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Abstract

Gondo and his collaborators performed whole-genome sequencing
(WGS) experiments using mice for several generations under the cir-
cumstances of radiation with low dose rates at Tokai University and
Institute for Environmental Sciences (IES) in Japan. The dose rates
were 0.05, 0.15, 1.0, 20mGy/day. We performed a statistical analysis
of the experimental results on the single nucleotide variations (SNV)
for each mouse after 4 generations. The SNVs per generation were
almost unchanged below the dose rate of 1mGy/day within the 95%
confidence level errors. The experimental results were reproduced by
the Whack-a-Mole (WAM) model with the standard parameters ob-
tained by the Russell mega-mouse experiments. We propose a natural
dose-rate unit (NDR) to show the radiation effects at a low dose rate
for a long duration to be used in society.



1 WGS experiments with low dose rates
for several generations

Recently, Gondo and his collaborators performed WGS experiments
using mice with low dose rates for several generations in Tokai Uni-
versity and IES. The dose rates were 0.05, 0.15, 1.0, 20mGy/day. The
experimental details and the results will be presented orally by Gondo
in the ICRP Tokyo conference [1].

We show here one of their results on mice with the family se-
quences for four generations under low dose-rate radiation in Fig. 1.
In this paper, we present the results of the statistical analysis of these
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Figure 1. The family sequences of mice for four generations with the
dose rates of 0.05mGy/day and 1mGy/day for about 400 days. The
numbers of single nucleotide variations (SNVs) were obtained by the
short read method of the WGS technology and written under each mouse
in the G4 generation.

SNVs using the maximum likelihood method and the effect of the low
dose-rate radiation on the numbers of SNVs per generation using the
family structure under experimental conditions. We then compare the
results with the Whack-a-Mole (WAM) model predictions using the
standard parameter set obtained in the analysis of Russell’s mega-
mouse experiment [3].

2 Statistical analysis of the SNVs with
long time exposure on mice

We use the maximum likelihood method with the Poisson distribution
on the numbers of SNVs in various mice experiments. The numbers
of de novo mutations (DNM) in various cases are listed in the paper



of Gondo and his collaborators [1]. Here, the DNMs are defined as
newly detected variations in the G4 generation as compared to the
DNA sequence in the GO generation. We focus here on the SNVs
identified in the WGS technology [2]. We used the likelihood function
with Poisson distribution.

i
L) =1L e 1)

where k; is the number of SNVs for NV data points and A is the most
likelihood value in case L(\) is maximized. We plot the experimental
data on the SNVs for the control case in Fig.2. In the right figure,
shown is the logarithm of the likelihood function LL as a function of
A. The maximum of LL provides the average value for A and \ at
LLq: — 2 provides the 95% confidence level.
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Figure 2. The experimental data points on the SNVs for the control
case are shown in the left figure. The 95% error bars are shown for
experimental data points. Using the most likelihood method, the average
value and the 95% confidence level are shown by the solid line and the
dashed lines. The log of the likelihood function LL()) is given for the
control case in the right figure. The 95% confidence level is provided by
the value LLs = LL,,4, — 2 shown by the horizontal line.

We performed the same procedure for the exposure cases. Shown
in Fig.3 are the experimental data on the SNVs for d = 0.05 and
1mGy/day. The average value A\ and the 95% confidence levels are
provided by the solid and the dashed lines. We prefer the most like-
lihood method to determine the 95% confidence level since the error
bars systematically decrease with the number of data points. The
standard errors change statistically when the number of data points
is small. The distribution of the data points approaches the Poisson
distribution by increasing the number of data points. Both methods
then provide the same information at a large number of data points.
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Figure 3. The experimental data on the SNVs for d = 0.05 and d =
1mGy/day. The most likelihood value for the X is provided by the solid
line and the 95% confidence level is given by the dashed lines.

In addition to these cases with d = 0.05 and 1mGy/day for about
400 days with four generations, we have data on d = 20mGy/day
for about 300 days with three generations. The family structure is
shown in Fig.4. We should note that a female mouse under d =
20mGy/day radiation cannot give birth. Hence, a female mouse in
the control case was used for mating with a male mouse under d =
20mGy/day radiation. We used the most likelihood method for a
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Figure 4. The family structure of a mice experiment under the dose
rate of 20mGy/day. The numbers of SNVs are written under mice in
the G3 generation.

statistical analysis of this experimental data. We summarize the most
likelihood values A on these SNVs in Fig. 5. In the left figure, the SNVs
are shown as a function of the total dose. In this plot, it is obvious
that the control value of d = 20mGy/day case shown at the left-lowest
corner is different from those values of the lower dose-rate cases shown
at the left-upper corner. Hence, we plot the SNVs per generation in
the right figure of Fig.5. This result is reasonable since the control



values taken under various conditions agree with each other. Here, the
horizontal axis is the dose rate. If we were to provide the total dose
per generation, we should multiply 100 days by the dose rate. We see
now that the SNVs per generation are unchanged until the dose rate
of 1mGy/day within the statistical error.
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Figure 5. The SNVs for the control cases and the exposure cases are
shown as a function of the total dose in the left figure. Here, we add the
data points taken at 0.15mGy/day for four generations obtained at Tokai
University [1]. The SNVs per generation are plotted as a function of the
dose rate in the right figure. The SNVs per generation are unchanged
until 1mGy/day within the 95% confidence level.

3 Theoretical analysis of SNVs per gen-
eration using Mendel’s law

We have found that the SNVs per generation behave nicely for the
control cases, where the values in all the control cases agree with each
other within the error bars. Hence, now it is important to extract
the SNVs newly produced in each generation from the average values
A obtained for the G4 mice. We assume that the SNVs for each
generation are common, and the SNVs of the ancestor propagate to
their descendants following Mendel’s law with the resulting total SNVs
measured in the G4 mice. Here, we use the sum rule of the Poisson
distribution P(i,a) = ‘;—;e_“.

> P(i,a)P(k —i,b) = P(k,a+Db) . (2)

This relation means a Poisson distribution with the average of a to-
gether with a Poisson distribution with the average of b provide a



Poisson distribution with the average of @ 4+ b as a net result. We
write the number k of SNVs for each generation following the Poisson
distribution with the average value x for the control case.

Obviously, the SNVs follow the Poisson distribution P(k,z) for
a G4 mouse appearing newly in the fertilized egg of the G4 mouse.
The male mouse in the G3 generation has SNVs of a Poisson distri-
bution with the average =, propagating to the G4 generation by half
due to Mendel’s law. This rule applies to the female mouse, which
contributes also /2 to the G4 generation. Altogether the G3 gen-
eration contributes to SNVs in G4 by the Poisson distribution with
the average x/2 + x/2 = x. The contribution from the G2 generation
to the G4 generation can be calculated as z/2 4+ x/2 = z using the
family structure. The contribution from the G1 generation is slightly
complicated due to the inter-family breading. We discuss only the
average value for this case. The SNVs in the fertilized egg of the G1
male mouse propagate half of the SNVs to the G2 mouse, and the
G1 female mouse also provides half of the SNVs. The net SNVs are
z. In the next step, the G3 mouse gets a homo SNV and 6 hetero
SNVs out of 16 possibilities. A complicated calculation for the G4
mouse coming from the G3 parents provide 1 homo SNV and 6 hetero
SNVs in the G4 mouse. Since the experimental numbers for the SNVs
are obtained by counting a homo SNV as one and a hetero SNV also
as one SNV, we should sum up the homo and hetero contributions.
Hence, the G1 contribution to the G4 mouse is 2 x 7/16x. Hence, we
sum up all the G1, G2, G3, and G4 contributions to get the net SNVs
in the G4 generation using the Poisson distribution sum rule. The
average value of the net SNVs in the G4 generation is

r4+z+x+7/8x=3.875x. (3)

This net value has to be equated with A\ extracted by the maximum
likelihood method in the previous section. We get the following value
for x and the 95% confidence level.

z =269 [24.3,29.5] . (4)

As for the exposure case, the low dose rate irradiation started when
the male-female couple in the G1 case were placed in the same cage
to be ready for mating. Hence, the fertilized eggs of the G1 mice did
not get the influence of radiation. On the other hand, the G2 mice
and further generations have the influence of radiation. In this case,



we write the number of SNVs in the fertilized egg is y, which should
be fixed for various dose rates.  Since the family structure of the
exposure case is the same as the control case, the net SNVs in the G4
generation are written as

y+y+y+7/8x:3y+0.875$. (5)

This net value has to be equated with A for the exposure cases knowing
x. The results are

y =26.6 [23.1,30.1] for 0.05mGy/day , (6)
y =26.8 [23.3,30.3] for ImGy/day .

As for the 20mGy/day case, the family structure shown in Fig. 4
is different from the cases of the lower dose rate cases. In the control
case, the SNVs in the fertilized egg of the male mouse is z, and that of
the female mouse are also x in the G1 generation. The SNVs propagate
to the G2 generation as x. Finally, to the G3 generation, it becomes
7/8 x. We can calculate the G2 contribution to the G3 generation as
z. Finally, the SNVs in the G3 generation are x. Hence the net SNVs
for the control case is

x+x+7/8c =2.875z . (7)
Hence, we get
x =264 [24.0,28.9] . (8)

Now we have to extract the exposure case, where the family struc-
ture is written in Fig.4. The SNVs newly produced at the fertilized
egg in the G1 mice do not get the influence of the radiation. Hence,
we write the average value x. These SNVs propagate to the G2 level
by half of this value . The female mouse has independent SNVs by
the average value of x. These SNVs propagate to the G3 mice. Hence,
the contribution of the G1 mice to the G3 mouse is x. As for the G2
mouse in the exposure case, the male mouse has y SNVs and the fe-
male mouse has z. Hence, the G2 contribution is (x 4+ y)/2. The G3
generation mouse has contributions both from the male and female
mice. Assuming the contributions of male and female for the fertil-
ized egg in the G3 generation are the same, again the SNVs of the G3
generation is (z + y)/2. Hence the net result is

2ex 124+ (x4+y)x1/24+(x+y)x1/2=20+y. 9)
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We equate this expression with the observation for the exposure 20mGy/day
case. We get the following values.

y =412 [35.2,47.3] . (10)
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Figure 6. The calculated SNVs per generation are shown as a function
of the dose rate in the log scale in the left figure. The same SNVs per
generation are shown in the linear scale in the right figure.

We plot all the results in Fig. 6. The calculated SNVs per genera-
tion are shown as a function of the dose rate in the log scale in the left
figure. The same SNVs per generation are shown in the linear scale
in the right figure. Here, it is clear that the SNVs per generation are
unchanged until 1mGy/day within the statistical errors. We can see
this feature clearly in the log plot.

4 The WAM model

The WAM model was used for the analysis of the mega-mouse exper-
iments of Russell and Kelly [3]. The WAM model is expressed by the
differential equation for the mutation frequency F' [4].

dF

— =A—-BF. 11

g (11)
There are two terms in the WAM equation. A term increases the
mutation frequency, while the B term decreases. The solution is

A
F=2(1- e By . (12)
For a steady state for ¢t > 1/B, the mutation frequency becomes
ag + a1d
== - 13
bo + bid ( )
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Figure 7. The mega-mouse experimental results are shown by the red
points with the 95% confidence level errors. The WAM predictions are
shown by the blue points. Two straight lines introduced by Russell-Kelly
are also shown in this figure [3].

This mutation frequency should be used for the low dose and long
exposure cases. In the above expression (13), d denotes the dose rate.
When d = 0, F' = ag/by provides the endogenous mutation frequency.

We are now ready to fix the parameters of the WAM model to be
used for various animals. Particularly the parameters have been fixed
by the mega-mouse experiments by Wada et al [5].

ap=3.24x10"% 1/h , (14)
a; =2.94x107% 1/Gy ,

bo =3.00x 107 1/h ,

by =136 x 107 1/Gy .

We use these parameters as the standard parameters of the WAM
model. We see then that the mutation frequency at the steady state
for small d increases linearly with the dose rate.

We show the comparison of the WAM model with the mega-mouse
experimental results of Russell-Kelly in Fig.7 [3]. The experimental
mutation frequencies are shown by the red points with 95% error bars,
and the WAM predictions are shown by the blue points. In this figure,
the two straight lines introduced by Russell-Kelly are shown, which
indicate that the mutation frequencies depend on the dose rate. The
WAM model provides the dose rate dependence nicely.

We applied the WAM model with the standard parameters to the
new experimental results at low dose rates of Gondo and his collab-
orators [1]. In order to compare the SNVs per generation with the
prediction of the WAM model, we have to first change the unit for the
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Figure 8. The SNVs per generation obtained in the low dose and long
exposure mouse experiments by Gondo and his collaborators are shown
by red dots with 95% confidence level error bars [1]. The WAM results
are shown by the solid curve in the log plot.

mega-mouse experiment of 1 /locus/generation to 1 /bp/generation.
We use for this the relation 1locus = 1650 bp. We then multiply the
number of base pairs 20 x 10% and two chromosomes for one base pair.
We then get the results shown in Fig. 8 by the solid curve as compared
with the experimental values of SNVs as a function of the dose rate.
We find the agreement of the WAM predictions with the low dose
rate experimental results is very good. The experimental feature is
that the SNVs per generation stay almost constant until 1mGy/day
is reproduced by the WAM model.
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Figure 9. The SNVs per generation obtained in the low dose and long
exposure mouse experiments by Gondo and his collaborators are shown
by red dots with 95% confidence level error bars. The WAM results
are shown by the solid curve in the linear plot. The two straight lines
obtained by Russell-Keller are shown by the brown (acute) and blue
(chronic) lines. The experimental value at the total dose of 2Gy is lower
than these two lines.

10



We see a slight increase of the WAM results in the log plot in
Fig.8, and make further a linear plot in Fig.9. The WAM results
increase with the dose rate as shown by the black solid curve, which
reproduces the SNV at 20mGy/day. We show here the two straight
lines of Russell-Kelly by the brown and blue lines. The experimental
value is much lower than the two lines. We see clearly the dose rate
dependence of the SNVs per generation.

5 Conclusion

We made a statistical analysis of the SNVs for the control cases and
the exposure cases. We extracted the average values and the 95% con-
fidence levels of the SNVs using the maximum likelihood method. We
found the SNV per generation behave nicely for the control cases. We
then extracted the SNVs for each generation using the family struc-
ture. The SNVs per generation were almost constant within the 95%
confidence level errors until d = 1mGy/day. Since in one generation,
the duration is about 100 days, the amount of total dose in one gen-
eration is 100mGy. Hence in terms of the total dose, the SNVs per
generation were unchanged until 100mGy within the statistical errors.
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Figure 10. The SNVs per generation obtained in the low dose and long
exposure mouse experiments by Gondo and his collaborators are shown
by red dots with 95% confidence level error bars. The WAM results are
shown by the solid curve. We propose to use the natural dose rate unit
(NDR), which is used in the horizontal axis. The dose rate in Japan is
1 and that at Kerala in India is about 30.

We compared the WAM model with the experimental results taken
at various dose rates. The comparison with the new data is almost
perfect. It is interesting to point out that the natural dose rate in
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Japan is about 0.00lmGy/day and that of Kerala in India is about
0.03mGy/day. This is actually the range of dose rates taken in the
Gondo experiment [1]. The WAM model should be the theory of the
endogenous mutations in Kerala. It is also interesting to point out
that dose rate in the cosmic environment is about 1mGy/day. The
new experimental results show that the SNVs/generation (mutation
rate) is almost unchanged from the endogenous SNVs.

Since the unit of radiation is difficult for society, we propose the
use of the natural dose rate unit (NDR) for presentation. Namely
INDR=0.001mGy/day=1uGy/day. We show the present results and
the WAM predictions in the NDR unit in Fig. 10. This figure should
be much easier to understand by the society.
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