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Baskg-pAIR substitution rates for the mitochondrial cytochrome b
gene of free-living, native populations of voles collected next to
reactor 4 at Chernobyl, Ukraine, were estimated by two indepen-
dent methods to be in excess of 10~ nucleotides per site per
generation. These estimates are hundreds of times greater than
those typically found in mitochondria of vertebrates, suggesting
that the environment resulting from this nuclear power plant
disaster is having a measurable genetic impact on the organisms
of that region. Despite these DNA changes, vole populations
thrive and reproduce in the radioactive regions around the
Chernobyl reactor.

The meltdown of reactor 4 on 26 April 1986 at the Chernobyl
nuclear power plant was estimated to have released 50-200
million curies of radiation'” plus a variety of chemical and
metal pollutants. To estimate the biological significance of this
accident, we have compared the genetic variation of voles living at
the Chernobyl site (Chernobyl samples) exposed to this pol-
lution®* with those collected from a site that received minor
amounts of Chernobyl-related pollution (control samples). The
1,143-base-pair (bp) cytochrome b gene was sequenced™ from
two species of voles (Microtus arvalis, n = 5, Chernobyl sample;
n =5, control region; and M. rossiaemeridionalis, n = 4, Chernobyl
sample; n =5 control region). The Chernobyl sample was col-
lected 1 km southwest of reactor 4 in an area formerly known as
the Red Forest (UTM 36, 306204E, U 5683716N (coordinates
give kilometers east of the 36th TransMercator line and north of
equator) 51°16'18.4"N, 30°13'18.0" E), whereas the control
sample was collected from west of Stracholessye, 32 km southeast
of reactor 4 (UTM 36, 318000E, U 5661778N; 51°04'43.0" N,
30°24' 06.1” E)’. No morphological abnormalities were noted in
dissections and specimen preparation of any of these rodents,
although eight of 191 specimens from Chernobyl had spleens
enlarged to up to six times the normal size’.

Using phylogenetic methods (parsimony), the minimum
number of nucleotide changes was calculated®’ for the control

TABLE 1 Nucleotide substitutions arranged by codon position and effects
of amino-acid subsitution in two species of voles

Amino-acid
Codon position effect

Taxon and location 1st 2nd 3rd Syn Non
Chernobyl

M. rossiaemeridionalis 6 5 8 9 10
M. arvalis 7 5 16 20 8
Total 13 10 24 29 18
Control

M. rossiaemeridionalis 1 0 1 1 1
M. arvalis 2 0 1 2 1
Total 3 0 2 3 2

Syn, synonymous; Non, non-synonymous.
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FIG. 1 Gene trees produced by parsimoniously arranging the minimum
number of genetic changes (numbers shown in boxes) within experimental
and control populations of two species of voles’. a, Tree based on all codon
positions; b, tree based on amino-acid changes only. At least two indepen-
dent clones for all individuals were amplified, cloned and sequenced in both
directions. Each sequence was scored blind relative to the opposing strand
and other clones; 80% of individuals were scored without knowledge of
control or experimental status. DNA sequence data were used as discrete,
unordered phylogenetic characters, and trees were constructed using
version 3.0s of PAUP?%, Minimal numbers of mutations and character-
state changes occurring on each lineage were evaluated using PAUP? and
MacClade?*. Amino-acid residues were examined as described for the
nucleotide data, with the exception that a Protopars weighting matrix was
established for all amino-acid changes using MacClade®*. GenBank acces-
sion numbers U54472-U54495. Chernobyl and control localities were
equivalent in sampling area. Wind patterns during the 10 days that the
reactor emitted pollution produced an uneven distribution of radiation and
other contaminants®. Our control site was selected because our instru-
ments’ and radiation-distribution maps* suggested low levels of radiation,
and because the area contained a broad expanse of habitat suitable for
voles. All individuals studied were collected in May and August 1994.
Voucher specimens are deposited in the Museum of Texas Tech University.

populations and the Chernobyl populations. In the resulting trees,
significantly more nucleotide substitutions were present in the
Chernobyl samples than in the control samples (Fig. la and
Table 1) (M. rossiaemeridionalis y; = 13.8, P < 0.0003; M. arvalis
1 = 20.2; P < 0.00001). The inferred cytochrome b amino-acid
sequence of each Chernobyl vole was unique, differing from the
sequence of every other vole in the sample (Fig. 1b). This level of
variation in amino-acid order is unprecedented among the popu-
lations of mammals studied so far®’ and it is surprising that this
degree of amino-acid evolution is tolerated in the Chernobyl
population. In contrast, four of the five control sequences are
identical in each species, a level of variation similar to that seen in
cytochrome b in other rodents™’.

Estimating the amount of variation present in the Chernobyl
population before 1986 as the amount of variation present in the
control samples, and subtracting the control total from the total
present in the Chernobyl sample, we estimate excess base-pair
substitutions as 25(28 —3) in M. aralis and 17(19 —2) in
M. rossiaemeridionalis. Invoking the highly conservative assump-
tion that all nine voles represent independent lineages and
estimating the number of generations per year as two (estimated
total of 144 generations), the nucleotide-substitution rate for the
1,143-bp gene for 42 mutations is calculated as 2.5 x 10 * sub-
stitutions per nucleotide site per generation. Calculated separately,
the rate for M. arvalis is 2.7 x 10~* and for M. rossiaemeridionals is
2.3 x 10 * substitutions per nucleotide site per generation.

Although our estimates from two separate species at Chernobyl
are similar, mutation rates of 10 are so exceptional (mutation
rates for mitochondrial genes are generally 10°° to 10~ per
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year)'"! that independent confirmation is warranted. In particu-
lar, we wanted to investigate the possibility that these increased
mutation/substitution rates resulted from immigration of hetero-
geneous colonists after the meltdown.

We therefore sequenced the cytochrome b gene from a
Chernobyl-captured female M. arvalis which contained five
embryos (Fig. 1; ‘m’ identifies the mother in the tree of
M. arvalis). To control for polymerase error and to check for
mosaicism, DNA was isolated from the mother’s liver and heart,
and two clones from each tissue were sequenced in both direc-
tions. No variation was found among these four clones. For each
embryo, two clones were sequenced, and if any site differed from
that of the mother (a potential mutation), a third independent
amplification of that region from a new aliquot of DNA was
sequenced to verify the presence of this base-pair substitution. No
variation was detected among different clones from individual
embryos. Two embryos had cytochrome b genes with nucleotide
sequences identical to the mother. Three embryos were distin-
guished from their mother by one nucleotide change each; two
individuals shared a third-position synonymous substitution, and
one individual had a first-position non-synonymous substitution.
Two independent (twinning, or a single mutation in the germ line
before the two oocytes developed could account for the shared
mutation) substitutions in 5,715bp provide a substitution rate
estimate of 3.5 x 10~*, which corroborates the estimates from the
populational comparisons above. Although our data are limited to
a single female and her embryos, using the highest annual muta-
tion rate normally accepted for the mitochondrial genome!*
(1 x 107%), the probability of two mutations being observed by
chance in 5,715 base pairs is 3.3 x 107, Results from embryos
suggest that the high substitution rate within the Chernobyl
populations is ongoing, and contradict the hypothesis that the
observed populational polymorphisms are the result of immigra-
tion. If this elevated mutation rate in cytochrome b extends to the
entire mitochondrial genome (~17,000bp), such a rate would
translate into 3-5 substitutions per mitochondrial genome per
generation. It is probable that such a high mutation rate does not
extend to the nuclear genome because such a mutation rate across
three billion base pairs would result in 600,000 mutations per gamete.

It must be understood that this increased substitution rate may
reflect the presence of mutagens other than, or in addition to,
radioactivity, or some synergistic effects of mutagens'’. If these
changes were caused solely by ambient levels of radiation, then the
substitution rate should decline as the radioactivity decays.
Although the level of ambient radiation has declined substantially
since the accident', our limited analyses of embryos suggest that
the substitution rate is still vastly elevated over controls and may
be similar to that which led to the current levels of genetic
variation in the populations around the reactor. Unlike many of
the radioisotopes released at Chernobyl, heavy metals and other
mutagenic chemicals can persist indefinitely in the environment.
In this and other respects, the environmental pollution resulting
from the Chernobyl accident is different from that resulting from
nuclear weapons. It does not appear that the biological conse-
quences of the Chernobyl accident can be adequately predicted
from results of previous laboratory studies'®® or from the extensive
investigations of the effects of Hiroshima and Nagasaki’'*. [
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