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Simple Summary: The evolutionary process can be seen as a process of acquisition, storage, and
updating of information by a population about the environment in which it lives. In this paper, I
propose a model that starts with the distribution of mating that occurs according to mutual mating
fitness and ends with the distribution of viable adult genotypes obtained after this mating. The
result of the evolutionary dynamics associated with each stage of the model can be described in
terms of information. This informational description facilitates the connection between cause and
effect, as well as the development of statistics to test the null model of zero information, i.e., random
mating and/or no effect of natural selection. Incorporating the informational perspective into the
mathematical formalism of population genetics/genomics contributes to clarifying, expanding, and
deepening the mathematical description of evolutionary theory.

Abstract: Population genetics describes evolutionary processes, focusing on the variation within and
between species and the forces shaping this diversity. Evolution reflects information accumulated in
genomes, enhancing organisms’ adaptation to their environment. In this paper, I propose a model
that begins with the distribution of mating based on mutual fitness and progresses to viable adult
genotype distribution. At each stage, the changes result in different measures of information. The
evolutionary dynamics at each stage of the model correspond to certain aspects of interest, such
as the type of mating, the distribution of genotypes in regard to mating, and the distribution of
genotypes and haplotypes in the next generation. Changes to these distributions are caused by
variations in fitness and result in Jeffrey’s divergence values other than zero. As an example, a model
of hybrid sterility is developed of a biallelic locus, comparing the information indices associated
with each stage of the evolutionary process. In conclusion, the informational perspective seems to
facilitate the connection between cause and effect and allows the development of statistical tests
to perform hypothesis testing against zero-information null models (random mating, no selection,
etc.). The informational perspective could contribute to clarify, deepen, and expand the mathematical
foundations of evolutionary theory.

Keywords: non-random mating; population genetics model; Kullback-Leibler divergence; information
theory

1. Introduction

The evolutionary process involves the accumulation of information in genomes, which
allows living beings to improve their adaptation to the environment. We can trace the
mathematical treatment of information back to Shannon [1], who, building on previous
work by Nyquist [2] and Hartley [3] on communication and information, published his
mathematical theory of communication in 1948, which was soon expanded and became
useful across a wide range of fields. In biology, there is an abundance of studies propos-
ing different descriptions and uses of information theory in a biological context, see for
example [4-6]. In population genetics, one of the first authors to consider natural selection
as a process of obtaining information about the environment during adaptive evolution
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was Kimura [7]. Spetner [8] also discussed the transmission of information during adap-
tive evolution and, later, Maynard Smith [9] and Szathmary [10] recognized the potential
relevance of the concept of information for evolutionary theory. Mac Kay [11] used this
formalism to show that recombination allows the acquisition of information due to natural
selection at a faster rate than parthenogenesis. In the new century, Adami demonstrated
the connection between information theory and the evolution of biological complexity and
molecular biology [12-14]. In 2001, Frieden et al. [15] posed evolutionary dynamics as a
process that maximizes information and Strelioff et al. [16] described the mutual informa-
tion between loci that captures epistasis. However, it seems to be Frank [17-19] who first
showed the equivalence between the description in terms of information and the classical
dynamic description of population genetics. More recently, other authors have developed
and deepened similar ideas [20-22].

Focusing on the selective component of the evolutionary process, the classical dynamic
description starts with initial frequencies, based on which the force of natural selection
acts, allowing us to predict the final frequencies. However, given the significant difficulty
in directly measuring the effect of natural selection, the informational approach becomes
relevant, where we consider the fluctuation between the frequencies of the ancestral pop-
ulation and the new one, to obtain the information associated with the natural selection
process that has caused that fluctuation [17,20]. Thus, we can obtain information about
natural selection from the observed frequencies in two separate population groups, either
in space or in time.

In summary, population genetics is the formal theory of evolution, focusing on the
concepts of natural selection, genetic drift, mutation, and recombination, etc., and the
relationship of these concepts with adaptation to the environment and their effect on
genetic diversity. However, in recent years, a reformulation of the evolutionary process in
terms of information is gaining ground.

This information-based approach has recently been extended to calculate the infor-
mation gained by comparing the distribution of phenotypes in regard to mating with
their distribution in the population. This has enabled the derivation of sexual selection
and assortative mating statistics, as well as the design of a hierarchy of models that have
enabled the application of multi-model selection techniques to the study of non-random
mating [23-25].

To develop this description in terms of information, the connection between Price’s
equation, which describes the mean phenotypic change due to the effect of selection, and
Jeffrey’s divergence was utilized, as established in the work by Frank [18].

In this paper, we propose a model that starts with the distribution of mating that
occurs according to mutual mating fitness and ends with the distribution of viable adult
genotypes obtained after this mating. The evolutionary dynamics associated with each
stage of the model can be described in terms of information.

The structure of the paper is as follows: first, we will briefly review Price’s equation
and the notions of entropy and information. Second, we will review recent results related to
mating fitness and non-random mating to highlight various connections to some measures
and properties of information theory. Third, we propose the inclusion of a mating fitness
concept within a more general model that will incorporate the genotype—-phenotype map
and other elements of the life cycle, such as viability. We will show that the mean change
in fitness, caused by the shift in genotypic and haplotypic distributions due to sexual and
natural selection, can be expressed as Jeffrey’s divergence. We will explicitly calculate the
information for the simple case of a biallelic locus with non-random mating, according to
which we will demonstrate the different information measures obtained for a model of
hybrid sterility. Finally, we will briefly comment, in light of the above and recent literature,
on whether the concept of information acquisition could serve as an alternative to biological
fitness as a design principle and the central axis of evolutionary dynamics.
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2. Price’s Equation

Price’s equation is a mathematical identity that, in its most general form, can be
applied to any characteristic that classifies two sets of entities separated in time and/or
space [18,19,26-29]. Furthermore, Price’s equation has been considered to be a fundamental,
unifying, and model-generating theorem in evolutionary theory [30-32]. Indeed, key
theorems of evolution, such as the gene selection theorem (average excess), the fundamental
theorem of phenotypic selection (Robertson’s equation), Breeder’s equation, and Fisher’s
fundamental theorem, can be derived from it [33], although regarding the latter, see the
recent work by Ewens [34].

Price’s equation can be interpreted in terms of what Kuhn [35] called symbolic general-
izations or generalization sketches and, as such, it has been connected with many different
types of models, based on which new variants of the equation can be derived to solve
different types of problems (reviewed in [30]). Furthermore, Price’s equation can also be
interpreted in terms of information [18] and, as we have already mentioned, this interpre-
tation has recently been leveraged to generate estimators of sexual selection patterns and
assortative mating [23-25].

Price’s equation can be formalized in different ways; here, we will follow Frank’s
notation to express it as the mean change between two sets of entities for a character, z,
indexed by different classes, i, as follows:

AZ = cov(w, z) + E(w, Az) (1)

w

where w = 2.

3. Entropy and Information

Information in this regard is concerned with the decrease in entropy or uncertainty in
a system. Shannon [1] defined the uncertainty or entropy of a discrete random variable as
X, which takes values x; with probability p;, as:

N
H(X) = =) pilog(pi) 2
i=1
3.1. Mutual Information

The maximum uncertainty for a variable with N possible states is H;;qx = log(N) [36]
and we can define the information, I, in a system simply as:

I(X) = Hpax — H(X).

It is also possible to measure the uncertainty of X conditional upon another random
variable, Y

H(X]Y) = ZP )2 p(x|y)log(p(xly)) ®)

and then the mutual information between X and Y is the reduction in uncertainty about X,
thanks to the knowledge we have about:

I(X;Y) = H(X) — H(X|Y) (4)

3.2. Relative Entropy or Kullback—Leibler Divergence

Kullback-Leibler divergence (Dgp) or relative entropy allows us to compare two
distributions, P and Q, and quantifies the information gained by using P instead of Q.

D (PllQ) = L P(x)og (5 ) ®)
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It can be shown (the information inequality theorem) that Dg; > 0, the equality being
fulfilled only when P and Q are equal.
The relationship between Dk, and mutual information is:

I(X;Y) = D (P(X, Y)[[P(X)P(Y)) (6)

That is, mutual information quantifies the information gained by using the joint
distribution of X and Y, instead of the product of the two marginal distributions.
We can also relate Dg; to information and maximum entropy, since:

I(X) = Hpax — H(X) = Dgr(X||U)
where U is the uniform distribution over X [36].

3.3. Jeffrey’s Divergency
Jeffrey’s divergence is the symmetrical version of the Dg; divergence, that is, the sum

of the two possible divergences between P and Q and, therefore, it measures the total
information that changes when using Q instead of P, plus that of P instead of Q:

J(P,Q) = Dxi(P|[Q) + Dkr(Ql|P) )

As a curiosity, ] is also known as the Population Stability Index in the world of financial
risk modeling and analysis.
Both Dg; and | divergences are particular cases of the f divergence, which is defined

for the discrete case as:
0,710~ Eotn(£2)

where f is the generating function, which for Dk is f(x) = xlog x and for [ is f(x) = (x —
1)log x.

4. Information-Related Interpretation of Price’s Equation

The first connection between Price’s equation and information metrics was established
by Frank [17], connecting Price’s equation with Fisher’s information. The relationship
between Price’s equation and relative entropy and Jeffrey’s (J) divergence are discussed in
later work by the same author [18,19,37,38].

To see the connection with the | divergence, let us return to Equation (1), focusing on
the first term, which expresses the average change in the character z caused by selection [18]:

Azs = cov(w,z) = Y pi(zi — z)(w; — @)
8% = Lpiz - 2)(wi—1) = Tpilz —2) (%~ 1) = Tapz

Note that the relative fitness is w; = p’;/p;, where p; is the frequency of class i before selection
and p’; is the frequency after selection. The average relative fitness is equal to 1, Ap; = p’; —
pi and XAp; = 0.

If we take as character z, the logarithm of the relative fitness, we obtain the expression
of the first component of Price’s equation in terms of information [18]:

Az; =) Apizi =y Apilog(w;) ZApllfJg(pl) =J(P',P) ®)

We then see that the mean change in the logarithm of relative fitness is the difference
in Jeffrey’s divergence between the frequency distribution after selection (P’) and before
selection (P).
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It is interesting to note that:

Ap= ZP/ —hi= sz’Pi —pi= Zpi<wz -
1 1 1

i

and

AzZs = ZAPiZl Zpl D)log(w;) sz f(wi)
1

where f is the f divergence generating function for J, so Equation (8) is an f divergence with
generating function (w — 1)log w, which explains that the evolution of the distribution
caused by the fitness parameter in replicator-type models can always be expressed as
Jeffrey’s divergence.

Recently, Carvajal-Rodriguez used these ideas to reinterpret Price’s equation in terms
of the comparison between two sets of pairs, one representing random mating (Q) and the
other (Q’) representing mating according to mutual mating fitness [23-25,39].

5. Information and Non-Random Mating

Sexual selection, defined as any type of selection arising from differential fitness in
regard to access to gametes for fertilization [40], can essentially be driven by two biological
processes involving non-random mating: competition for mates and mate choice ([25] and
the references therein).

In previous work, which has already been mentioned, Carvajal-Rodriguez proposed a
simple and abstract framework to describe mate competition and mate choice, along with
their consequences in terms of sexual selection and assortative mating. This model is based
on the concept of mutual and individual mating fitness. The effects of variation in these fit-
ness measures are described in terms of sexual selection and assortative mating, quantified
by the increase in information gained compared to random mating (zero information).

In what follows, we will review how the informational interpretation of Price’s equa-
tion connects with the information generated by non-random mating.

Let 4'(x) be the frequency of females in mating, previously noted as p’; in [23], and
q'(y) the frequency of males in mating (previously noted as p’y). Similarly, let g(x) be the
population frequency of females (previously p;) and g(y) the population frequency of males
(previously p;). The joint distribution of random mating is g(x,y), where g(x,y) = g(x)q(y).
Then, the joint distribution, 4'(x,y), according to mutual mating fitness, will be equal to [23]:

q'(x,y) = myyq(x,y) 9)

Model (9) relates the frequency, 4'(x,y), of mating guided by the mutual fitness, 1y,
for mating between females in class x and males in class y, with the frequency gq(x,y) =
q(x)q(y) of random mating between those female and males.

For each pair of classes, we can define a feature or property, z(x,y), about those classes,
such that Price’s equation for the mean change in z caused by the variation in the mutual
propensities, m, is:

Az = cov(m,z) = ¥ q(x,y)(2(x,y) — Z) (mx, — 1)
Azm:ZtI(r )( xy—z( )
q

=Y q(xy)(z(x,y) Z)(q = y; 1)
AZy = ¥ Aguyz(x,y)

where Aqy, = q'(x,y) — q(x,y) and LAqyy, = 0.
So, taking z(x,y) = log(m.y,) = log(q’(x,y)/q(x,y)) we get:

05 = L oawz(o) = Eoawlog(LE8) = (@@ = forr (10
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as obtained in [23].

Moreover, q'(x,y)/q(x,y), when calculated based on observed frequencies, coincides
with the pair total index (PTI) defined in [41]; J(Q’,Q), which has previously been called
Jpr1, and here we will maintain that notation, so J(Q’,Q) = Jprr.

The Jpr; divergence in (10) can be decomposed into the sum of the information associ-
ated with sexual selection (Jpss), plus the information on assortative mating (/ps;), plus an
interaction that arises when both sexual selection and assortative mating are present [23,25].
However, when the covariance within pairs is zero, Jpry is reduced to the information
corresponding to sexual selection, denoted as Jpss (see below). When the covariance within
pairs is not zero, but the mean and variance between mating and the population are the
same, Jpry is reduced to the information corresponding to assortative mating, referred to as

Jpst [25].

5.1. Information and Sexual Selection

As we have said, Jpgs information can be obtained from Jpr; when the covariance in
the pairing is 0. This information is the sexual selection information, Jpss, and it compares
the frequencies in the pairing q’(x)q’(y) with the population frequencies g(x)q(y). In [23], it is
proven for the discrete case, that Jpss is, in turn, the sum of the sexual selection information
within each seX, Jpss = Js1 + Js2, and, in [25], the same is proven for the continuous case.
Here, we will provide another demonstration for both cases, continuous and discrete, based
on the chain rule for relative entropy, Dg;, [36].

We know that:

Jpss = J(r(x,y),q9(x,y)) = Dkr(r(x,y)|lq(x,y)) + DxL(q(x, y)||(x,v)) (11)

where r(x,y) = ¢'(x) x q'(y) and g (x,y) = q(x) x 4(y)-
And considering each sex separately:
Js1 = Dxe (7 @lla(x)) + Dxe ((x) 19’
Js2 = Dxe(q' (W)lla(y)) + Dxe(a(w)lla'(v))

We want to show that Jpss = Js1 + Js2. To do this, let us consider the conditional
probabilities:

a(v1) = atx,) /() = T — giy) 12)
_ oy = 10T
rylx) =rxy)/0(x) = =505~ =1 W)

According to the chain rule [36], we know that:

Dir(r(x, y)lla(x,y)) = De(q'(x)ll9(x)) + De(r(ylx)l19(y]x))

which due to (12) is as follows:
Dk (r(x,y)lla(x,y)) = D (q'(x)l1q(x)) + Dxe (' (v)la(v))
Similarly:

Dir(q(x, y)|lr(x,y)) = Dk (9(x)[lq' (%)) + D (a()11q’ (v))

Therefore, if we add both divergences and group the x and y components separately,
we see that:

Jpss = Dxr(r(x,y)[lq(x,y)) + DxL(q(x, y)|[r(x,y)) = Js1 + Js2.
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Dkt (q"q) = DkL(r|q) = ;(ZOS(A) -2+

Sexual Selection in for Normally Distributed Traits

If traits x and y are normally distributed, such that mating frequencies, g’, follow an
N(p1, £1) distribution, and population frequencies, g, follow an N(u, ;) distribution,
where ¥; is the variance—covariance matrix; then assuming that phenotypic changes are
gradual [25], the components Js; and Js, coincide with the opportunity for sexual selection
index [42].

On the other hand, if we consider the case where the variance in mating is equal to
the population variance, 0’1y = 02xx = Oxy and 01y = 0y, = 0y, this means that J51 and Js»
equal the square of the standardized sexual selection indices for females (x) and males (y),
respectively. Furthermore, in this case, if there is no assortative mating, the relative entropy
is symmetrical, so that Dk;(q"| 19) = Dkr(q! 14’), such that Jpss = 2Dky (9| | g). Therefore,
when the mean of the trait is the only difference between the mating and the population
frequencies, the sum of the squares for both sexes in terms of the standardized sexual
selection indices is equal to twice the relative entropy between the mating frequencies and
population frequencies.

To demonstrate the above, we first obtain the Jpss, assuming that both traits are
normally distributed. To do so, we note that the relative entropy between the Q" distribution
of the expected pairings, based on mutual fitness, and the Q distribution of expected
pairings by chance is [25]:

— 2 — 2
Der (q'la) = & (1og(a) —2.4 Ty T Gz gl (g Z 1)) g
2 O2xx  O2yy O2xx O2yy

where:

A= O2xx02yy .
Olxx01yy — ley

where it has been taken into account that the population covariance in the case of random

encounters is 0 i.e., 0y = 0.

The other relative entropy is:

Dkr(q9') = % <log<i> -2+ B>

where:
B
_ lexUZyy"’alnyZxx
lexalyy_alxy
Tlyy (H1x—H2x)*+010x (Vly —H2y ) 2—2071yy (H1x—H2x) (Vly _VZy)
lex”lyyfg%xy

+

We have already seen that if there is no assortative mating, 4'(x,y) = 7' (x)q'(y) = r(x,y),
and the covariance within the mating is zero, 01y, = 0, then:

2
Gier | Ty | (or—p1)® | (2 = p1y) )

Ooxx  O2yy O2xx O2yy
Die.(al) = Dxa(qlr) = log<1> oy B O ) (=)’ (14)
Kt Kt 2 A Olxx Olyy Olxx O1yy

and:
Jpss = Dki(r|q) + Dk (q]r)

)
1 [ 01xx ‘7'2xx> 1 ( 1 1 >
=—1+% ( + )+ S (e — Hax)? + +
]PSS 2 O2xx Tlxx 2 (le ‘MZX) Txx O2xx

1/ 0 %) 1 1 1
1+ 5 2+ )+ S (g — poy)? +— (15)
2\ oy o1y 2 Olyy  O2yy
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where we have regrouped the terms with x and y, so that they correspond to Js1 + /5.

Now, in the case where 01,y = 02xx = 0xx and 01y = 02y = 0y, we see that by substi-
tuting Equation (14) we obtain Dy (7’| 19) = Dxr.(g! 1q’) and by substituting Equation (15)
we obtain Jpgg = SSI? + SSI%, where SSI; and SSI, are the standardized sexual selection
indices for females and males, respectively, and, therefore, we get:

Jpss = SSI%; + SSI% = 2Dy (¢']19)

That is, the information on sexual selection, when there are no covariances and the
variances do not change in regard to the mating with respect to the population, is the sum
of the square of the standardized selection indices, which in turn coincides with twice the
relative entropy between the mating frequencies and the population frequencies.

5.2. Information and Assortative Mating

The Jpr; divergence, when we ignore differences between the mating and population
frequencies and focus only on frequencies within mating, becomes the Jps; divergence,
which compares, within mating, the distribution due to mutual mating fitness with ran-
dom mating;:

Jpst = J(q' (x,y),7(x,))

In previous work, /ps; has been solved for both the discrete case [23] and the continuous
case [25], based on the concept of mutual mating fitness, along with the informational
interpretation of Price’s equation. Here, for the continuous case and assuming normal
distribution applies, we will derive Jpg; directly from the sum of the relative entropy values
when the mean and variance between the mating sample and the population are equal and
we will see that it corresponds to a function of the square of the correlation p, which is
interesting because p is typically used to detect assortative mating, but here we will show
that the information corresponding to that pattern is actually captured by p?/(1 — p?).

As before, we assume that x and y are normally distributed, such that q" is N(p1, Z1)
and g N(up, L), where X; is the variance—covariance matrix. As we have seen, the Jpg;
divergence focuses only on the mating and the comparison within mating involves two
groups of equal means and variances for the trait, so we assume pi1 = o, O1xx = O2xx = Oxx
and 01y, = 02y, = 0yy, s0 what will vary is the covariance within mating, .

Then, from Equation (13) we get:

1
Dxr(q'l9) = 3log(A)

and the other divergence:

DKL(‘J’Q,) = %(log(}l) —2+2"“"WZ) _ 1log(%) It

— 2
TxxOyy ley Txxyy alxy

Jpst = Dxr(4'|9) + Dxr(qlq")

2
OxxCyy Tixy P

2 2 T 1_ 2
TxxOyy — Oy OxxOyy — U1y 1—p

Jpsr = —1+ (16)
We see that assuming normal distribution in regard to the mating, the assortative mating
information is a function of the squared correlation coefficient [43].

6. Information and Evolution of Gene Frequency in Terms of a General Mating and
Fitness Scheme

We have seen that the flow of information generated by the deviation from random
mating is calculated by comparing the expected distribution, according to mating fitness,
with the expected distribution of random mating. This information is obtained in the form
of Jpr; divergence, regardless of whether the distribution is discrete or continuous, based



Biology 2024, 13,970

9 of 23

on which appropriate statistics are generated for each case [23,25]. However, model (9),
according to which we derived Jpr; in (10), describes phenotypic frequencies (or classes in
an infinitesimal interval in the continuous case) without making any assumptions about
the underlying genetic model, or connecting it with the biological fitness of the offspring
from those instances of mating.

The aim of this section is precisely to connect the description of the mating distribution
with the description of the evolution of gene frequencies subject to natural selection and to
quantify all of this in terms of information. That is, to generate a model of gene frequency
change for any explicit mating model and multilocus diploid genetic system and describe it
in terms of information. This remains a pending task for classical population genetics and
speciation models [44]; although, recently, information-based models have been developed
that transcend the limitations of previous ones. See, for example, [20,22]. These studies
use Dgj, as a metric that captures the information due to natural selection. However, the
distributions these authors use are different; for instance, Smith calculates the information
associated with the trajectories by jointly considering the transitions and their states. In
any case, the choice of Dgj, is ad hoc in the sense that it is defined a priori to compare
distributions and does not arise naturally from a model of change due to selection, as |
divergence does in the case of [18], or in the case of deviations from random mating and
sexual selection [23,25].

In what follows, I will propose a model that explicitly incorporates the mating system
(the interindividual mating interaction) and that implicitly incorporates the genomic context
(mutation, linkage, etc.) into the classical replicator system. From this model, we will see
that the mean change in the log fitness caused by the change, at different stages, in the
distributions in terms of the mating system, genotypes, and haplotypes, can be captured as
information in the form of Jeffrey’s divergence.

We will solve the model for the simple case of one locus: (1) with random mating,
thereby recovering the classical replicator system; and (2) with non-random mating, but
neutral in terms of viability, thus recovering the mating fitness model defined in [23]. In the
latter case, we will use as an example a simple one-locus hybrid sterility model to compare
the information on the different Jeffrey’s divergences obtained.

6.1. General Model

Let us consider a haplotype H (Table 1) of a known frequency in generation ¢, f(H);, as
well as the frequencies of the corresponding diploid genotypes, HH, Hh, and hh, where h
represents any haplotype other than H. Likewise the joint distribution q’(x,y), according to
the mutual mating fitness for classes HH, Hh, and hh, is given by (9):

q'(vy) = mxyq(ry)
where x represents any female belonging to any of the three classes and y represents a male.
Then, the general equation for the frequency of H in the next generation is:

TQHhxyWGHh > (17)

f(H)pq = Zq/(x,y) X Py X (‘UGHHTlexy + Z 5
Xy h

Equation (17) connects the haplotype frequency f(H) in the next generation with the
distribution of the mating ¢’(x,y), the fecundity @, of female x, and the G genotypes of the
offspring, namely the carriers of the haplotype. Of these genotypes a proportion, 771, will
be homozygous and, 7, heterozygous. The genotypes will survive based on their relative
fitness w (viability) after the action of natural selection.
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Table 1. A table of main symbols used in Section 6.

Symbol Meaning

q Mating frequency if mating is random.

Relative mutual mating fitness between female with phenotype x and male with
My phenotype y, i.e., the propensity of mating with fertilization between a given
pair of phenotypic classes.

q Mating frequency after the action of mutual mating fitness.
(ol Fecundity, which is included within mutual mating fitness.
M Average mutual mating fitness.
mg The relative (divided by the average M) marginal mating fitness of genotype G.

The relative (divided by the average fitness W) genotype viability, i.e., the

we potential for survival to adulthood of a given genotype.

Qe The product of myy &g wg.
H A given haplotype, i.e., a sequence that carries a particular set of genes that tend

to be inherited together.

1 A fraction of the offspring from the mating (x, y) that are homozygous for the H
1Hxy haplotype.

1 A fraction of the offspring from the mating (x, y) that are heterozygous for the H
2Hxy

haplotype.

For one locus, frequencies of the genotypes AA, Aa, and aa, respectively. These
P1, P2, P3 symbols are used to simplify the notation of mating frequencies in regard to
single-locus examples.

The equation is general in the sense that the haplotype component, H, incorporates any
multilocus genetic system and the g° component can incorporate any mating scheme. How-
ever, it is true that the values of 7t will depend on any mutations or linkage disequilibrium,
which in turn depends on the recombination frequency. Therefore, the model will not be
dynamically sufficient unless we specify functions for the proportions 7r, which will depend
on the case being studied. In each case, we will obtain new statistics for detecting sexual
selection and assortative mating, as well as new insights into the underlying evolutionary
dynamics.

If there are only two types of haplotypes, the above formula can be simplified as:

f(Hh

) /
% =Y q(x,y) X Dx X | WeHHTHxy + WGHN
xy

f(H)t+1 = f(HH)t+1 + HZny)

2

We will now apply (17) to the simple case of a biallelic locus without mutation.

6.2. One Locus Model

Let us consider a biallelic locus that codes for a discrete trait with three phenotypes,
which are directly associated with their corresponding genotypes and follow a mating
scheme described by the mutual mating fitnesses, m,,. Within these mating fitnesses, we
also include the fecundity component ¢. We wish to determine the frequency f(A) of the
allele A after mating, and after fecundity and viability selection. The frequency f(A) after
selection will be the sum of the frequency of the new AA genotypes, plus half of the Aa
genotypes. The structure of the model is as follows:

Aa T2 A
f(A)y1 =P = f(AA) 1 + A 2)t+71 = Zq/ X <(UAA7T1Axy +Waq ny> (18)
Xy xy
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For convenience, we have denoted q'(x,y) as q'xy, which therefore corresponds to Equation (9).
Moreover, 711 4y is the fraction of offspring from the mating x x y that are homozygous for
the allele A, 7124,y is the fraction of offspring from the mating x X y that are heterozygous
for the allele A, w44 is the relative viability (divided by the average fitness) associated with
the homozygote AA, and wy, is the relative viability associated with the heterozygote.

To simplify the notation concerning pair parameters, we will use the subscript 1 for
the AA genotype, 2 for the heterozygote, and 3 for aa. Thus, the genotype frequencies in the
population before mating are p; (AA frequency), p, (Aa frequency), and p3 (aa frequency). If
mating is random and we assume that there is no selection in regard to fecundity, we take
values my, =1 for all x, y; the proportion of AA and Aa genotypes in the offspring before
selection and without mutations are shown in Table 2.

Table 2. Proportion pxpy 7t of offspring genotypes AA and Aa as a function of mating frequencies,
when my,, = 1 for every x, y.

Mating Offspring

TT1A (AA) TT2A (Au)
p1 X p1 X m'11/M p1? 0
p1 X p2 X m'12/M (p1p2)/2 (p1p2)/2
p1 X p3 x m'13/M 0 p1P3
p2 X p1 X m'a1/M (p1p2)/2 (p1p2)/2
p2 X pa X m'p/M (p2%)/4 (p22)/2
p2 X p3 X m'3/M 0 (p2p3)/2
p3 X p1 X m'31/M 0 p1p3
p3 X pa x m'3y/M 0 (p2p3)/2
p3><p3><m,33/M 0 0

M =Zy pxpym’sy
Note that myy, = m’y, /M.

If we assume that random mating is taking place, according to (9) we know that the
probability of mating between x and y is ¢’y = q(x,y) = pxpy and, noting the allele frequencies
of the previous generation denoted as p and g (without subscripts), we get p; = p2, p2 = 2pq,
and p3 = g2. Therefore, substituting the values from Table 2 into Equation (18) gets:

="+ 20+ p?) (=) + pafip9)]wan
+312p° + 424 + 2p3°) (1 — p2) + p2fa(p, Dw s
where y 1 and y , are any mutations producing genotype AA or Aa, respectively, 1 _is any
mutation from AA to any other genotype and p» from Aa to any other genotype, and f

and f; are functions of allele frequencies.
Assuming there is no mutation, y_,_ = 0, and after simplifying, we obtain:

Pl = pPwas + pawas = p(pwaa + qwaa) = pWy

where Wu =pwag + qwy, is the marginal fitness of allele A [45].
We see that, for a biallelic locus and with random mating, Equations (17) and (18)
correspond to the basic model of selection for a biallelic locus [45,46].

Genotypic Mating Fitness

Alternatively, if we assume a neutral model, such that wss = wa, = ws = 1, Equa-
tion (18) becomes

p' = pmip? + m2pq 4+ mizg?] + palmiap® + mp2pq + mozq?

where we have assumed that the mutual mating fitnesses between classes x and y do not
depend on the sex of the genotype, that is, m,, = m,,, and that the genotypic frequencies
are equal in males and females.
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In these conditions, the individual mating fitness (Formula (4) in [24]) for type AA
females is:

MEemAA = M11p1 + M12p2 + M3p3

and for males:
MpMaleAA = M11P1 + M21 P2 + M31P3

And, since myy = 1myy, we get mrauaa = Mpgeas = Maa, thus:
maa = My1p1 + mipp2 + mi3p3

In this context, where each phenotypic class corresponds to a genotype, the individual
mating fitness m44 corresponds to the genotypic mating fitness for the AA genotype. Then,
the frequency of the AA genotype in regard to mating is:

P = P1 = prmaa = pmaa (19)
Similarly, for heterozygotes, the genotypic mating fitness m,, is:
Maq = Ma1p1 + Manp2 + Ma3ps3
being the frequency of Aa in regard to mating:
Pra = Poa = PPMaa = 2pqm 4,

Therefore, using a non-random mating selectively neutral model, the equation for the
new frequency of allele A in the next generation can be rewritten as:
p/
pl=pi+ = pmaa+pamy, = pM, (20)
where M, is the marginal mating fitness of allele A.
The frequency of allele A in the new generation is the sum of the frequencies of
genotype AA, plus half of the frequency of the heterozygous genotype Aa after mating
selection. Note that if the genotypic mating fitnesses are 1, meaning that mating is random,

then p’ = p, as expected.
Similarly, for the genotype aa, we get:

Maqg = M31p1 + M32P2 + M33P3
Then, p’3 = g*my,, and the frequency of allele a in the next generation is:
q' = Paa+ pamy, = qM, 1)

where M, is the marginal mating fitness of allele a.
Finally, the change in gene frequency due to differential mating fitness is:

Ap=p' —p=p*(maa—1)+pq(ma, —1) = p(Ma — 1) (22)

A =q —q=q*(ma— 1)+ pq(ma, —1) = q(Ma — 1)

The sum of frequencies p’ + ' = p’1 + p’2 + p’3 must equal 1. To check this, remember
that the mutual mating fitnesses n1,, = m’y, /M are normalized (Table 2) and, therefore, the
genotypic fitnesses are also maa = m’ ga /M, mpg = M’ 4q/M, and mgg = m’y, /M, where the
tilde is used to indicate the unnormalized fitness. The mean fitness, M = vy Pxpym’xy, can
be expressed in terms of the unnormalized genotypic fitnesses as:

M = pimiyp + pamly, + paimy, = pPmiy 4 4 2pqm’y, + q2my,
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Therefore using (19)~(21), the sum p’ + q" = (p>m’ gn + 2pqm’ aq + G*1’a0) /M = M/M = 1.

6.3. Information and Fitness

Equation (17) can be expressed in terms of diploid genotype frequencies and combined
fitness by substituting it with Equation (9), q’xy = mxyqxy, where we obtain:

T Hhxy@WGHh
f(H) = Y q(x,y)my, @y (wGHHanxy +)° x;)
T

Xy

Therefore, since the haplotype frequency is simply the sum of the frequencies of the
genotypes containing that haplotype, we can also express the frequency of any genotype
Gas:

f(G)t-H = Zq(x/ y)mxyq)anxyWG = Zq(x/y)ﬂcxyaxyc (23)
X,y X,y

where QG = Myxy Prwe.
The genotype frequencies in the previous generation can be expressed as:

f(G)t = ZQ(X,]/)HGW
Xy

For example, if G = AA, then f(AA); is the sum of the expected frequency according to
the chance of crosses AA X AA, Aa x Aa, AA x Aa, and Aa x AA, and the corresponding
proportion of the AA genotype in the offspring of each cross, i.e.:

422 23 23
fAA), = p*+ B + 1+ B = p2(p> + g2+ 2pq) = p?

Note that, in general, the overall fitness component of G, (2, is different from the
frequency ratio before and after selection:

f(C)in
f(G),

because for each mating, we have (2,,c = My Pxwg that can differ for different matings
X, Y.

Qg #

The only fitness element common to genotype G will be viability wg, so if we assume
that there are no differences in the mating fitness or fertility, we get:

f(G)t+1 = szq(x/y>7Tny
XY

SO:

f(G)ia

f(G);
And, in this latter case, the mean change in the log fitness caused by selection, due to
differential viability, log(wg), is:

Jowc = Z (f(G>t+1 —f(G)t)lOg(wG) (24)

xy,G

wg =

6.3.1. Information on Mating by Genotype

However, we are interested in the information due to changes in genotypic frequencies
when the different fitnesses causing that change may vary. The problem is that the final
frequency of each genotype, which is due to the different mating fitness of its parents,
the fecundity of the mother, and ultimately the viability of the genotype itself, cannot be
expressed as the result of a single measure of fitness.
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One option is to obtain the information associated with each genotype separately. That
is, the average change in the logarithm of the overall genotypic fitness, (2,,¢, after mating
(x, y), associated with the change in frequency of that genotype from one generation to the
next, is:

J = L (F(G) 1y = F(Cizy ) 108 ()

Xy

= xEy(q(X, y) nnyQxyG - q(x' y) ”ny)log(axyG)

where it is noted that:
f(G)txy =q(x,y) TTGxy

Therefore, for the entire set of possible genotypes G, whose frequency changes from
one generation to the next due to the effect of selection, we get:

AGo =Yg (25)
G

That is, if the combined effect of mating fitness, fecundity, and viability produces a
shift in genotype frequencies, this can be captured as the sum of the applicable Jeffrey’s
divergences.

6.3.2. Genotype Distribution Information

Alternatively, and from Equation (23), we can directly consider the frequency of a
genotype as:

f(G)tH = ZQ(XIV)”nyQxyG = f(G); x foy('Y)”nyQxyG = f(G); x Qg
Y Xy

where:
f xy ('Y) 11 Gxy

is a function of the genotype frequencies after the (x, y) mating and () is the overall
marginal fitness of genotype G.

f(G)iia
f(G);

Qg = foy(’Y)”nyQxyc =
Xy

So, the mean change in the overall log fitness caused by the variation in genotype
frequencies because of selection takes the form of Jeffrey’s divergence, as follows:

Jac = L(f(V)i1 — F(7),)10g(2) (26)
v
6.3.3. Haplotype Distribution Information
From Equation (17), we can directly consider the frequency of haplotype H as:

‘Qxl b/ X
f(H)i1 = 2 q(xy) | QuycHETIHy + L Ry Pt | =
xy nZH

f(H), <g1 (f(H))QxyGHH T Hay + W;ng( f(:y))‘W)

where 7 is any allele other than H, and g1 and g are functions of the frequency in the
previous generation of H and 7, respectively.
Then:

f(H)tH = f(H)tQH
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where:

Oy GHy TT2HY:
On = &1(f(H))QuyGHH T Hry + ), gZ(f(”))w
17H

is the marginal overall fitness of haplotype H.
So, the total mean change in the log fitness caused by the change in haplotype frequen-
cies is:
Jay = 3 (f(n)i1 = f(n),)log () (27)

U

Therefore, from model (17), if we measure the mean change in the log fitness, we can
obtain different measures of information associated with the change in genotype frequency
or the change in haplotype frequency. These types of information are generally different,
since there can be genotypic change without a change in gene frequency. As for the change
in genotypes, we calculate the information in two ways, one linked to the variation in each
genotype obtained from different instances of mating and another linked to the variation in
the genotype frequencies as a whole in the new population.

Below are some simple examples, in this regard, for a biallelic locus.

6.3.4. Sexual Selection Information for a Biallelic Locus

We will assume, like before, that the genotypic frequencies in males and females are
equal; in the case of females, we already saw that, p’s1 = pamaa, pp = p?, P’ =PpMan, Pr =
2pq, etc. The difference between the population frequencies, py, and the frequencies within
the mating, p’f’ is Apfl = plfl —ra= (p1)maa — (p1), etc.

Information due to sexual selection in females in terms of genotypic mating fitness
can be described as:

P
Js1 =L Apilogy
Js1 = [(p1maa — p1)logmana + (pamiaa — p2)logmag + (p3maa — p3)10gMmaa)

and since the genotypic frequencies in males and females are equal, pp = pmy, and we have
assumed that the mutual fitnesses are symmetrical, myy, = myy, then, sexual selection in
males is equal to that of females, Js» = Js1, and, since Jpss = Js2 + Js1, then:

Jpss = 2[p*(maa — 1)log(man) +2pq(ma, — 1)log(ma,)

28
+q2(1gg — 1)log(maa)] 28

where we can see that Jeffreys’ divergence for sexual selection captures the information gen-
erated by the change in genotype frequencies, weighted by the logarithm of the genotypic
mating fitness.

We can now compare, for this same scenario, what the genotypic information (Equa-
tions (25) and (26) and the haplotypic information (Equation (27)) would be.

Equation (25) computes the information generated by the change in the distribution of
genotypes as a sum of the information:

AGo =) ]
G

where:

Je = Z(f(G)(t+l)xy - f(G>txy) log(QxyG)

Xy
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In our case, this implies that 1y, = my, and that Qy,c = MyyG, then:

Jaa = (p*™1 — p*)log(m1) +2(pqmiz — p*q)log(miz)
+(p*g72 — pPq?)log (ma2)
p(p?" — p?)log(mn) + p*(2pqmaz — 2pq)log(miz)
+p2 (72 — ) log (m2o)
pA[p*(min — 1)log(m11) 4+ 2pq(maz — 1)log(m12)
+q*(ma — 1)log(ma2)]
Similarly:
Jaa = @[q*(m3z — 1)log(ms3) + 2pq(msz — 1)log(ms3y)
+p2(maa — 1)log(may)]
and, finally:

Jaa = 2pq[p*(m1z2 — 1)log(m12) + pq(maz — 1)log (ma2)
+q*(ma3 — 1)log (ma3) + pq(miz — 1)log(m3)]
Now recall that:
map = pP" o+ 2pgimy, + 2"
Maq = P+ 2pqmy, + q*"B
Mg = PPm31 + 2pqimz, + q°ms3

We can see that the difference between Jpgs and | is where we focus the unit of information.
That is, for the sexual selection information, Jpss, the focus is on each genotype that is
involved in various instances of mating. So, for m44, the focus is on the combination of
mating that involves one or two AA genotypes as parents. However, for J; information,

the focus is within a specific genotype produced by the mating.

As for the other measure of information that we have defined for the genotypes

(Equation (26)):

Jay = %(f(”)ﬂrl = f(n);)1og ()

f(G)t+1 = x%‘?(x/y)”nyQxyG = f(G); x xzy;fxy('Y)”nyQxyG = f(G); x Q¢

which in regard to our sexual selection scenario implies:

F(AA),,, = p2P" i+ 2pama g 2)
f(AA), = p2(P2+2pq+q2) = p?
Qpp = p*myy + 2pqmyp + q*mon
f(Aa) = 2pq[p*™2 + pq(ma + miz) + g°"5]
f(Aa), =2pq
Qpq = p¥™2 + pg(my + my3) + g2
f(aa),q = RL*"33 +2pqmay -+ p*22]
f(aa), = ¢?
Qgq = gPm33 + 2pqms, + p?moy
so that:
Jay = P2 (Qaa — 1)0og(Qan) +2pq(Qaq — 1)log(Qaa)
+*(Qaa — 1)10g(Q4a)
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We can see that the difference between Jpss in Equation (28) and ]y, is due to the
different fitness weights of each genotype and, since my, = m,,, when comparing these
aspects, we can see that:

Qpp—Mag = qz(mn*mls)
Qpg —maq = pq(miz — ma)
g — Mgy = Pz(mzz - m13)

The difference lies in the crosses, Aa x Aa (mp;) and AA X aa (mq3 or ms1). This is
because the [pss calculation of sexual selection focuses on the variation generated by the
mating on the marginal frequency of each genotype. For example, the marginal frequency
of AA comes from the mating of AA with other genotypes, which includes the cross AA
x aa (mating fitness mj3), but not Aa x Aa (mating fitness my;). The same applies to the
marginal frequency of the aa genotype; it includes the cross aa x AA, but not the cross
between heterozygotes.

On the other hand, the calculation of the genotypic information, ]y, directly studies
the variation in the frequency of each genotype resulting from a set of mating. In this
case, the pattern is reversed, namely for the genotypes AA and aa, the cross between
heterozygotes is included, but not the AA x aa. The opposite holds true for the Aa genotype.

In this specific case involving a biallelic locus with no differences in terms of viability
and fertility, but with mating fitness under the constraint m,, = myy, if the mating fitness
among heterozygotes coincides with the mating fitness among different homozygotes, the
information obtained from the genotypes aligns with the information from sexual selection.
If this condition is not met, the information is similar, but differs by a factor associated with
the difference between my, — my3.

Finally, for the haplotype information measure (Equation (27)), the information gener-
ated by the change in the distribution of haplotypes is:

Jan = Y (F1) 1 — (1)) log (2y)

U

where:

D1 = f(1) 2y
Qy = g1(f (1) QsyGyy Tiyxy + h);ﬂ g2 (f () Laven Ty

which in our case implies:

f(A) 1 = pl(pPmay + 2pPqmyz + pqPmaa)
+(p2qmy, + pg?(man + mz) + gPmas)]

SO:
04 = pPmyy + 3p2qman + pg?(2myn + my3) + gmo3
and:
f(a), 11 = ql(gPms3 + 2pgPmzy + pgPmps)
+(p2qmy, + pa?(ma + maz) + q°mas)]
SO:

Qq = gPmzz + 3pgPmzp + p*q(2may + maz) + pPmyy
Information about the change in allele frequency caused by selection is defined as:
Joy = p(Qa = 1)log(Qa) +q(2a —1)log(2a)

Note that if the mating fitnesses, mjj, are equal to one, then (24 = (2, =1 and, therefore,
the information is zero.
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6.3.5. Toy Example: Information for Hybrid Sterility

Let us compare the different information indices we have defined using a simple
hybrid sterility model. We continue with the one-locus model without mutations and
assume that heterozygotes have lower fertility, so that their frequency in terms of successful
mating (with fertilization) is lower. That is, m’1p = m’y = m’yy = m'y3 =m’3; =€ < 1. The
rest of the mating fitnesses equal one, m’y; = m’13 = m’3; = m’33 = 1. The average mating
fitness is:

M = (p*+ q)m; + 2pqe
where:
m; = p? +2pqe + ¢

Since the frequencies of males and females are equal and m’;j=m’

ji, then the marginal
fitnesses of females and males are equal:

/ _ ! !/
My g = My, = My
/ —
my, =¢€

The normalized frequencies will be:

|

My =Mz = M3l = M3z = 35 =M
Mip = My = Moy = Mp3 = Mz = 35 = E

m’ 12 ml

mAA: ]I\qu:mﬂH:mag:mezﬁs

ma, = E

Sexual Selection Information

Substituting (28) we obtain:

Jpss = 2[(p* + q?) (me — 1)log(me) + 2pq(E — 1)log(E)]

Jpss represents the information obtained from the change in the phenotypic frequencies
of each sex (in this case, equal to the genotypic frequencies) within the mating, with respect
to the population frequencies.

Note that in the particular case of equal allelic frequency, p = g, we get:

and the value of Jpgs is not 0:

_(1—¢) (1+¢)
]P55_1+3sl"g( 2 )

We can see that if, for example, we take € =1/3, we obtain Jpss = (1/3)log(2) # 0. This is
interesting because this model with equal allele frequencies does not affect the distribution
of genotypes in the following generation and, therefore, the information obtained from the
distributions of genotypes and haplotypes (alleles) will be 0 (see below).

Information on Mating by Genotype

We can calculate the sum of the J; indices, which for each genotype compute the
frequency of the genotype after the mating with respect to the expected frequency;, if the
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instances of mating are random. This mating information on each genotype corresponds to
Equation (25) and, in our example, is as follows:

Jaa = p*[p*(m — 1)log(m) + (1 — p?) (E — 1)log(E)]
Jaa = 2pq[pg(m — 1)log(m) + (1 — pq)(E — 1)log(E)]
Jaa = ¢?[q?(m — 1)log(m) + (1 — *)(E — 1)log(E)]

The total change for the three genotypes will be the result of the following sum:
AGo = Jaa + Jaa + Jaa

Note that in the case p = q, Jaa = Jaa =], Jaa = 2J. Then, AG =4/.

taking e =1/3, AG = (1/4)log(3) # 0.

We see that the mating information by genotype is not 0 either, even though the allele
frequencies are equal. This is because the distribution of genotypes according to mating
changes, even though the total distribution remains constant.

Genotype Distribution Information

We can use Equation (26) to calculate the information obtained when the distribution
of genotypes changes. In this case, the fitness associated with each genotype is:

QAA = p2m+ (1 — pz)E
Qua = pqm+ (1 —pq)E
Qg = q?m + (1 —g*)E

And the information is:

Joa = P(Qan —1)0log(Qan) +2pq(Qaq — 1)log(Qa4)
+q%(Qaa — 1)10g(Q4a)

Note that if p = g = 0.5, the three values of (2; are equal and m =4/(1 + 3¢) and E =4¢/(1 +

3¢), so that
1 3 1 3¢
G <4)m+<4> (113 143

and the information is [ng = 0.

This is expected, since selection acts on heterozygotes and the gain in frequency in
terms of homozygotes is distributed equally (in the case of p = g), generating heterozygotes
again and, therefore, the genotypic distribution is not altered when the frequencies of both
alleles are equal.

Haplotype Distribution Information

We calculate this information using Equation (27) and, as such, we obtain:

OQp =pQaa+9Qaq
0, = qQaa + qQaa

and the corresponding information is:

Iy = p(Qa —1)log(Q4) +q(Qa — 1)log ()
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which, just like in the previous case, will be 0 if p = g.

7. Discussion

In this work, we have proposed a population genetics model that begins with a
mating system guided by mutual mating fitness between individuals, continues with the
distribution of genotypes resulting from each mating, and follows with the subsequent
survival of these genotypes, based on their viability fitness until they reach adulthood. At
each stage of the model, variation in the distribution of the genotypes is captured in terms
of information.

Population genetics models are fundamental both for testing proposed hypotheses,
whether general or associated with a specific species and evolutionary scenario, and for
deepening our understanding of the history of species and biodiversity on Earth. They also
help reveal invariances and logical connections that, in turn, may suggest new questions
and pose new hypotheses [47,48].

As mentioned in the introduction, information theory seems to be increasingly relevant
in terms of providing new descriptions of the evolutionary process, allowing us to explore
certain aspects more deeply or facilitate the development of models and estimators for
parameters of interest. Recent studies have shown how selection accumulates information
in the genome [20] and also how the flow of information throughout the process of evo-
lutionary change can capture different degrees of adaptation and can help develop new
statistics [22].

It should be noted that when we consider typical equations in terms of classical
population genetics, or the replicator equation as p’ = (2p, where (2 is some kind of relative
fitness, and we express the mean change in the logarithm of the fitness of the character,
what we obtain is an equation of the type:

AzZg = Zpif(Qi)

where f is the generating function (2 — 1)log((2) of an f divergence corresponding to
Jeffrey’s divergence.

Therefore, every component of the evolutionary process that is guided by some kind
of selection, be it sexual selection, mate choice, or viability, etc., such that we can express the
expected change in terms of ({2 — 1)log((2), can be described in terms of Jeffrey’s divergence.
That is, the dynamics of evolutionary change itself, at least as it can be expressed in the
given form p” = p(2, can be measured in terms of Jeffrey’s divergence, because that is what
it is mathematically, in this sense it is not an ad hoc statistic.

In the model presented here, the average change in fitness at different stages of the
life cycle can be calculated as Jeffrey’s information. This has allowed us to calculate the
information associated with various stages of the process, namely the information obtained
from the distribution of mating, the information associated with mating for each genotype,
as well as the information associated with the distribution of genotypes and haplotypes
in the new generation. We have found that these indices contain distinct information and,
therefore, could allow us to draw inferences about associated phenomena.

Population genetics models typically assume random mating [20,47] or, at most,
consider any mating system implicitly, as in [21,22], where different mating systems may
be reflected in the topology of a graph. In our case, by explicitly modeling the mating
system in terms of information, on the one hand, we unify different aspects related to
the detection of sexual selection and assortative mating and facilitate the development of
statistical measures [25]. And, on the other hand, by incorporating mating fitness into a
more general model, we reveal connections between different mating processes and other
parts of the gene frequency evolution process, described in terms of information.

An interesting aspect of the proposed model is that the average changes in terms
of different types of fitness, due to variations between the corresponding distributions,
can be easily translated into statistical tests, since Jeffrey’s divergence approximates well
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a chi-square distribution, when the hypothesis of equality between the distributions is
met [36,49].

All this has allowed the development of a multi-model selection methodology applied
to the estimation of non-random mating [24] that can be used in empirical studies, see for
example [50-52].

Limitations of the Model

The proposed model connects the mating in the parental generation with the distribu-
tion of adult genotypes in the next generation. The model explicitly accounts for the mating
system defined by mutual mating fitness, female fecundity, and the viability associated
with genomic genotypes. The effects of mutation and recombination are not explicitly mod-
eled, as they are implicitly included in the calculation of genotypic proportions following
mating. However, in its current form, the model does not consider migration, genetic drift,
epigenetic inheritance, or other potential factors related to niche constructions or habitat
choice [53].

However, these aspects are not central to the main message of the work, which
emphasizes the connection between different aspects of evolutionary change and the
measurement of information through shifts in distributions, a point also highlighted in
recent studies [20,22].

8. Conclusions

In conclusion, it may be worth considering the relationship between biological fitness
and information, whether the increase in information is favored by selection [54], or
even whether we can think of fitness in terms of multilevel information alignment between
populations and their environment [55,56]. Additionally, we might reflect on the advantages
of shifting from a fitness-driven approach to evolution toward one guided by information
and whether this could help clarify, broaden, and deepen the mathematical description of
evolutionary theory.
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