — “No bands”.

Differences between two classification systems. The main difference from the previous version
of the classification system for coloration traits (Sergievsky et al., 1995) is the correspondence between
selected phenotypes and actually existing groups of genes responsible for the formation of various ele-
mentary traits. The pre-existing groups of phenes “white color” and “pigment coloration of ostracum”
are combined into one group “background shell coloration”, since the background color arises as a result
of the interaction of a number of substances, some of which (melanin and carotenoids) are pigments,
and some (guanine) serve as the basis for the formation of structural color. Quantitative gradations
of traits — similar to the previously identified variants W;—W3 — are not specially highlighted in the clas-
sification system proposed by us. However, they can be useful; if necessary, the corresponding numeric
indices can be easily entered into the model.

In L. saxatilis, the trait is always associated with white-purple background coloration.
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In the group of phenes “bands”, several new phenes were identified, since the results of morphological
and genetic studies showed that brown, white, and orange bands are independent structures, which dif-
fer in terms of organization, ontogenesis, and inheritance. The “bandless” phenotype is now common
to all banded variants, meaning that the genetic systems responsible for the formation of three band types
are not active.

The group of phenes associated with the formation of a spotted pattern underwent relatively small
changes. However, the data on genetics (Kozminskii et al., 2010) show that the mechanism of inheritance
of the trait is more complicated than previously assumed: at least two genes are responsible for the pres-
ence/absence of a pattern of white spots. The extremely high variability of the trait allows suggesting
that its formation is affected by a much larger number of genes. The emergence of new data on genet-
ics will require clarification or even a significant revision of this group of phenes, with the involvement
of new elementary traits. Moreover, this group includes now the previously undescribed “purple-spotted”
phenotype. It should be emphasized as follows: although the mechanisms of formation of two variants
of the pattern are similar, different genes are most likely responsible for their inheritance.

Conclusion. Despite the widespread use of molecular biological methods, the studies on population
and phenetics are still relevant: in particular, when it comes to the investigation of microevolutionary pro-
cesses directly related to coloration, e. g. when the latter performs a protective or thermoregulatory func-
tion. A prerequisite for such studies is knowledge of the mechanisms of formation and inheritance of col-
oration traits. The involvement into the analysis of new species, the genetic study of which is difficult
for some reasons, is possible only on the basis of generalization of the available information on the species
investigated morphologically and genetically, i. e. by methods of population phenetics. In carrying out
that kind of research, molecular biological markers rather perform an auxiliary function, since our ideas
about the molecular genetic mechanisms underlying the formation and inheritance of complex traits
(such as color) are still insufficient to fully replace population-genetic and phenetic methods with molec-
ular biological ones. Moreover, given the high diversity of pigments involved in the formation of shell
coloration (Comfort, 1950, 1951 ; Hedegaard et al., 2006 ; Lucas, 1974 ; Williams, 2017), it is hardly
possible to speak of the existence of a single “model” of its formation and inheritance. To identify com-
mon patterns, it is necessary to use methods of population phenetics and to carry out their joint analysis
with molecular biological data as well.

A key prerequisite for the development of the population-phenetic direction of studies is the forma-
tion of reasonable systems for description and classification of coloration traits. The system of classifi-
cation of coloration traits in molluscs of the genus Litforina proposed by us can serve as a good basis
for the development of such systems.

As noted above, the variety of pigments involved in the formation of shell color in molluscs
is great (Comfort, 1950, 1951 ; Hedegaard et al., 2006 ; Lucas, 1974 ; Williams, 2017). Like in peri-
winkles, in many prosobranchias, the background shell color is formed with the participation of several
pigments. It is doubtful whether the incorporation of different pigments into the shell was controlled
by a single gene. The implementation of a polygenic inheritance scheme seems to be much more proba-
ble (Kozminsky, 2014), with a separate (and, possibly, polyallelic) gene responsible for the incorporation
of each pigment into the shell. The monogenic polyallelic inheritance pattern, which is characteristic
of pulmonates (Backeljau et al., 2001), is apparently a special case of this more general and universal
inheritance pattern. Therefore, any system of classification of coloration traits that claims to be universal
should be based on a polygenic scheme for the formation and inheritance of background coloration.

Mopckoii buosnorrueckuii xypHain Marine Biological Journal 2021 vol. 6 no. 3



Specification of polymorphism and classification of shell coloration in gastropods... 73

The coloration of the shell of gastropods can be represented as a combination of a number of ele-
mentary traits. The elementary traits identified in periwinkles are common in molluscs. Each color trait
corresponds to a certain distribution of pigments in the shell, which is a consequence of a regular change
in functional activity of pigment-forming cells of the mantle margin (Sergievsky et al., 1995). The pecu-
liarities of the distribution of pigments found in periwinkles with the formation of the background color,
bands, and pattern of spots are quite common for molluscs.

Taking into account the variety of shell coloration of gastropods, it is obvious that the elementary
traits of coloration in periwinkles and corresponding variants of functional activity of chromatophores
do not exhaust all the possible diversity. Specifically, in order to describe a high variety of modes
of the pattern of spots on the shell, it is necessary to highlight additional elementary traits and corre-
sponding modes of functional activity of pigment-forming cells, as well as to study the mechanisms
of their inheritance. Other possible areas of research are the study of ontogenetic changes in coloration
traits and the analysis of the relationship between possible modes of functional activity of pigment-
forming cells and formation of different calcium layers of the shell. The introduction of new elemen-
tary color traits into consideration will significantly expand the capabilities of the classification system
proposed by us.

The above-described classification system for coloration traits has been successfully tested
in the study of the inheritance of shell coloration traits in periwinkles (Kozminsky, 2011, 2014, 2016 ;
Kozminskii et al., 2010) and the distribution of pigments in the mollusc shell (Kozminskii & Lezin, 2007 ;
Lezin & Kozminskii, 2008), as well as in carrying out population biological monitoring in the Kan-
dalaksha State Nature Reserve in 2005-2019 (Kozminsky, 2006, 2020). Due to the use of universal
principles of classification of coloration elements (analysis of the diversity of pigments, isolation of ele-
mentary traits, and study of the mechanisms of their formation and inheritance), the system developed
can be used to describe the shell color not only in periwinkles, but also in the widest range of gastropods.
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OIIMCAHUME NOJINMMOP®U3MA N KIIACCUPUKAIINA
IMPU3HAKOB OKPACKHN PAKOBHUHDbI
Y BPIOXOHOI'TX MOJIJIIOCKOB
HA IIPUMEPE LITTORINA OBTUSATA
(GASTROPODA: LITTORINIDAE)

E. B. Ko3smunckun

3oonornyeckuii uHCTUTYT PAH, Cankt-IletepOypr, Poccuiickas ®enepanms
E-mail: ekozminsky@gmail.com

[NoHnmaHue 3aKOHOMEPHOCTEeW MUKPOIBOJIOIMOHHBIX ITPOIIECCOB MPEoaraeT MpoBeieHre MMpo-
KOTO CIIEKTpa TMOIMYJISIIMOHHO-TEeHETUIECKUX MCCIeJOBAaHUI Ha pa3HbIX BUAaX. OIHAKO KOJIUYECTBO
BUJIOB, U3YYEHHBIX B TEHETHMUYECKOM OTHOIIEHWU, OTPAHMUYEHO BCIJIE/ICTBUE 3HAUUTEIHHBIX METO/IU-
YEeCKUX TPYAHOCTEN NP NMPOBEpPKE TeHeTUUECKON 00YCIOBIEHHOCTH Pa3IMUHbIX MPU3HAKOB. Bbixos
13 TOTO TIOJIOKEHHM S 3aKJTI0YAETCS B pa3BUTHH (DEHETUKH TIOMYJIAINI, KOTOpast TIO3BOJISIET BKIIIOYUTH
B PacCMOTpeHHE OOJIBIIOE KOJMUYECTBO HOBBIX BHIOB IPH YCIOBHH Pa3padOTKH OOOCHOBAHHBIX CH-
CTeM OTMCAHUS U3MEHYMBOCTH U KJIAaCCU(PHKAITNK (PeHOTUMNIECKUX MpU3HaKoB. Kiaccuueckum o6b-
€KTOM JUJIsI IPOBE/ICHM S TIOMYJIIIIUOHHO-TeHETUIeCKUX UCCIIEIOBAHMH, CBA3aHHBIX C TOJTMMOP(U3MOM
0 OKpacKe PaKOBUHBI, CITyKaT OPIOXOHOTME MOJUTIOCKHU. B KauecTBe OCHOBBI 1J1s1 pa3pabOTKH yHUBEP-
CaJIbHOM JJIsl STOU TPYIIIBI CUCTEMBbI OIUCAHUS U KJIACCU(DUKAIIUM TIPU3HAKOB OKPACKU MOXET ObITh
UCIIOJIb30BaHa MapaMeTpudeckas cucteMa kiaccudpukanuu, npenioxernas C. O. CepriueBcKuM ¢ co-
aBTOpaMM JIJIs1 MOJLTIOCKOB poja Liftorina. B cBsA3u C NOsIBJIEHUEM B MOCJIEAHUE TOJIBI OOJIBIIIOTO KOJIU-
YecTBa HOBBIX JaHHBIX, 9Ta CUCTEMa HYK/IAaeTCs B KOppeKLuH 1 niepecMoTpe. Llenbio Hatero rccneno-
BaHUs1 ObLJIO IIPOBECTY PEBU3HUIO STOU CUCTEMBI C YIETOM HOBBIX JIAHHBIX O COCTaBe MMUTMEHTOB, OCOOEH-
HOCTSIX (DOPMUPOBAHUS M HACJIEIOBAHUSI IPU3HAKOB OKPACKH, X COBMECTHOW BCTPEUAEMOCTH U T. JI.
B nHacrosiiieit pabote Ha mpuMepe OeJIOMOPCKUX MOJUTIOCKOB L. obtusata nipeficTaBlieHa rnepepadoTaH-
Hasl cUCTeMa KJIacCU(pUKAIK MPU3HAKOB OKPACKU PAKOBUHBI, B OCHOBY KOTOPOU MOJIOKEHO MPEICTaB-
nenre o popMupoBaHUY (PEHOTUIA KaK COBOKYITHOCTH Psifia SJIEMEHTApHBIX MpU3HaKoB. K ux umncmy
OTHECEHBI MIPU3HAKH, CBsI3aHHbIE ¢ (hopMuUpoBaHueM: 1) (pOHOBOM OKPACKU PaKOBHUHBI (CIIOCOOHOCTh
K BKJTIOYEHHIO B OCTPAKyM Pa3HBIX IUTMEHTOB M OKPACKa TUTIIOCTPaKyMa); 2) pUCYHKA U3 MsITeH (Hau-
YKe BKJIIOUEHUH OeToro W/WiM KOPUYHEBOTO IMUTMEHTa); 3) MIMPOKUX MPOAOJIBHBIX MOJIOC (KOpUYHE-
BBIX, OEJIbIX U OPAHXKEBbIX). DIeMEHTapHbIC PU3HAKY BBIICJICHBI C YYETOM 331eiCTBOBAHHBIX TTUTMEH-
TOB, MEXaHMU3MOB UX (POPMUPOBAHUS U HaclieoBaHusl. [Ipu orMcaHnu OKpacKu paKOBUHBI SJIeMEHTap-
Hble MPU3HAKYA CHAYaJIa UCTIONB3YIOTCS ISl ONMUCAHUS OTHOCUTEHHO MPOCTBHIX MPU3HAKOB (TPYIIIBI
(peroB «PoHOBasI OKpacKa pakOBHHBI», «OKpacka rMrnocTpaKyMa», «PUCyHOK u3 nsaTeH», «Ilupokne
MPOJIOJILHBIE MTOJIOCKI» ), KOTOPbIE B TIOCIEAYIONeM KOMOMHUPYIOTCS JIIsl OMCaHUsl (PeHOTHIIA B LIEJIOM.
B pa6ote npuBesgH 0630p TaHHBIX M0 KAYECTBEHHOMY COCTaBY TUTMEHTOB PAKOBHHBI Y JINTTOPHH U 3a-
KOHOMEPHOCTsIM (pOpMUPOBaHUSI U HACIIEJOBAaHUSI PU3HAKOB OKPACKU, OIMCAHBI MX BO3MOXXHbIE Ba-
puaHTH U KoMOUHanuK. [IpuBe/ieHbl ONucaHNs BhIIEJIeHHbIX (DEHOB C yKa3aHUEM UX BCTPEUaeMOCTH,
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tropoda). PLoS ONE, 2016, vol. 11, no. 7,
art. no. e0156664 (25 p.). https://doi.org/
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KOJIMYECTBEHHOM Xapakrepuctuku nsera B cucreme MKO RGB, ocobenHocreli ux (popMuUpoOBaHHs
C y4€TOM pacripe/ie/IeHus] IMTMEHTOB B TOJIIE PAKOBUHBL. YKa3aHbl BUVIMbIE TPU3HAKU, KOTOPBIE MO-
I'yT OBITh UCTIOJIb30BaHbI TIPU OIIEHKE pacIpejie/ieHus] IMTMEHTOB B pAaKOBUHE; ONMCAaHbl OCOOEHHOCTU
M3MEHEeHUsl IPU3HAKOB B OHTOreHe3e. HecMoTpst Ha To, UTO Mpe/iokeHHast CCTeMa KilacCUbUKaIy
olMcaHa Ha npuMepe L. obtusata, oHa MOXeT ObITh TaKXe WCIOJIb30BaHA NPH ONMMUCAHUM M3MEHYH-
BOCTH y JPYI'MX BUJIOB JIMTTOPUH, a C HEKOTOPhIMU JOPAaOOTKAMU — y CAMOT0 IIMPOKOTrO CIEKTpa
OPIOXOHOTMX MOJUTIOCKOB.

KuroueBbie cioBa: nonmmmopdusM, OKpacka pakOBWHBI, cHCTeMa Kjaccuukaiuu, OpoXoHOrue
MOJUTIOCKH, Littorina
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