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It is generally difficult to understand the rates of human
mortality from biological and biophysical standpoints
because there are no cohorts or genetic homogeneity; in
addition, information is limited regarding the various
causes of death, such as the types of accidents and dis-
eases. Despite such complexity, Gompertz’s rule is useful
in humans. Thus, to characterize the rates of mortality
from a demographic viewpoint, it would be interesting
to research a single disease in one of the simplest organ-
isms, the nematode C. elegans, which dies naturally
under identically controlled circumstances without pred-
ators. Here, we report an example of the fact that heter-
ogeneity on survival and mortality is observed through a
single disease in a cohort of 100% genetically identical
(isogenic) nematodes. Under the observed heterogeneity,
we show that the diffusion theory, as a biophysical model,
can precisely analyze the heterogeneity and conveniently
estimate the degree of penetrance of a lifespan gene from
the biodemographic data. In addition, we indicate that
heterogeneity models are effective for the present hetero-
geneous data.
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An exponential index in Gompertz’s mathematical model
has often been used as an indicator of the aging rate'.
However, there is some doubt about Gompertz’s rule**.
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Recently, we proposed a diffusion theory (the so-called
stochastic model) that can analyze quantitatively survival
curves and the rates of mortality and examined the validity
of the theory experimentally using the nematode C. elegans®.
In addition, strong evidence that stochastic as well as
genetic factors are significant in C. elegans aging has been
found®. Thus, to examine the molecular mechanism behind
aging and lifespan, our model is expected to serve as a use-
ful analytical tool that can be used to extract information of
a regulatory system from the survival or mortality curves. In
this report, furthermore to demonstrate our model’s validity,
we mainly used a C. elegans mutant of the apoptosis-related
egl-1 gene, which loses its normal egg-laying function’. C.
elegans has no heart, no blood vessels, no lungs, no liver,
and no cancer. The body structure of C. elegans is very
simple. Thus the number of diseases that worms catch is
overwhelmingly smaller than that in humans. Under such a
background, C. elegans is frequently used as an ultimate
model animal for the research on aging. With this experi-
mental system, the influence on the rates of mortality by a
single disease with aging can be examined.

We first found that the biodemographic data of egl-/
mutants have a heterogeneous feature. We observed that the
origin of the heterogeneity is disease and aging. The eg/-/
mutant strain plays an important role in clearly distinguish-
ing aging from the disease as a phenotype. Here, a typical
example of observed heterogeneity is introduced. In addi-
tion, to support the validity of our model, we also employ
two mutants; ife-2 and mev-1;fer-15. The ife-2 gene is
related to protein synthesis®, and the mev-1,fer-15 double
mutant is oxygen-hypersensitive under highly oxidative
stress®.

The data points of mortality in the used mutants clearly
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deviate far from a single exponential curve that is calculated
from the simplest Gompertz’s expression. Thus we won-
dered whether Gompertz’s rule can apply even to such odd
behavior. To answer this question directly, we employ the
heterogeneity theory of Vaupel and Yashin® and a discrete
heterogeneity model'® that extended the simplest Gomp-
ertz’s formulation! to a theoretical framework applicable to
a heterogeneous population. Using this crucial example, we
examine whether the diffusion theory is more useful and
convenient than the heterogeneity models. Furthermore, to
find a biological meaning in heterogeneity, we focus on the
estimation of the penetrance, which is a term used in genetics
to describe the extent to which the properties controlled by a
gene, its phenotype, are expressed. Here, we show that eg/-/
mutants have high penetrance.

Materials and methods

C. elegans strains

Strains were manipulated under standard conditions by
Brenner!!. We used the following three strains: MT1082
legl-1(n487)], RB579 [ife-2(0k306)], and TK281 [mev-1(knl);
fer-15(b26)).

Lifespan assays

The lifespan was conducted at 25°C or 20°C. Synchro-
nized worms were grown on nematode growth medium
(NGM) plates (90-mm diameter) with E. coli OP50 as a
food source at 25°C after hatching (x=0) and set up on
NGM plates (35-mm diameter) after day 3; the starting pop-
ulation per plate consisted of 10—12 animals. Eggs of egl-/
and mev-1;fer-15 mutants were taken from young adults
that had been grown on NGM plates at 16°C except for
those of the ife-2 mutant, which had been grown at 20°C.
During egg laying, hermaphrodite animals were transferred
daily to new NGM plates in order to prevent the contami-
nation of adult populations by progeny up to the point when
fertilization would not occur. The number of living and
dead animals was scored daily until all animals no longer
responded to gentle prodding with a platinum thin wire, at
which time they were considered dead. Animals that died
due to an extruded gonad or desiccation due to crawling on
the edge of the dishes were censored and incorporated into
the dataset. Worms that died were removed from the plates.
For all lifespan measurements, assays were repeated at least
three times. Data fitting of the fraction survival and mor-
tality rates and statistical analysis were performed using
KaleidaGraph software (version 3.6, Hulinks).

Analytical models

Definitions of the mortality rate and the force of mortality
The fraction survival to age x is given by /=100%

(N,/N,), where N, and N, are the initially set population

number of animals and the number of animals alive on age

x, respectively. The (age-specific) mortality rate g_at age

X (x~x+AXx) is generally defined by
Q,\' = (lx_ lx+Ax)/(AXlx)' ( 1 )

Since observations were conducted daily in the present
measurements, Ax=1. Thus, our experimental mortality
rate, g, may be given as follows:

CI,\' = (lx_ lx+l)/lx' (2)

q, 1s a discrete quantity, whereas the force of mortality, x,
is in general defined as a continuous quantity as follows:

___1 dNn,
= N, dx

— _l dlx ( lim lx_ lx+Ax )

[ dx \ a0 Axl,

d
=2 Jogl.. 3
- logk 3)

Thus, the force of mortality implies the limit of the mortal-
ity rate, i.e., Ax—0, as well as N> 1.

A summary of the diffusion theory

We derived the equation of lifespan having a biological
background on the basis of the diffusion differential equa-
tion as described in a previous paper’.

First, as the simplest case, in which individuals are genet-
ically homogeneous and composed of a cohort, we reached
the following solution:

[ = I(x, 1))+ (100 [(x, 7))e

—(x—1,)/2

100 ar x <1
W)= { o grasi )

where z=./4D¢,. Furthermore, D and ¢, represent the fluc-
tuation constant and the onset of demographic aging,
respectively. Here, animals cultured under identically con-
trolled circumstances, including temperature, nutrients, and
lack of predators, are assumed to die of a single natural
cause. The framework involved in the stochastic model is
based on the existence of a regulatory system early in life
and/or during adulthood. As a biological meaning of z, we
have reported that the inverse of z is proportional to the
physiological decline rate of respiration with age. Substi-
tuting Eq. 4 into Eq. 3, the force of mortality is written
approximately as u =2(x—1f,)/z* at x>#, This expression
corresponds to a special case of the Weibull model.

For the case of n-causes of death, the extended version of
Eq. 4 is given as follows:

L= Y1), (5)

where [(x)=1, (x, 1,)+(l~1,0x to))e "7, z=/4Dit,,

Iy atx<t,

L, (x, 1,,) = { 0 arx>i and Zj:lOi =100. Substituting Eq. 5



into Eq. 3, the force of mortality may be expressed as

ﬂx=2z(’“—2’<ﬁ)x@ atx>1,. 6)
i Z; X

The Vaupel-Yashin model and a discrete heterogeneity
model for a heterogeneous population

For simplicity, let us consider a heterogeneous population
composed of two sub-cohorts in a single cohort. The average
force of mortality, <u >, is given by Vaupel and Yashin’ as
follows.

<> = 1)+ (1~ 7)), ™
_ mp(X) _ "
where n(0)=p— SO p@=exs) - [ (.
and i=1, 2.

Here, we employed the expression of Gompertz p,(x)=
A, exp(G,x) to fit the rates of mortality because Vaupel and
Yashin basically adopted Gompertz’s rule to demonstrate
their mathematical model. In addition, x, represents the pro-
portion of individuals who are in the first subcohort at time
zero. Note that 100 z, corresponds to /,, in our biophysical
model. Furthermore, to compensate for a weakness of the
Vaupel-Yashin model, we discuss employing a discrete het-
erogeneity model'® that developed from the Vaupel-Yashin
model. The average fraction survival in the discrete hetero-
geneity model is expressed as

2
<[>= z aipi(x),
i=1
pix) = exp [—%(@G’x— 1)} ,

2
and ¥ ¢; =100. ®)
i=1

Here, ¢, corresponds to /,, of our model.

Results

Observed heterogeneity in the eg/-1 mutant

The entire survival curve, [, of egl-/ mutants at 25°C indi-
cates a two-step-like shape (Fig. 1A). Indeed, we observed
that about 90% of the population quickly died due to inter-
nal hatching of larvae or disease from day 3 to day 6 and the
remainder died gradually of natural causes after day 6. The
maximum lifespan was twenty days. The original survival
curve could be clearly separated into two components after
analyzing with the extended equation for lifespan, Eq. 5, and
the addition of more components did not result in a better
fit. At this time, the non-linear least-squares fitting method
was used to statistically fit the equation of lifespan to the
experimental values. Each theoretically isolated component,
i.e., the first and the second modes, fitted each experimental
component quite well (Fig. 1A). In this case, the first and
second modes corresponded to the subcohorts of disease
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and aging, respectively. In addition, the reconstructed curve
from the two separated modes highly correlated with the
entire original survival data (correlation coefficient 0.999;
data not shown). The frequency, /;,, of the first mode repre-
sents the degree of penetrance of the eg/-/ gene. The reduced
value is /,,/100=0.888, which is fully consistent with the
observed value (482/543=0.888), where the number of ani-
mals that died from disease and aging was 482 and 61,
respectively. The z-value of the first and second modes was
0.98 and 5.70, respectively.

The rates of mortality, g , were calculated using Eq. 2. The
experimental data clearly deviated from the linear relation-
ship that would be expected from the simplest Gompertz’s
expression (Fig. 1B). The findings indicate that the mortality
rates were convex early in life. We theoretically calculated
the rates of mortality by substituting the fitting equation of
reconstructed survival into Eq. 2; the rates are represented
by ¢q,'. The predicted values, g,’, from our model are quite
compatible with the experimental values, g, (correlation coeffi-
cient, r=0.861). Moreover, the force of mortality, x,, which
was calculated using Eq. 3, is superimposed on ¢, in Fig. 1B.
The u, curve approximately fitted the g, values and slightly
deviated from ¢q'. Furthermore, to verify whether Gompertz’s
rule is established in such a heterogeneous system, we fitted
q, using the Vaupel-Yashin model, which is composed of
two components expressed by Gompertz’s rule. As shown
in Fig. 1C, the experimental values, g, are close to the fit-
ting curve, <u >. Here, the fitting parameters were chosen
appropriately without using the maximum-likelihood method
or the non-linear least-squares fitting method. Although these
estimated parameters are not always unique, when we input
7,=0.50, the fitting curve fitted the data points well. The
value of 0.50 that predicts the degree of penetrance of the
egl-1 gene is much lower than the observed value of 0.888.
When the same value as the observed one was input into 7,
the fitting degree (correlation coefficient, r=0.298) was not
better than that (r=0.839) at 7,=0.50. However, when we
analyzed using the discrete heterogeneity model of Eq. 8, the
degree of penetrance could be improved to 0.82. The entire
survival data fitted the theoretical curve well, as shown in
Fig. 1D.

Effect of the temperature on the penetrance of the egl-/
gene

To verify how the penetrance is influenced by an environ-
mental factor, we investigated the effect of the temperature
of the culture on the penetrance of the egl-/ gene. Figure 2A
shows the survival curve at 20°C. We could again observe
two different phenotypes under this temperature condition.
The maximum lifespan was seven days longer than that at
25°C. The proportion of animals catching the disease to the
initial population was 0.683, where the number of diseased
and aging animals was 192 and 89, respectively. This indi-
cated a reduction of 30% from 0.888 at 25°C. The propor-
tion of the first mode /,,/100=0.694 that was obtained from
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Figure 1 Biodemographic data of the eg/-/ mutant cohort. (A) Survival; summed data from 5 trials, 543 animals at 25°C. Raw survival data
consist of death due to a single disease (blue crosses, the number of worms; n=482), senescence (red crosses, n=61), and total data (open circles,
n=>543). Blue, red, and bold black curves represent the fitting ones corresponding to each experimental data. The fitting parameters of the 1 mode
were /), =88.8, 1,,=3.5, and z,=0.98, while those of the 2" mode were /,=11.2, #,,=6.0, and z,=5.70. (B) Mortality rates of (A). ¢, indicates the
experimental values (open circles); ¢, the predicted mortality rates (filled circles); ux,, the force of mortality (—). (C) Analysis by the Vaupel-
Yashin model. The fitting parameters in Eq. 7 were chosen as 7,=0.50, A;=0.00362, A,=0.03979, G,=1.34, and G,=0.16. (D) Analysis by the dis-
crete heterogeneity model. The fitting parameters in Eq. 8 were chosen as ¢,=82.0, ¢,=12.0, A;=0.00036, A,=0.03979, G,=1.90, and G,=0.16.

the analysis using our model is in good agreement with our
observed value (0.683). On the other hand, the z-value of
the first and second modes was 2.36 and 9.20, respectively.
As in the results at 25°C, the mortality data clearly devi-
ated from the linear relationship that would be expected from
the simplest Gompertz’s equation (Fig. 2B). The profile of
mortality, g, seems to be convex early in life. We calculated
the rates of mortality, g', expected from our model by sub-
stituting the fitting equation of reconstructed survival into
Eq. 2. The predicted values, ¢, are in quite good agreement
with the experimental value, g,. The force of mortality, x, is
superimposed on ¢, in Fig. 2B. The y, curve fitted ¢, and g’

well. Moreover, to test the effectiveness of Gompertz’s rule
even in this heterogeneous system, we fitted g_ with the
Vaupel-Yashin model. As shown in Fig. 2C, the experimental
q, values are approximately close to the fitting curve when
the fitting parameters were chosen appropriately. Although
these estimated parameters are not always unique, the experi-
mental values fitted the theoretical curve calculated by z,=
0.694 quite well. At this time, the z, value was consistent
with the observed value, 0.683.

Unobserved heterogeneity in the ife-2 mutant
As shown in Fig. 3, similar data to those of eg/-/ mutants
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Figure 2 Temperature effect on the biodemographic data of the eg/-/ mutant cohort. (A) Survival; data from a single trial, 281 worms, at 20°C.
Raw survival data consist of death by a single disease (blue crosses, n=192), senescence (red crosses, n=89), and total data (open circles, n=281).
Blue, red, and bold black curves represent the fitting ones corresponding to each experimental data. The fitting parameters of the 1% mode were
1,=69.4, t,,=3.5, and z,=2.36, while those of the 2" mode were /,,=30.6, #,,=10.0, and z,=9.20. (B) Mortality rates of (A). g, indicates the experi-
mental values (open circles); g/, the predicted mortality rates (filled circles); u,, the force of mortality (—). (C) Analysis by the Vaupel-Yashin
model. The fitting parameters in Eq. 7 were chosen as 7,=0.694, A,=0.00047, A,=0.012241, G,=1.38, and G,=0.14.
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Figure 3 Biodemographic data of the ife-2 mutant cohort. (A) Survival in a single trial, 97 animals at 25°C. This strain was transferred from
20°C to 25°C after L1 larvae. The fitting parameters of the 1** mode (blue curve) were /,,=30.9, #,,=7.0, and z,=4.46, while those of the 2" mode
(red curve) were [,=69.1, 1,=14.0, and z,=3.49. (B) Mortality rates of (A). g, indicates the experimental values (open circles); g,’, the predicted
mortality rates (filled circles); u,, the force of mortality (—). (C) Analysis by the Vaupel-Yashin model. The fitting parameters in Eq. 7 were chosen
as 1,=0.15, A,;=0.00001, A,=0.00110, G,=1.20, and G,=0.33.

were obtained with another mutant of the ife-2 gene. Differ- expected from the simplest Gompertz’s rule (Fig. 3B). The
ently from the case of the eg/-/ mutant, however, in this result indicates that the mortality rates, g, were convex
mutant, the reason for the two phases is unclear; in other early in life and later at older ages. We calculated the mor-
words, it is a case of hidden heterogeneity, probably due to tality rates, g,’, obtained from our model by substituting the
the low penetrance of the ife-2 gene. The frequency of the fitting equation of reconstructed survival into Eq. 2. The
first mode from our model was estimated to be 0.309. predicted ¢ from our model was quite consistent with the

As in the case of the egl/-/ mutant, the mortality data experimental value, ¢.. Then, the force of mortality, x, was
clearly deviated from the linear relationship that would be analyzed using Eq. 3 with the fitting parameters that were
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determined through the curve fitting of the survival data.
is superimposed on g, in Fig. 3B. The x_ curve fitted g, and
q,' well. The slight deviation of x_ from ¢ ' seen at advanced
ages is obviously caused by continuity or discreteness under
the mathematical definition.

Furthermore, to examine the effectiveness of Gompertz’s
rule for this heterogeneity, we fitted g, using the Vaupel-
Yashin model. As shown in Fig. 3C, the experimental q_
values are in agreement with the fitting curve when the fit-
ting parameters were chosen appropriately. Although those
estimated parameters are not always unique, the fitting is
good with experimental values at z,=0.15. This is about
half the value of 0.309 estimated by our model.

Biodemographic data for the oxygen-hypersensitive
mev-1;fer-15 double mutant

Moreover, we tested our model employing the oxygen-
hypersensitive double mutant mev-1,fer-15 under highly oxi-
dative stress (Fig. 4). When this mutant strain was exposed
to a high oxygen concentration (90%) after maturation, its
lifespan was remarkably shortened (Fig. 4A and ref. 5). The
mortality rates, g, reached a complete plateau at advanced
ages, as shown in Fig. 4B. Here, we first fitted the survival
using the equation of lifespan, Eq. 4. Then we calculated the
predicted mortality, g, from our model by substituting the
equation of survival with determined parameters in the pre-
vious step into Eq. 2. The ¢,' values were in quite good agree-
ment with the experimental g, values, as seen in Fig. 4B. On
the other hand, x was not at all coincident with g, or g .
However, as the time interval Ax in Eq. 1 decreased from
1.0 to 0.05, g, gradually approached y_, and both matched
up completely at Ax=0.01 (data not shown). This is a typi-
cal example that the rates of mortality do not always fit with
the force of mortality because of the issues of g -discrete-
ness and p -continuity.

Discussion

Observed heterogeneity and penetrance in eg/-/ mutants

A two-phase structure is revealed in biodemographic
data, as demonstrated above. This heterogeneity probably
results from the penetrance of the eg/-1 gene. Although our
results suggest that an isogenic (100% genetically identical)
population is composed of two subpopulations, we ascer-
tained that the data did not result from mixing two different
strains (data not shown). This means that the eg/-/ mutant
cohort, despite being an isogenic population, has the capac-
ity to generate a heterogeneous population. As pointed out
by Vaupel and Yashin’, a heterogeneous population may con-
sist of various homogeneous subpopulations. In particular, it
must be noted that the heterogeneity of eg/-/ mutants could
be observed as a phenotype without employing a special
tool, such as a visualizing technique!'.

If we compare the phenotype, the maximum lifespan, the
t, value and the z-value for the second component or mode
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Figure 4 Biodemographic data of the mev-1,fer-15 double-mutant
cohort at 25°C. (A) Survival of the mev-1,fer-15 double mutant (360
animals, summed data from three trials) exposed to 90% oxygen con-
centration from day 4. The raw data were fitted by the non-linear least-
squares method with Eq. 4, whose fitting parameters were determined
as 1,=5.25 and z=1.24. The bold black curve shows the fitting curve
analyzed as a single mode. (B) Mortality rates of (A). The expected
mortality rates ¢, from our model were calculated by substituting the
fitting equation of survival determined at (A) into Eq. 1. Here, the
interval time Ax in Eq. 1 was varied as 1.0 (filled circles), 0.5 (green
line), 0.1 (blue line), and 0.05 (red line). The experimental ¢, and
predicted ¢,' values are black circles and small black solid circles
(Ax=1.0), respectively. The bold black curve represents the force of
mortality calculated from Eq. 6.

(red crosses) with those of the wild type?, it will be shown
that the second component that died with aging has a very
similar profile to that of the wild type. This similarity sug-
gests that the second component in the eg/-/ mutant pos-
sesses a trait of the wild type.

When we reduced the temperature of the culture by 5°C



from 25°C as an environmental factor, the magnitude of
penetrance of the egl-/ gene decreased by about 30%. Simul-
taneously, the lifespan of the first component (blue crosses)
and the maximum lifespan at 20°C were extended in response
to a z-value about twice as large at 25°C. This result sug-
gests that the reduction of the metabolic rate may cause the
extension of the lifespan and penetrance because the z-value
correlates the metabolic energy”.

Unobserved heterogeneity in ife-2 mutants

The existence of heterogeneity in the eg/-/ mutant was
pointed out above. Likewise, the presence of heterogeneity
in the ife-2 mutant was shown. Unlike eg/-/ mutants, ife-2
mutants have not been shown to have two distinct pheno-
types. This is an example of unobserved heterogeneity lack-
ing direct experimental evidence. Although details are not
given in this work, in addition to the present used mutants,
similar heterogeneity has been observed in mutants other
than those used in the present study; such results will be
reported elsewhere. Even if two or more phenotypes related
to aging and lifespan have been not found in a C. elegans
cohort, the diffusion theory as well as heterogeneity models
suggests that a genetically identical population may be com-
posed of various homogeneous subpopulations. Even if the
original cohort cannot be divided into two or more sub-
cohorts as a phenotype, hidden heterogeneity may be visual-
ized using the green fluorescent protein first developed by
Wu et al.'. Although a mathematical analysis technique
depends on a chosen model, to separate each subcohort
from all survival data is necessary as a first step. Sub-
sequently, the hidden heterogeneity must be directly mea-
sured to support its existence. However, at this stage in our
research, the assignment of each subcohort predicted in the
ife-2 mutant cohort remains a future task.

Validity of Gompertz’s rule and comparison with the
diffusion model

Thus far, the effectiveness of the two-phasic Gompertz’s
rule and that of other models than the Gompertz’s rule have
been reported*!>”3. In this study, using the Vaupel-Yashin
model’, we demonstrated whether Gompertz’s rule is really
sufficient even for the present heterogeneous examples. As
seen in Figs. 1C, 2C, and 3C, the rates of mortality could
be almost fitted by the heterogeneity theory, except for the
finiteness of the solution (g, or u #0) before #,, of each com-
ponent. The diffusion theory has been derived under the
fundamental assumption that worms do not die until x=z,,
that is, ¢ =0 or =0 (0<x<t,). The problem of whether ¢q_
is zero or finite before #), seems to be essential in association
with the existence of a regulation mechanism, such as sens-
ing, switching, and memorizing the rate of mitochondrial
respiration in early life'*. To support our model with direct
evidence, we have to evaluate whether this condition does
not contradict the experimental facts. Indeed, we have never
observed worms die at least before #,,. If we had observed
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some worms die before ¢,,, we would not have excluded the
possibility of the existence of another subcohort. This point
is crucial in evaluating the validity of both the diffusion and
heterogeneity theories. Thus, our model seems to be sup-
ported, in contrast to heterogeneity models, which contra-
dict our experimental fact: ¢ =0 before #,,.

A desirable procedure of analysis for fitting the rates
of mortality

The force of mortality has usually been used to analyze
the rates of mortality'=*1%1315, However, our result obtained
with the mev-1,fer-15 double mutant suggests that we should
not fit the mortality directly using a model equation for the
force of mortality. If we fitted the mortality rates in Fig. 4B
directly using a model equation of the force of mortality, we
would be directly led to a wrong result. In other words, only
if the rates of mortality could be approximately regarded as
continuity could the force of mortality be used to analyze
them directly. In particular, the case of a small number of
animals, as well as long-lived animals in an experimental
condition, for example mice, must be noted'. Accordingly,
as a fundamental procedure, we recommend analyzing the
rates of mortality in the following way. First, a survival
curve should be fitted with a model equation, as described
in Section 4.2. Subsequently, the mortality, ¢,’, should be
calculated on the basis of the definition equation, Eq. 2, by
substituting the fitting parameters obtained from the previ-
ous step into the formulated survival equation, such as Eq. 5
or 8. Likewise, the force of mortality should be calculated
on the basis of a definition equation, such as Eq. 6 or 7, by
substituting the fitting parameters obtained from the previ-
ous step into a formulated survival equation, such as Eq. 5
or 8. However, even if the force of mortality, 4, were ana-
lyzed according to the above procedure, if continuity were
not held, a large deviation between ¢_or ¢.' and u, would be
generated. We would like to emphasize once again that u_is
a predicted value at the limit of Az— 0 and/or Nj— . Even
if there is a large deviation between ¢_ or g," and y, it is not
a logical error.

Conclusion

In this work, it is demonstrated that the biodemographic
data of eg/-1 and ife-2 mutants reveal heterogeneity. In
particular, the heterogeneity of the eg/-/ mutant can be
observed as a phenotype without using a special tool, such
as a visualizing technique, to evidence theoretically predicted
hidden heterogeneity. This observation implies that the egl-/
mutant has high penetrance. Our biophysical model, as well
as the heterogeneity models, strongly supports the existence
of hidden heterogeneity and its biological significance with
experimental evidence.
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