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Abstract—Patterns of appearance of wing venation abnormalities in the black-veined white Aporia crataegi L. were
studied. These abnormalities form four types of bilateral compositions and vary quantitatively in the degree of pheno-
typic expression. This implies that wing venation abnormalities in A. crataegi may be regarded as stable states of
threshold nonmetric traits with hidden quantitative variability, i.e., “phenes.” Different venation abnormalities vary in
the pattern of appearance, either showing a trend toward joint occurrence in one individual or occurring independently
of each other. Some abnormalities appear mainly asymmetrically, randomly, and independently in different body
sides, while others tend to occur symmetrically. Only those abnormalities which appear independently of each other,
randomly, and independently in different body sides can be considered random developmental errors and indicators of
developmental instability. Such abnormalities were rare, making up less than 20% of the total number.
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Intraspecific variability of wing venation is a com-
mon phenomenon in many actively flying insect species
(Martynova, 1948; Sotavalta, 1964; Orlov, 1975; Ross
and Robertson, 1990; Padr6 et al., 2014; Lopuch and
Tofilski, 2016; Giilmez, 2019). Patterns of appearance
of wing venation abnormalities are well studied in fruit
flies of the genus Drosophila Fallén, 1823, and among
other insects, they have been studied in the natural pop-
ulations of the honeybee Apis mellifera L. (Akahira and
Sakagami, 1959; Smith et al., 1997; Porporato et al.,
2014; Eligiil etal., 2017) and the black-veined white
Aporia crataegi L. (Solonkin et al., 2017). Wing vena-
tion abnormalities in insects are usually regarded as
alternative traits, i.e., an abnormality is either present or
absent (Smith et al., 1997; Lopuch and Tofilski, 2016;
Solonkin et al., 2017; Giilmez, 2019). Discrete variation
of such traits often reflects hidden quantitative variation
in some morphogenetic parameters, for instance, the
level of chemical signals: one of the two alternative
states is realized in the phenotype if these parameters
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reach certain threshold values, and the other state is
realized if they remain under the threshold (Vasil’ev,
1988, 2005; Hallgrimsson et al., 2005; Palmer, 2012).
In the epigenetic concept of phenetics, going back to the
ideas of Waddington (1970) and Shishkin (1984), stable
discrete states of nonmetric threshold traits are referred
to as phenes (Berry and Searle, 1963; Vasil’ev, 1988,
2005). In this interpretation phenes may be regarded as
phenotypic manifestations of alternative morphogenetic
pathways. The frequencies of phenes are believed to
characterize the potential set of developmental variants
of a given morphological structure and their probabili-
ties, i.e., the epigenetic landscape of the population
(Vasil’ev, 1988; 2005). A discrete phenotypic trait can
be considered a threshold trait based on the following
indirect criteria: first, the presence of four types of
bilateral compositions: +/+, —/—, +/—, and —/+, with
“+” and “—” denoting the alternative states; second,
a quantitatively varying level of expression of the pheno-
typically realized traits (Vasil’ev, 2005).
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In phenetic research it is essential to distinguish be-
tween stable discrete states of a threshold trait (phenes)
and stable combinations of states of different traits
(phene compositions) (Vasil’ev, 1988, 2005; Sereno,
2007). In the studies of wing venation abnormalities
each vein is commonly considered a trait, and all the
abnormalities recorded within that vein are treated
equally (Akahira and Sakagami, 1959; Porporato et al.,
2014; Solonkin et al., 2017; Eligiil et al., 2017). How-
ever, wing veins in insects are quite long, and abnormal-
ities may occur in different sections of the same vein.
The question arises as to whether such abnormalities
should be treated as a single phene or as different phenes.
According to the current approaches to defining and
delimiting morphological traits (Sereno, 2007; Vasil’ev
and Vasil’eva, 2009), if identical or different abnormali-
ties can occur simultaneously in different sections of the
same vein, these sections are capable of independent
variation and should therefore be regarded as different
traits.

Wing venation abnormalities in insects are often
regarded as random developmental errors; correspond-
ingly, the frequencies of such abnormalities are used as
an additional measure of developmental instability in
populations, along with the level of fluctuating asym-
metry (Ross and Robertson, 1990; Clarke, 1993; Smith
et al., 1997; Padro et al., 2014; Lopuch and Tofilski, 2016).
However, the possibility of using the frequencies of rare
states of nonmetric traits (phenodeviances) for this pur-
pose remains open to question. To the best of our know-
ledge, no theoretical justification of this method has
been published; moreover, some authors deny the valid-
ity of any other measure of developmental instability
apart from fluctuating asymmetry (Debat and David,
2001; Willmore et al., 2007; Takahashi, 2019).

Developmental stability is understood as resistance
to random morphogenetic abnormalities (ontogenetic
noise), i.e., the ability to produce the normal phenotype
determined by the given genotype under the same en-
vironmental conditions. Developmental stability has
attracted the attention of researchers as a potential indi-
cator of the “quality” of individuals in the population,
as well as the “quality” of their environment. It was sup-
posed that the fittest individuals had the most stable
ontogenesis (Zakharov, 1987; Dongen, 2006; Klingen-
berg, 2019). The probability of phenotypic realization
of a rare state of the nonmetric trait is known to depend
on the genotype, the environmental conditions during
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development, the level of morphogenetic sensitivity to
environmental factors, and the level of morphogenetic
instability (Debat and David, 2001; Hallgrimsson et al.,
2005; Willmore et al., 2007; Takahashi, 2019). Abnor-
malities of wing venation in insects may be used as
markers of developmental instability only if they appear
due to random morphogenetic errors and do not depend
on the genotype or environmental conditions.

As far as we know, there is no method for direct
assessment of the contribution of different factors to
phenodeviance development in natural populations. For
indirect assessment, the antimeric expression of pheno-
deviances may be analyzed following the method of
Astaurov (1974). If all the individuals have the same
genetic or environmentally induced predisposition to
a given phenodeviance, the presence of this phenodevi-
ance in particular individuals will depend only on ran-
dom morphogenetic errors. If the phenodeviance devel-
ops independently in two body sides, the probability of
its asymmetric manifestation p,gy .y, Will be determined
by the formula

Pagmm = P X(1=p,)+ p,x(1=p,), (1)

and the probability of its symmetric manifestation pg
will be

ps}’mm:paxph’ (2)

where p, and p,, are the probabilities of the phenodevi-
ance appearing on the right and left body sides, respec-
tively (Astaurov, 1974; Vasil’ev, 2005; Palmer, 2012).
Phenodeviances whose observed frequencies do not dif-
fer significantly from the values expected in case of
their random and independent development in different
body sides may be used as indicators of developmental
instability in the studied population. This conclusion
would be valid only for the specific group in question.
Differences between groups in the phenodeviance fre-
quency may be determined not only by different levels
of developmental instability but also by genetic or eco-
logical factors; therefore, the levels of developmental
instability in different groups should be compared using
the rare states of not one but several mutually indepen-
dent nonmetric traits. Correlated changes in the frequen-
cies of rare states of several such traits would most
probably reflect the actual change in the developmental
stability level.
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In this paper we analyze wing venation abnormalities
in the black-veined white Aporia crataegi, focusing on
the following questions: (1) Do these venation abnor-
malities constitute threshold traits based on hidden
quantitative variation? (2) Can the forks in different
sections of the same vein be considered homologous?
(3) Do venation abnormalities appear independently of
each other? (4) Can the frequencies of wing venation
abnormalities be used for estimating the level of devel-
opmental instability in insect populations?

MATERIALS AND METHODS

Adults of the black-veined white Aporia crataegi L.
(3804 males and 3119 females) were collected in 2013—
2019 in the environs of Fomino (Sverdlovsk Province,
Sysertskii District, 56°36'N, 61°03'E), at the Biological
station of the Ural Federal University. The material is
kept in the museum of the Institute of Plant and Animal
Ecology, Ural Branch of the Russian Academy of Sci-
ences (Yekaterinburg). Venation abnormalities were de-
tected in detached wings which were examined from the
underside under an MBS-10 stereo microscope. Abnor-
malities were recorded separately in each vein section
and in each wing cell, following the scheme shown in
Fig. 1. The individuals missing some parts of the wing
were excluded from analysis of venation abnormalities
in the damaged area, but they were still used in analysis
of the other wing parts; correspondingly, the sample size
was not the same for different veins (Table 1).

We have analyzed five types of venation abnormali-
ties (Fig. 2): additional forks of veins (I), additional
longitudinal veins appearing in wing cells (1), reduction
of a vein that is normally present (III), merging of veins
that are normally present (IV), and complete splitting
of a vein into two parallel veins (V). The technique for
recording and classification of venation abnormalities,
described in detail in our earlier paper (Solonkin et al.,
2017), was used herein with minor modifications; in
particular, our analysis included some vein segments
(My~M, + Ry, 5, Ri—R, 3, M| + R, , 5, and M, in the fore-
wing) which had not been considered previously.

For analysis of variability of the intensity of venation
abnormalities and their position along the veins, we
selected two most common additional forks, namely
those of vein Cu, in the forewing and vein M, in the
hindwing. Altogether, the morphometric parameters of
149 forks of Cu; and 350 forks of M, were analyzed.

SOLONKIN et al.

Measurements were carried out using an MBS-10 stereo
microscope with an ocular micrometer. The scheme of
measurements is shown in Fig. 3: parameter / describes
the total length of the vein from its origin to the terminus
of its main branch; parameter 2, the distance from the
additional branching point to the wing margin; para-
meter 3, the length of the additional branch (it was not
measured if there were two complete branches). The
anterior branch of Cu; was nearly always complete (in
96% of the cases), while its posterior branch was often
weakly developed (in 69% of the cases); therefore, the
anterior branch was considered the main one, and the
posterior branch, the additional one. By contrast, in the
fork of vein M, the anterior branch was often weakly
developed (in 85% of the cases), while the posterior
branch was nearly always complete (in 98% of the
cases). Correspondingly, the posterior branch of vein M,
was considered the main one, and the anterior branch,
the additional one.

The position of the abnormality along the vein was
characterized by index /, calculated as the ratio of para-
meter 2 / parameter /. The degree of development of the
additional branch was estimated by index 2, calculated
as the ratio of parameter 3 / parameter 2. The median
values of the indices for different forks were compared
using the Mann—Whitney test U, and the distributions of
indices, using the Kolmogorov—Smirnov test d.

Correlations between different venation abnormali-
ties were estimated using Spearman’s rank correlation
coefficient Rg. Only those abnormalities which were re-
corded more than 10 times in the pooled sample of spec-
imens of the same sex were used in correlation analysis.
As a result, correlations were calculated between 39 ab-
normalities in males and 33 abnormalities in females.
The correlation matrices were processed by metric multi-
dimensional scaling (Principal Coordinates Analysis,
PCoA). Then the principal coordinates explaining no
less than 2% of total variation each were used in cluster
analysis by Ward’s method; these were the first 26 coor-
dinates for males and 24 coordinates for females.

Analysis of antimeric occurrence included the wing
venation abnormalities which were recorded more than
10 times. In this case, the unit of analysis was the body
side: if several identical abnormalities were found in the
same vein, they constituted a single record of abnormal-
ity in that vein in the corresponding side of the body.
As a result, analysis of antimeric patterns included
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Ryi3

Fig. 1. Scheme of normal wing venation in Aporia crataegi L. The boundaries of the vein sections included in analysis are marked with dots;
the parts excluded from analysis are shown as dotted lines. The wing cells are numbered.

Fig. 2. Types of wing venation abnormalities in Aporia crataegi L., analyzed in this work: (4, B) extra forks of veins (type I); (C) an extra vein
in the wing cell (type II); (D) reduction of a vein (type III); (E) merging of veins that are normally present (type IV); (F) complete splitting of
a vein into two veins (type V). Modified after Solonkin et al., 2017.
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vein M, in hindwing
Rs
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vein Cu; in forewing

Fig. 3. Scheme of the measured parameters of extra forks of vein A, in the hindwing and vein Cu, in the forewing of Aporia crataegi L.
Parameters: /, length of the vein from its origin to the terminus of its main branch; 2, distance from the additional branching point to the wing

margin; 3, length of the additional branch.

39 abnormalities in males and 32, in females. For each
venation abnormality we calculated the frequency of its
occurrence in the right and the left body side (p, and p,,
respectively) and the number of specimens with asym-
metric and symmetric occurrence of this abnormality.
To detect directional asymmetry, the frequencies of each
abnormality in the right and the left side were compared
using Fisher’s exact test. Then the expected frequencies
of specimens with asymmetric and symmetric occur-
rence of each abnormality were calculated using formu-
las (1) and (2), assuming their random and independent
development in the two body sides. The observed and
expected frequencies of specimens with asymmetric and
symmetric occurrence of each abnormality were com-
pared using Fisher’s exact test, and the incidence of
asymmetric occurrence was calculated as the number
of specimens with asymmetric occurrence related to the
total number of specimens showing the particular ab-
normality. The deviation of the observed frequency of
specimens with symmetric abnormality from the ex-
pected value was estimated by the difference between
the observed and expected frequencies of asymmetric
occurrence of this abnormality (D). The variation of D
depending on the sex and the abnormality type was ana-
lyzed by robust two-way ANOVA. The Benjamini—
Hochberg correction was applied in all the cases of mul-
tiple comparison. The measure of central tendency was
the median (Me). All the procedures of statistical analy-
sis were carried out in PAST 3.26 software (Hammer
etal., 2001) and in the R environment (R Core Team,
2019).

RESULTS AND DISCUSSION

The level of expression of the additional branch of
vein Cu, in the forewing and vein M, in the hindwing
varied over a wide range, the forks with a weakly devel-
oped additional branch being the most common (Fig. 4).
The level of expression of the additional branch did not
differ between Cu, and M, either in the median value
(U=9920; p=0.11) or in the distribution as a whole
(d=0.14; p = 0.16). The observed continuous quantita-
tive variation in the forks of Cu, and M, suggests that
discrete variability of the veins reflects quantitative
variation of some parameters of wing morphogenesis,
i.e., that venation abnormalities appear if these para-
meters exceed (or fall below) a certain threshold
(Vasil’ev, 2005; Hallgrimsson et al., 2005). According
to our observations, other wing venation abnormalities
(forks, extra veins, and reduced veins) also displayed
continuous variation, similar to the forks of veins Cu,
and M, analyzed herein. Besides, they formed four types
of bilateral compositions: +/+, —=/—, +/—, and —/+. There-
fore, venation abnormalities may be regarded as stable
states of threshold nonmetric traits with hidden quantita-
tive variability, i.e., phenes (Vasil’ev, 2005). The exact
nature of the factors that vary in a continuous quantita-
tive manner and induce venation abnormalities through
a threshold mechanism remains to be determined.
We may suppose that the frequencies of different vena-
tion abnormalities reflect the spectrum of potential path-
ways of vein morphogenesis and the probabilities of
their realization, i.e., they characterize the epigenetic
landscape of the population.

ENTOMOLOGICAL REVIEW Vol. 101 No. 6 2021
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Fig. 4. Distribution of extra forks of vein Cu, in the forewing and vein M, in the hindwing of Aporia crataegi L. by the level of expression of

the additional branch.

It remains unknown whether identical abnormalities
occurring in different sections of the same vein should
be treated as one phene or different phenes. Our results
concerning this question have been inconsistent. Identi-
cal venation abnormalities co-occurred in vein Cu; of
the same specimen in 5% of the cases, and in vein M, in
3% of the cases. The observed frequency of co-occur-
rence of forks in Cu, corresponded to the value expected
in case of their random and independent combination

ENTOMOLOGICAL REVIEW Vol. 101 No. 6 2021

(p = 0.07), whereas joint occurrence of forks in vein M,
were observed significantly less frequently than it would
be expected assuming their random and independent
combination (p = 0.006). The simultaneous presence of
identical forks in different sections of the same vein
indicates that these sections can vary independently
of each other; therefore, they should be regarded as dif-
ferent traits, while abnormalities occurring in different
vein sections should be treated as different phenes



784

SOLONKIN et al.

35 vein Cuy in forewing

30

25

20

15

10

Number of abnormalities recorded

01 02 03 04

100

80

60

40

0.5 0.6 0.7 0.8 0.9
Index 1

vein M, in hindwing

20

Number of abnormalities recorded

—1+—

01 02 03 04

0.5 0.6 0.7 0.8 0.9
Index /

Fig. 5. Distribution of extra forks of vein Cu, in the forewing and vein M, in the hindwing of Aporia crataegi L. by their position along

the vein.

(Sereno, 2007; Vasil’ev and Vasil’eva, 2009). On the
other hand, as revealed by the distribution of index / in
Fig. 5, forks could appear along the entire length of
veins Cu, and M, rather than in any specific sections.
The probability of forking was the lowest at the bases of
both veins and increased gradually toward the distal

wing margin (Fig. 5). The position of forks along veins
Cu, and M, did not differ either in the median value
(U=126064; p=0.99) or in the distribution as a whole
(d=0.10; p =0.20). Thus, veins Cu; and M, did not in-
clude any identifiable sections which could be analyzed
as separate traits.

ENTOMOLOGICAL REVIEW Vol. 101 No. 6 2021
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It is remarkable that the same forking variants ap-
peared in specific parts of the same vein in different
individuals. Earlier we demonstrated that certain abnor-
malities were realized consistently in different veins of
A. crataegi (Solonkin et al., 2017). In view of these data,
we may conclude that the patterns of occurrence of forks
along the studied veins confirm the morphogenetic unity
of each vein and the existence of morphogenetic differ-
ences between different veins. At the present state of
knowledge, venation abnormalities may be considered
either as phenes or as compositions of phenes pertaining
to different traits.

The independence of wing venation abnormalities
was assessed by calculating Spearman’s rank correla-
tion coefficients Rg between different abnormalities. In
cluster analysis, all the venation abnormalities formed
two distinct clusters (Fig. 6). Cluster 1 in males com-
prised additional veins in cells 3, 8, and 9 of the fore-
wing and cell 1 of the hindwing. In females this cluster
comprised the same set of traits and also additional veins
in cells 4—6 of the forewing. All the remaining venation
abnormalities were united in cluster 2 (see Fig. 6), which
was clearly subdivided into two major subclusters in
both sexes. Each subcluster included the venation ab-
normalities belonging to different types and occurring in
different vein stems on both the forewings and the hind-
wings; thus, we could not identify the trends underlying
the formation of these two subclusters.

The venation abnormalities included in cluster 2 were
mostly manifested independently of each other, with the
coefficients of correlation varying from —0.16 to 0.19
(Me =—0.02) in females and from —0.11 to 0.18 (Me =
—0.01) in males. In addition, in males the coefficients of
correlation between different abnormalities of the same
veins were significantly greater than those between ab-
normalities in different veins (Me; = 0.08; Me, =—0.01;
Mann—Whitney test: U= 1185, p <0.001). Most abnor-
malities of various types occurring in the same veins in
males were clustered together (Fig. 6); thus, if more
than one abnormality was present in the wing of a male,
the abnormalities were more likely to occur on the same
vein than on different veins.

The traits composing cluster 1, as compared with the
abnormalities from cluster 2, more often co-occurred in
the same individual, the coefficients of correlation vary-
ing from 0.11 to 0.55 (Me =0.31, p <0.05) in females
and from 0.12 to 0.24 (Me =0.17, p <0.05) in males.
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Since the venation abnormalities included in cluster 2
appeared independently of each other, the correlated
expression of abnormalities from cluster 1 could hardly
have resulted from coordination of morphogenetic pro-
cesses in different wing cells. It is much more probable
that co-occurrence of abnormalities forming cluster 1
was determined by a certain factor (for instance, genetic
or environmental one) increasing the predisposition to
development of extra veins in some wing cells. Thus,
wing venation abnormalities in A. crataegi can be united
in two groups. The first group is composed of the abnor-
malities included in cluster 1, which relatively often
co-occur in the same individual. The second group in-
cludes the abnormalities from cluster 2, which appear
independently of each other.

No directional asymmetry was revealed in the wing
venation abnormalities (Table 1). The deviation of the
observed incidence of asymmetric occurrence from the
expected value (D) for different abnormalities varied
from 0 to 35% (Me = 7.2%) in males and from 0 to 55%
(Me = 13.6%) in females. This deviation was significant
in 38% of cases in males and in 44% of cases in females
(see Table 1). Thus, antimeric occurrence of different
venation abnormalities in A. crataegi showed different
patterns: some abnormalities appeared randomly and
independently on different body sides, while others
revealed a more or less distinct trend toward symmetry.
No deviation toward asymmetric occurrence (i.e., anti-
symmetry) was observed. This result is consistent with
the literature data, according to which phenodeviances
either occur randomly and independently of each other
in different sides of the body (Astaurov, 1974; Vasil’ev,
2005) or tend to occur symmetrically (Palmer, 2012).

According to the robust ANOVA results, deviation
from the expected frequency of asymmetric occurrence
(D) considerably depended on the group of abnormality
(»p =0.001) and to a lesser extent depended on the sex
(p = 0.026). On the whole, venation abnormalities were
more symmetric in females than in males (Fig. 7). Ab-
normalities of the first group were more symmetric than
other abnormalities in both sexes (Fig. 7). Thus, vena-
tion abnormalities of the first group relatively often
occurred simultaneously and symmetrically in the same
individual. It should be noted that all the abnormalities
of the first group are extra veins, i.e., the product of
excessive and ectopic differentiation of the cells form-
ing the wing membrane into those forming the veins.
These abnormalities may result from realization of the
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Fig. 6. Results of cluster analysis of wing venation abnormalities in Aporia crataegi L., obtained by metric multidimensional scaling of
the correlation matrix: F, forewing; H, hindwing; the wing cells are numbered with Arabic numerals, the types of abnormalities, with Roman
numerals.

ENTOMOLOGICAL REVIEW Vol. 101 No. 6 2021



WING VENATION ABNORMALITIES IN THE BLACK-VEINED WHITE 787
Table 1. Patterns of antimeric occurrence of wing venation abnormalities in Aporia crataegi L.
- 2 Number of specimens Occurrence
Vein section ° s with abnormality in body sides, %
or cell of the wing % g N . . . P D, % P2
< asymmetric | symmetric | right left
Males
My—M, + R, . s I 3728 85 3 1.26 1.18 1 2.8 0.248
Ri-R, ;5 I 3728 211 59 4.46 4.33 1 19.6 0.000
R, I 3718 12 0 0.16 0.16 1 —-0.1 1
I 3718 72 9 1.23 1.18 1 10.5 0.003
v 3718 15 6 0.35 0.37 1 28.4 0.013
Ry 5 I 3706 43 0 0.56 0.59 1 -0.3 1
111 3706 16 0 0.29 0.13 0.818 —0.1 1
M, +R, . s I 3726 143 52 3.31 3.64 1 24.9 0.000
\% 3726 15 8 0.37 0.45 1 34.6 0.002
Ryis I 3717 18 0 0.32 0.16 0.811 —0.1 1
R, 1 3698 27 0 0.21 0.51 0.505 -0.2 1
R; I 3674 50 8 1.21 0.56 0.113 13.4 0.006
%D I 3674 14 0 0.22 0.16 1 —0.1 1
5 M, I 3676 22 0 0.32 0.27 1 —0.1 1
2 I 3676 17 1 0.22 0.30 1 5.4 1
M, I 3689 22 0 0.30 0.30 1 —0.1 1
M, I 3688 25 2 0.38 0.43 1 7.2 0.419
Cu,—M, I 3727 16 0 0.29 0.13 0.818 —0.1 1
Cu, 1 3687 136 37 291 2.82 1 19.9 0.000
Cu, I 3668 16 0 0.13 0.32 0.797 —-0.1 1
24 I 3644 77 23 1.35 2.00 0.479 22.2 0.000
I 3644 26 1 0.46 0.30 1 3.5 1
cell 3 I 3687 107 40 2.50 2.55 1 25.9 0.000
cell 4 I 3670 26 1 0.22 0.57 0.465 3.5 0.832
cell 8 I 3665 10 4 0.27 0.22 1 28.5 0.069
cell 9 I 3651 28 9 0.68 0.57 1 24.0 0.002
cell 10 11 3622 217 55 4.42 4.70 1 17.9 0.000
R, I 3693 12 1 0.19 0.19 1 7.6 1
M, I 3661 66 1.00 1.05 1 6.5 0.060
I 3661 42 8 0.73 0.86 1 15.6 0.005
M, I 3656 299 54 5.41 5.70 1 12.4 0.000
e M, I 3661 9 1 0.19 0.11 1 9.9 1
= Cu,—M; I 3701 25 2 0.51 0.27 0.797 7.2 0.419
_—g Cu, 1 3666 13 0 0.16 0.19 1 -0.1 1
T 111 3666 23 1 0.43 0.27 1 4.0 1
34 I 3660 190 21 3.19 3.18 1 8.3 0.000
111 3660 40 5 0.84 0.51 0.708 10.8 0.054
cell 1 I 3673 26 0.51 0.32 0.993 6.9 0.419
cell 3 11 3633 128 15 2.20 2.14 1 9.4 0.001
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Table 1. (Contd.)

52 it sbonmalty | inbody sides, %
< asymmetric | symmetric | right left
Females

MM, + Ry, s I 3023 37 1 0.49 0.79 1 2.3 1
Ri—R; 5 I 3023 138 40 3.52 3.69 1 20.6 0.000
R, I 3014 75 7 1.55 1.38 1 7.8 0.014
Ry 3 I 3005 35 2 0.63 0.66 1 5.1 0.354

m 3006 14 0 0.23 0.23 1 —0.1 1
M+ Ry, s I 3026 45 8 1.05 0.99 1 14.6 0.005

Ryys I 3017 13 0 0.07 0.36 0.357 —0.1 1

R, I 3010 27 1 0.53 0.43 1 33 1

R; I 2993 62 1 0.93 1.19 1 1.1 1
m 2993 2 0.23 0.20 1 18.1 0.348
%0 M, m 2993 4 0.20 0.26 1 443 0.039
5 M, I 3003 16 3 0.40 0.33 1 15.6 0.165

£ M, I 2995 23 1 0.50 0.33 1 4.0 1
Cu, I 2995 86 14 1.95 1.85 1 13.0 0.001

Cu, I 2992 22 1 0.43 0.46 1 4.1 1
cell 3 11 3001 86 79 4.23 3.92 1 45.8 0.000
cell 4 11 2989 30 4 0.53 0.73 1 11.5 0.095
cell 5 11 2974 9 11 0.46 0.56 1 54.7 0.000
cell 6 11 2980 10 6 0.36 0.36 1 37.3 0.009
cell 7 11 2991 10 3 0.30 0.26 1 22.9 0.139
cell 8 11 2980 17 14 0.76 0.73 1 44.8 0.000
cell 9 11 2971 20 18 0.93 0.96 1 46.9 0.000
cell 10 11 2954 172 57 4.72 4.90 1 22.4 0.000

R, I 2992 17 0 0.17 0.40 1 —0.1 1

M, I 2975 33 0 0.43 0.66 1 -0.3 1
1 2975 7 3 0.23 0.23 1 29.9 0.128
%D M, I 2966 193 38 5.20 3.89 0.357 14.2 0.000

é Cu, m 2972 11 0 0.13 0.23 1 —0.1 1
T 34 I 2993 145 17 3.08 291 1 9.0 0.001
m 2993 21 4 0.43 0.53 1 15.8 0.092
cell 1 11 2980 20 11 0.60 0.83 1 35.1 0.000
cell 3 11 2945 55 2 1.00 1.00 1 3.0 0.354

D is difference between the observed and expected frequencies of asymmetric occurrence of venation abnormalities; N is the number
of specimens examined; p, is significance of differences between the frequencies of abnormalities in the right and the left body sides;
D, 1s significance of differences between the observed and expected frequencies of specimens with symmetric and asymmetric occurrence
of venation abnormalities.
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same morphogenetic pathway, its probability depending
on ecological or genetic factors. Therefore, such abnor-
malities cannot be regarded as independent characters,
and their frequencies cannot be used to assess the level
of developmental instability in the given population.

All the other studied venation abnormalities (those
included in the second group) appeared independently
of each other and usually asymmetrically. However, de-
viation (D) from the expected frequency of asymmetric
occurrence of these abnormalities was also highly vari-
able. In the sample of males, the value of D in abnormal-
ities of the second group depended on their incidence:
the more frequent abnormalities had a more symmetric
occurrence (Rg=0.69; p <0.001). Thus, rare venation
abnormalities usually appeared in males as the result of
random morphogenetic errors, while the development of
relatively common abnormalities was to a greater extent
determined by genetic or ecological factors. This trend
was non-significant in females (Rg = 0.30; p = 0.15).

Only those venation abnormalities which show a non-
significant difference (D) between the observed and
expected frequencies of asymmetric occurrence can
serve as measures of the level of developmental instabil-
ity. This criterion is met by a considerable part of the
studied traits: 24 out of 39 analyzed characters in males
and 18 out of 32 characters in females. However, such
abnormalities comprise only 21% of the total number of
recorded abnormalities in males and 23%, in females.
Therefore, most of the venation abnormalities analyzed
herein cannot be used to characterize developmental in-
stability. Thus, it would be impossible to assess the level
of developmental instability in 4. crataegi populations
based on the total frequency of all the venation abnor-
malities.

Our data indicate that wing venation abnormalities in
A. crataegi may be regarded as stable states of threshold
nonmetric traits, i.e., as phenes. This result agrees with
the previously described tendency of particular types of
abnormalities to occur in the same sections of veins
(Solonkin et al., 2017). Along with other threshold non-
metric traits described in the literature, wing venation
abnormalities in A. crataegi may probably be inter-
preted as the results of certain relatively stable aberrant
morphogenetic pathways (Vasil’ev, 1988, 2005).

As shown above, different venation abnormalities
follow different trends. Some abnormalities (many extra
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Fig. 7. Difterence (D) between the observed and expected frequen-
cies of asymmetric occurrence of wing venation abnormalities in
males and females of Aporia crataegi L.: mean values and confi-
dence intervals.

veins in the wing cells) co-occur in the same individual
with relatively high frequencies, while others occur
independently and do not form stable phenotypic com-
binations. Some abnormalities (for instance, additional
forks of M, in the hindwing, reduction of veins 24 in
the forewing and 34 in the hindwing) are mostly mani-
fested asymmetrically, randomly and independently in
different body sides, whereas others (in particular, most
of the extra veins and additional forks of the radial stem
along the R;—R, . 5 section) tend to occur symmetrically.
Only those wing venation abnormalities which appear
independently from each other, randomly and indepen-
dently in different body sides can be considered random
developmental errors and indicators of developmental
instability. They are usually quite rare and comprise
a smaller proportion of the total number of recorded
abnormalities.

Thus, frequencies of wing venation abnormalities may
probably be used to describe the epigenetic landscape
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of insect populations (Vasil’ev, 1988, 2005), but they
should be utilized with caution when assessing the level
of developmental instability. The approach used in this
work can be applied to analysis of wing venation vari-
ability in other insect taxa characterized by active flight
and relatively stable, species-specific venation patterns.
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