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Developmental stability analysis was conducted for three strains of laboratory rat
Rattus norvegicus Berkenhout, 1769 and their hybrids. Developmental stability was
estimated by fluctuating asymmetry of 20 characters of skull morphology. A decrease
was revealed in fluctuating asymmetry for the inbred strains and for the hybrids of
genetically different strains. There were not any differences in fluctuating asymmetry
between the homo- and heterozygotes for the separate locus. This support the hypo-
thesis of the dependence of developmental stability on general genetic coadaptation.
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Introduction

Developmental stability was established as an important population parameter,
ie measure of environmental stress (Soulé 1967, Zakharov 1987, 1992). From the
genetic point of view all data obtained suggest that the level of developmental
stability assessed even for a single phenotypic character mainly depends on overall
characteristics of the genome: average level of heterozygosity or general genetic
coadaptation have been assumed as the main factors affecting developmental
stability level (Zakharov and Bakulina 1984, Ferguson 1986, Leamy 1986,
Zakharov 1987, Graham 1992, Clarke 1994). Developmental stability decrease
with heterozygosity decline have been registered in numerous studies (Soulé 1979,
Leary et al. 1983, Mitton 1994, 1995), but in some others the contradictory results
have been revealed (Wooten and Smith 1986, Graham 1992, Fowler and Whitlock
1994). More data of the simultaneous study of developmental stability for the

[67]



68 V. 1. Borisov et al.

homo- and heterozygotes for the separate loci as well as for the inbreeding and
outbreeding impact are needed to verify the hypotheses.

The aim of this study is to assess the developmental stability of rat Rattus
norvegicus Berkenhout, 1769 under inbreeding and outbreeding impact and to
interpret the results in the light of the hypotheses of its dependence on the
heterozygosity and on the general genetic coadaptation.

Material and methods

Three strains of laboratory rats were used for the study. Two of them (“Bright” and “Dull”) derived
from the two pairs each from the well-known R. Tryon’s strains: “maze-bright” and “maze-dull”
respectively, established according their ability for extrapolation distinguished in the test in the
complex labyrinth (Wahlsten 1972). The third strain “KD” was established from 6 pairs collected from
the wild strain derived from the natural population in Moscow region through 10 generations of
selection for the high extrapolation ability distinguished in the test with the moving food (Sokolov et
al. 1977).

The samples from each of these three strains (“Bright”, “Dull” and “KD”) were studied. The sample
(that was conditionally called as “KD1”) collected from the strain “KD” after 4 years of the laboratory
maintenance was also analyzed. Hybrids of reciprocal crosses of closely related British strains
(“Bright” and “Dull”) as well as hybrids between genetically different strains (British strain “Bright”,
males, and Russian strain “KD1”, females) were used for the study (Table 1).

Vertical polyacrylamide gel electrophoresis was employed by Maurer (1968): tris-glycine buffer for
electrodes, pH = 8.3; tris-phosphate, pH = 6.9 — for concentrating gel, and tris-chloride, pH = 8.9 —
for distinguishing gel, to appreciate genetic heterogeneity. Staining recipes for enzymes were adapted
from Serov et al. (1977). General proteins were stained with amido-black 10 B, transferrins were
identified using their ability to dissolve in rivanole (Tikhonov and Zharkova 1973). There were
resolved 11 enzyme systems and 3 non-enzymatic proteins, encoded by 19 presumptive gene loci:
aspartate aminotransferase (AAT, E.C. 2.6.1.1, Aat-1, Aat-2), glycerol-3-phosphate dehydrogenase
(GPD, E.C. 1.1.1.8, Gpd), glucose dehydrogenase (GDH, E.C. 1.1.1.47, Gdh-1, Gdh-2), isocitrate
dehydrogenase (IDH, E.C. 1.1.1.42, Idh), lactate dehydrogenase (LDH, E.C. 1.1.1.27, Ldh-1, Ldh-2),
malate dehydrogenase (MDH, E.C. 1.1.1.37, Mdh), malic enzyme (ME, E.C. 1.1.1.40, Me), peroxydase
(PXD, E.C. 1.11.1.7, Pxd-1, Pxd-2, Pxd-3), 6-phosphogluconate dehydrogenase (PGD, E.C. 1.1.1.44,
Pgd), superoxide dismutase (SOD, E.C. 1.15.1.1, Sod), xanthine dehydrogenase (XDH, E.C. 1.2.3.2,
Xdh), albumin (ALB, Alb), prealbumin (PALB, Palb), transferrin (TRF, Trf), and number of the loci
coding for multiple hemoglobin and muscle proteins.

Developmental stability was estimated by fluctuating asymmetry, small non-directional differ-
ences between the sides of the body (Van Valen 1962, Zakharov 1987). Twenty non-metric characters
as a number of foramina at different skull bones were used for the study. The characters are described
and defined in Fig. 1 in Valetsky et al. 1997. No significant indications for the directional asymmetry
or antisymmetry were registered for (1-r) distribution of these characters (Van Valen 1962, Palmer
and Strobeck 1986). All characters and their asymmetries were not correlated with each other. As
there was no difference for the parameter values between males and females the summarized samples
of both sexes were analyzed.

Fluctuating asymmetry was estimated by the integrated index — mean number of asymmetrical
characters per individual (Leary et al. 1983, 1985, Zakharov 1987, 1989). Student’s ¢-statistic was
used to estimate the significance of intergroup difference in this parameter (Sokal and Rohlf 1981).
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Results

Developmental stability study of the rat samples consists of the following steps:

(1) Comparison of the three laboratory strains. All three initial strains (“Bright”,
“Dull” and “KD”) have got the similar values of the integrated fluctuating
asymmetry index (Table 1).

(2) Comparison of the homo- and heterozygotes for the separate locus. All
electrophoretically tested loci controlling several enzyme and non-enzyme proteins
proved to be homozygous for the same alleles in all strains under study. There
was only one exception in the strain “KD”: 15 of 38 tested individuals (39.5%)
within the strain sample were heterozygous for the locus controlling 6-phospho-
gluconate dehydrogenase. Comparison of the homo- and heterozygous individuals

Table 1. Mean number of asymmetrical characters (NA + SE, of 20
characters of skull morphology, Fig. 1 in Valetsky et al. 1997) in the
various samples of the laboratory rat Rattus norvegicus. n — sample size.

Sample n NA +SE
Strain “Dull” 42 8.881+0.336
Strain “Bright” 40 9.075 + 0.340
Strain “KD” (total) 39 8.513 +0.448
6-Pgd heterozygotes 14 8.214+0.720
6-Pgd homozygotes 25 8.680 £ 0.579
Strain “KD1” 37 11.243 + 0.330
Hybrids “Dull” x “Bright” (total) 32 7.194 + 0.345
Hybrids “Dull” x “Bright” 12 8.083+0.416
Hybrids “Bright” x “Dull” 20 7.100 £ 0.446
Hybrids “KD1” x “Bright” 7 5.000 + 0.617

for the marker locus (Pgd) within the strain “KD” has not revealed any differences
between them in the level of fluctuating asymmetry (Table 1).

(3) Study of the laboratory maintenance impact. Only 2 of 41 tested individuals
(4.9%) proved to be still heterozygous for the locus Pgd after 4 years of the
laboratory maintaining of the strain “KD” (ie in “KD1” sample). Fluctuating
asymmetry was significantly higher (p < 0.001) in “KD1” sample than in the sample
from the initial strain “KD” (Table 1).

(4) Study of the closely related strains hybridization impact. Hybrids between
two closely related strains (“Dull” and “Bright”) were characterized by essentially
lower fluctuating asymmetry value than the initial strains (p < 0.01) (Table 1).

(5) Study of the genetically different strains hybridization impact. Hybrids
between genetically different strains (“Bright” and “KD1”) were characterized by
significantly higher (p < 0.001) fluctuating asymmetry level than the original
strains (Table 1).
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Discussion

In the highlight of the discussion on the genetic background of developmental
stability our data could be interpreted as follows. Comparing homo- and hetero-
zygous specimens for a single locus it was not possible to reveal any differences.
This support the hypothesis that a transition of a separate locus from the hetero-
zygous to the homozygous state will not necessarily lead to essential change in
an organisms condition in general and in developmental stability in particular.
Superiority of heterozygote in developmental stability assumes the overdominant
effect when the heterozygous state of the certain locus is determining the essential
improvement of an organism condition that could not be expected for any loci.
Thus, the effect has been revealed only for a few of numerous analyzed loci in
rainbow trout (Leary et al. 1983). In such cases an advantage effect of hereto-
zygosity was manifested not only for developmental stability, but also for an overall
organism condition, including rate of growth, etc (Ferguson 1986). Positive
correlation of developmental stability with the growth rate was also established
for roach (Ruban and Zakharov 1984).

Deterioration of developmental stability as a result of long-term inbreeding
indicates a negative effect of the increase in average homozygosity level. In this
case developmental stability decrease is a manifestation of inbreeding depression.
Homozygosity for the alleles with deleterious effect as well as an increased
sensitivity of homozygotes could be the main causes for the developmental stability
disturbance under the impact of inbreeding. High developmental stability of the
inbred strain of Drosophila melanogaster under optimal environmental conditions
(Astauroff 1930) and high fitness of the homozygous silk worm Bombix mori clones
established through the special selection to eliminate the alleles with a deteriorative
effect (Strunnikov 1994) serve the needed background for the latter explanation.

We have obtained different results in our cross experiments. Crossing of closely
related inbred strains resulted in an increase in developmental stability. A
transition of the loci from the homozygous to the heterozygous state, including
the alleles with deleterious effect, could be the main cause of the effect. Possible
negative effect of genetic coadaptation decrease should be less that an advantage
of the removing of the inbred depression. Vice versa, crossing genetically different
strains deterioration of developmental stability took place as a result of the
combination of incompatible alleles, that led to genetic coadaptation disruption.
Possible positive effect of the removing of the inbreeding depression is much less
than deleterious effect of the genetic coadaptation disruption. These data cor-
respond to the earlier obtained results of the inter and intrapopulation crosses
(Tebb and Thoday 1954, Zakharov and Bakulina 1984).

Summarizing all our data we can conclude that: (1) homo- or heterozygous state
of the single locus does not commonly affect developmental stability; (2) an increase
in genomic homozygosity leads to developmental stability decrease (inbreeding
depression); (3) an increase of heterozygosity results in developmental stability
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increase when we cross closely related inbred strains (removing of inbreeding
depression) and in developmental stability decrease when we cross essentially
different strains (genetic coadaptation disruption). Thus, developmental stability
could be suggested as a general characteristic of an organism condition, as one of
the fitness parameters. The level of developmental stability mainly depends not
on heterozygosity as such, but on overall genomic characteristic, genetic coadapta-
tion, that could be disrupted under the certain circumstances by both inbreeding
or outbreeding.
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