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Abstract

Background Evolutionary studies have reported that non-genetic information can be inherited across generations
(epigenetic marks, microbiota, cultural inheritance). Non-genetic information is considered to be a key element

to explain the adaptation of wild species to environmental constraints because it lies at the root of the transgen-
erational transmission of environmental effects. The “transmissibility model”was proposed several years ago to bet-
ter predict the transmissible potential of each animal by taking these diverse sources of inheritance into account

in a global transmissible potential. We propose to improve this model to account for the influence of the environment
on the global transmissible potential as well. This extension of the transmissibility model is the “transmissibility model
with environment”that considers a covariance between transmissibility samplings of animals sharing the same envi-
ronment. The null hypothesis of “no transmitted environmental effect” can be tested by comparing the two models
using a likelihood ratio test (LRT).

Results We performed simulations that mimicked an experimental design consisting of two lines of animals with one
exposed to a particular environment at a given generation. This enabled us to evaluate the performances of the trans-
missibility model with environment so as to detect and quantify transgenerational transmitted environmental effects.

The power and the realized type | error of the LRT were compared to those of a T-test comparing the phenotype

of the two lines, three generations after the environmental exposure for different sets of parameters. The power

of the LRT ranged from 45 to 94%, whereas that of the T-test was always lower than 26%. In addition, the realized type

I error of the T-test was 15% and that of the LRT was 5%, as expected. Variances, the covariance between transmissibil-
ity samplings, and path coefficients of transmission estimated with the transmissibility model with environment were

close to their true values for all sets of parameters.

Conclusions The transmissibility model with environment is effective in modeling vertical transmission of environ-
mental effects.

Background

Over the past decades, a growing body of research has
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are susceptible to be modified by the environment. For
example, various studies have shown altered behavior and
changes in epigenetic marks in mice whose ancestors expe-
rienced a stressful environment early in life [9]. This envi-
ronmental sensitivity makes non-genetic information a key
element in the explanation of the adaptation of wild species
to environmental constraints [10—12]. Due to global warm-
ing, societal demands and the agroecological transition,
farm animals will face new farming conditions, which will
be mainly characterized by more variability in environmen-
tal conditions and feed resources, to which they will have
to adapt. In response to this new challenge, genetic stud-
ies that propose new criteria for robustness, resilience and
efficiency have increased [13—15]. Genetic improvement of
these traits would make it possible to meet the new envi-
ronmental constraints. Nonetheless, although genomic
selection [16] can improve annual genetic gain [17], the
genetic improvement of a population is a slow process that
will not allow us to respond quickly enough to the new
constraints. Considering non-genetic inherited effects for
the selection of future reproducers by mimicking natu-
ral adaptive processes may overcome this difficulty [18].
Indeed, from the point of view of the inclusive evolutionary
synthesis, non-genetic vertically transmitted effects make
it possible to transfer recently acquired information about
the current environment to offspring, facilitating adapta-
tion [19]. The transmissibility model has been developed to
account for genetic and non-genetic inheritance in the esti-
mation of the global transmissible potential of individuals
[20, 21]. Using phenotype and pedigree information, this
model makes it possible to determine whether or not there
is a significant proportion of inheritance of non-genetic
origin in the vertical transmission of traits [22], but does
not consider the impact of the environment on non-genetic
inherited factors. In order to be able to evaluate the adap-
tation to which environmental conditions are transmitted
across generations, our aim is to further develop the trans-
missibility model to include the quantification of transgen-
erational transmitted environmental effects. After a brief
overview of the transmissibility model, its expansion to
include transmissible environmental effects is presented, as
well as its validation on simulated data.

Methods

Improved transmissibility model including environmental
effects

As a reminder, the transmissibility model proposed by
David and Ricard [21] is as follows:

yi =X+t +e; 1)

where y; is the phenotype of individual i, B is the vec-
tor of fixed effects with known incidence vector x;, t;
is the “global transmissible potential” of animal i that
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combines its different transmissible values (genetic,
epigenetic, microbiote and culture [23-25]) with
t~ MVN (0, MO’E), where M is the matrix of transmis-
sion between individuals (transmission relationship
matrix), o7 is the variance of the global transmissible
potential, e; is the residual where e ~ M VN(O, Iaez), and
L is the identity matrix. The model of transmission of the
global transmissible potential is: ¢; = wsty; + Wty + €6
where f; and f; are the global transmissible poten-
tial of the sire and dam of animal i, and ws and w, are
the unknown path coefficients of transmission from
the sire and the dam, respectively, that conform to
the following constraints: 0<w; <1,0<wy <1,
0 <ws+wy; <1 g refers to the transmissibility sam-
pling with e ~ N (0, Datz), where D is a diagonal matrix
with variances of ¢ relative to otz as components (§;),

i.e., considering no inbreeding §; = (1 —w? - ‘“31) if
both parents of animal i are known, §; = (1 — a)fi) for

animals of an unknown sire, §; = (1 — w?) for animals
of an unknown dam, and 1 for animals for which both
parents are unknown. Given this model of transmis-
sion, the inverse of the transmission relationship matrix
can be easily obtained by the following decomposition:
M-l = L/D_IL, where L is a lower triangular matrix
with 1s on the diagonal and the negatives of the sire and
dam’s coefficients of transmission as off-diagonal entries
[26, 27]. Co-variance parameters of the transmissibility
model (ws, wy, atz, 062) can be obtained using the ASReml
software [28] and the program developed by David [20].
To improve the transmissibility model in order to
account for the influence of the environment on the
global transmissible potential (i.e., transgenerational
transmitted environmental effect), we propose to modify
the model of transmission of the global transmissible
potential by including the impact of the environment in
the transmissibility sampling. Thus, the transmissibility
sampling is now ey = &; + 6, where 0 is the random
effect of environment k (k = 1,..ng) experienced by ani-

mal i, ((') ~ MVN(O, 1092)), and &; is the random remain-
ing residual of the transmissibility sampling with variance
crgi. Given this decomposition, the variance of ¢; (i.e.

Siatz) is decomposed into (ngi + 092), and the covariance

between transmissibility samplings of animals i and i/
sharing the same environment is: cov(ey, €;x) = 07, and

0 elsewhere. r = % is defined as the proportion of total
t

transmissibility variance explained by the environmental

influence, and p = ; w; 5 as the correlation between
—oh—a?

the transmissibility samplings of animals with known
parents sharing the same environment (i.e., the maximal
correlation between transmissibility samplings that can
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be obtained). The proportion r is positive and upper
bounded by (1 — wfl — a)sz) because p < 1. The variance of
the remaining residual of transmissibility sampling for
animal i/ is agzi = (8; — r)atz. As a result, the co-variance

matrix of € is Dgo?, where Dg can be reorganized as a
block diagonal matrix with ng blocks. Each block corre-
sponds to one specific environment. They all have the
same matrix structure of various sizes depending on the
number of animals sharing the same environment k: §;
coefficients on the diagonal and coefficient r as off-diago-
nal entries (see Additional file 1). The transmissibility
model including transmitted environmental influences is
then the same as Eq. (1), but the transmissibility matrix
M is modified. This modified transmissibility matrix is
referred to as M. Once again, its inverse can be easily
obtained by the decomposition: Mg! = L'D 'L. Shared
environmental effects are transmitted from one genera-
tion to another through path coefficients of transmission.
A detailed description of the way to compute Mg ! is pro-
vided in Additional file 1. Thus, in the transmissibility
model with environment, compared to the traditional
transmissibility model, one additional parameter has to
be estimated: r. These parameters can be estimated with
the restricted maximum likelihood method (REML)
using ASReml [28] and the OWN Fortran program, freely
available on the Zenodo website (https://doi.org/10.5281/
zenodo.8223572), which we have developed.

Consider the special case where a group of animals
experiences a particular shared environment (e.g., a
stressful environment induced in an experiment) with
effect po;, while the other animals are each in their own
environment, different from each other. In that case,
information about the variance of the transmitted envi-
ronmental effect leads to the difference between the aver-
age transmissibility potential of the group of animals
experiencing the particular environment and the other
animals. Thus, of =630?, hence r=63 and

6o < +/(1— wfi — w?). The reorganized Dg matrix has

only one block, as previously defined, and the remaining
matrix is diagonal with §; terms.

Simulation study

The aim of the simulation study was to evaluate the per-
formances of the transmissibility model with environ-
ment so as to detect and quantify transgenerational
transmitted environmental effects and not to confuse
them with non-transmissible environmental -effects.
Indeed, on the one hand, the effect 6; of environment k
may be transmissible across generations; in which case it
has an effect on the transmissible potential ¢; of animal
i experiencing environment k as described above. On
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the other hand, the effect of the environment may not be
transmissible but nonetheless it may have an impact on
the phenotype of animal i. In this case, the environmen-
tal effect can be modeled as a fixed effect of the mixed
model used to simulate the phenotype. These two situa-
tions were investigated in the simulations.

A population that mimics a mirrored experimental
design proposed by Leroux et al. [29] was simulated for
the purpose of testing the transmission of environmental
effects across generations (Fig. 1). The population con-
sisted of N couples of founders (N families: GO) that gave
birth to n,s offspring each (G1). One male of each fam-
ily in G1 was then mated to two sisters of another fam-
ily that then gave birth to two groups of nyy offspring
(2Nn,g animals in G2). Half of the groups (one for each
family; Nn,s animals) was then considered as experi-
encing the same particular environment, for example a
stressful environment, (from this point on, the descend-
ants of the two groups are qualified as belonging to two
different lines: E+4,E—). Three generations were then
produced for each line with exact parallel pedigrees via
mirrored single-pair matings at each generation.

Phenotypes were simulated for all animals, and differ-
ent scenarios for modeling the impact of the environment
were considered. In Scenario 1, the environment has an
impact on the phenotype but is not vertically transmitted.
It was simulated by adding a constant to the phenotype
of animals that experienced the stressful environment;
y; = Xip + 0; + t; + e;, where 6; = \/ro; if animal i is in
the particular environment and 6; = 0 elsewhere, and ¢;
is modeled as in the “classical” transmissibility model. In
Scenario 2, the environment has an impact on the trans-
missible potential (i.e., it is a transmitted environmental
effect). This impact was modeled by adding a constant to
the transmissible potentials of animals experiencing the
stressful environment, ie., & = wsty + wity + 0; + &,
where 6; = \/ro; if animal i is in the particular environ-
ment and 6; = 0 elsewhere, and & were independently
distributed with variance equal to (8; — r)o2 for animals
that experienced the particular environment, and §;02
elsewhere.

The same four sets of parameters were used in the two
scenarios (Table 1), the difference between scenarios
being how the phenotypes were simulated (transmitted
or not transmitted environmental effect). Values of r were
chosen in order to correspond to a wide range of values
for p (from 0.30 to 0.70), the maximal correlation that can
be obtained between transmissibility samplings of ani-
mals sharing the same environment when the environ-
mental effect is transgenerationally transmitted.

The transmissibility model and the transmissibility
model with environment were applied to the simulated
data of the different scenarios (100 replicates each and
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Fig. 1 Simulated population in the mirroring design. N is the number of pairs of male and female founders; nog is the number of offspring per pair

Table 1 Description of the sets of parameters used in the

simulations

Parameters Set1 Set 2 Set 3 Set4

ws 040 040 040 0.20

Wy 0.25 0.25 0.25 0.50

r(p) 0.544 (0.70) 0.389 (0.50) 0.233(0.30) 0.213(0.30)

In Scenario 1, the model of simulation is: y; = xiB + 6; + t; + e;, where 6; = \/ro¢
if animal i is in the particular environment, 6; = 0 elsewhere; and t; is modeled as
in the “classical” transmissibility model

In Scenario 2: the model of simulation is: y; = x; + t; + e;, where

ti = wsts; + wgty + 0 + &, 6; = /oy if animal i is in the particular environment,
6; =0 elsewhere; & are independently distributed with variance equal to

% — r)af for animals that experience the particular environment, and 5,-03
elsewhere

8i = (1 — w? — w3)if both parents are known, (1 — w3 ) for animals of unknown

sire; (1 — w?) for animals of unknown dam; and 1 for animals for which both

parents are unknown. p = Tei=al

for each set of parameters). The environment (cross-
classified variable equal to 1 if animals experience the
particular environment, 0 elsewhere) was included as a
fixed effect in both models. The null hypothesis of “no
transmitted environmental effect” (i.e., » = 0) was tested
by comparing the two models using a likelihood ratio
test (LRT). Because the test corresponds to a test at the
boundary of the parameter space of r, the asymptotic
distribution of the LRT is a 50:50 mixture, x§ and X12
[30]. The null hypothesis was then rejected at the c-risk
of 5% if the LRT was greater than 2.706. The transgen-
erational effect of the environment was also assessed, as

previously done in the literature, by comparing the phe-
notypic performance of the two lines in the last genera-
tion [29, 31, 32]. The difference in the average phenotype
of the two lines in the last generation was tested using
a paired T-test at the a-risk of 5%. Using these different
scenarios and these two models of estimation, our aim
was (i) to estimate the realized type I error of the LRT
and the paired T-tests when there is an environmental
effect but that is not transmissible (Scenario 1); and (ii)
to estimate the power of the LRT and the paired T-tests
to detect the transmitted environmental effects of dif-
ferent importance and to illustrate the capacity of the
transmissibility model with environment to correctly
estimate parameters (Scenario 2). For all the simulations,
N =20, n,5 = 10, leading to 1840 animals in the pedi-
gree. The residual variance was fixed to 10 and the trans-
missibility variance to 5 in all scenarios.

To illustrate the ability of the transmissibility model
with environment to correctly estimate parameters in any
population with many different environments, we also
performed an additional simulation considering the same
population structure as used in David and Ricard [21],
15 different particular environments and the simulation
parameters of set 1 (see Additional file 2 for details).

Results

The number of simulations per set and scenario for
which the null hypothesis of no transgenerational envi-
ronmental effect is rejected using the LRT or the T-test
is in Table 2. Evaluated in different situations where there
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Table 2 Number of simulations over 100 rejecting the null hypothesis of no transmitted environmental effect

Set Ws @q r(p) Scenario 1 (without a transmitted Scenario 2 (with a

environmental effect) transmitted environmental
effect)

LRT T-test LRT T-test

1 0.40 0.25 0.544 (0.70) 7 15 94 26

2 0.40 0.25 0.389 (0.50) 7 15 75 24

3 040 0.25 0.233 (0.30) 4 11 46 22

4 0.20 0.50 0.213(0.30) 2 18 45 23

Average percentage 5.00 14.75 65.00 2375

In Scenario 1, the model of simulation is: y; = xiB + 6; + t; + e;, where §; = \/ro: if animal i is in the particular environment, 6; = 0 elsewhere; and t; is modeled as in

the “classical” transmissibility model

In Scenario 2: the model of simulation is: y; = xiB + t; + e;, where t; = wsts; + wgty; + 6; + &, 6; = /rorif animal i is in the particular environment, 6; = 0 elsewhere; &

are independently distributed with variance equal to (§; — r)o2 for animals that experience the particular environment, and 6;c elsewhere

8 = (1 — w? — w3)if both parents are known, (1 — w3 ) for animals of unknown sire; (1 — w?) for animals of unknown dam; and 1 for animals for which both parents

re unknown.p = —-—
are unknown. p = -5

LRT: likelihood ratio test comparing the transmissibility and the transmissibility model with environment; the null hypothesis is HO:r = 0

T-test: paired T-test comparing the average phenotype of the two lines (E+, E—) in the last generation. The null hypothesis is HO: i+ = pe—

is an environmental effect not transmitted across genera-
tions, the realized type I error (average over the different
sets) of the LRT was 5%. In Scenario 1, the average dif-
ference between phenotypes of the two lines in the last
generation was equal to 0.03+0.51. The realized type I
error of the paired T-test (average over the different sets)
was 14.75%. The power of the transmissibility model with
environment to detect transmitted environmental effects
was 94, 75, 46 and 45% for sets 1 to 4, respectively. The
average difference in phenotype between the two lines in
the last generation when the effect of the environment is
transmitted across generations was equal to 0.29+0.48,
0.33+£0.52, 0.41+0.52 and 0.32+0.55 for sets 1 to 4,
respectively. The power to detect differences in average
phenotypes between the two lines in the last generation
using a paired T-test was equal to 26, 24, 22 and 23% for
sets 1 to 4, respectively.

Estimations of the parameters obtained with the
transmissibility model and the transmissibility model
with environment for the different scenarios and sets of
parameters are in Table 3. When the effect of the envi-
ronment is not transmitted across generations (Scenario
1), estimation of the sire and dam path coefficients of
transmission were well estimated and did not signifi-
cantly differ between the transmissibility model and the
transmissibility model with environment. Estimations of
r (p) obtained with the transmissibility model with envi-
ronment in Scenario 1 ranged from 0.07 to 0.08 (from
0.09 to 0.11) depending on the set of parameters, and
were never significantly different from 0. When the effect
of the environment is transmitted across generations
(Scenario 2), transmission path coefficients estimated
with the transmissibility model and the transmissibility

model with environment were close to their simulated
values, regardless of the set of parameters. For all sets of
parameters, the transmission path coefficients obtained
with the transmissibility model were larger than those
estimated with the transmissibility model with environ-
ment (p-values of all paired T-tests<0.01). Estimates of
the residual and transmissibility variances obtained with
the two models were closer to their true values in Sce-
nario 2 compared to Scenario 1. The residual variance
estimates did not significantly differ between the two
models, while the transmissibility variance estimates
were larger in the transmissibility model with environ-
ment for all sets of parameters (p-values of all paired
T-tests <0.001). This difference increased with the mag-
nitude of the transmitted effect. For instance, the differ-
ence between the transmissibility variance estimates was
0.38 in Set 1 (p = 0.7) and 0.18 in Set 3 (o = 0.3). Esti-
mations of r (p) obtained with the transmissibility model
with environment were close to their true values, regard-
less of the set of parameters. Nonetheless, it should be
noted that the standard deviations associated with these
estimates were large. Estimations of r obtained in the
additional simulation design that considered a real-world
population and 15 particular environments were also
close to its true value (0.53, simulated value 0.544) and
associated with large standard deviation (0.14, for all the
results, see Additional file 2).

Discussion

Initial investigations to demonstrate the existence of a
transgenerational environmental effect based on phe-
notypic observations often consist in comparing the
phenotypic means of two groups of animals whose
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Table 3 Estimates (+sd) obtained with the transmissibility model and the transmissibility model with environment

Set Simulated value Scenario 1 (without a transmitted environmental Scenario 2 (with a transmitted
effect) environmental effect
Trans TransEnv Trans TransEnv

1 o‘ez 10 9.64+1.71 9.62+1.73 9.82+143 9.68+1.37

0'[2 5 533+£1.72 540+1.75 491+£143 529+146

w;s 0.40 0.39+0.08 0.394+0.08 0.40+0.07 0.38+0.07

Wy 0.25 0.25+0.08 0.24+0.08 0.27+0.09 0.24+0.07

r(p) 0.544 (0.70) - 0.08+0.15 (0.10+0.20) - 0.53+0.18 (0.68+0.25)
2 (;e2 10 9.64+1.71 9.62+1.73 9.79+147 9.69+1.50

o‘lz 5 533+1.72 540+1.75 501+149 529+1.58

s 040 0.39+0.08 0.39+0.08 040+0.07 0.39+0.07

wy 0.25 0.25+0.08 0.24+0.08 0.26+0.09 0.25+0.08

r(p) 0.389 (0.50) - 0.08+0.15 (0.10+0.20) - 0.39+0.20 (0.51+0.27)
3 gez 10 9.76+1.73 9.73+1.75 9.83+1.54 9.76+1.55

(;12 5 516+1.79 523+1.80 500+1.59 5.18+1.65

s 040 0.39+0.08 0.39+0.08 040+0.08 0.39+0.08

wy 0.25 0.25+0.08 0.24+0.07 0.25+0.08 0.24+0.08

r(p) 0.233 (030) 0.07£0.15(0.09£0.20) 0.24+0.19(0.32+0.26)
4 gez 10 9.86+1.37 9.88+1.36 995+1.26 9.90+1.27

o‘[z 5 507+1.39 5.09+1.39 4.89+1.29 505+1.32

ws 0.20 0.20+0.08 0.20+0.08 0.20+0.08 0.20+0.08

wy 0.50 0.49+0.09 0.49+0.09 0.50+0.09 0.49+0.09

r(p) 0.213 (0.30) - 0.07+0.13 (0.11+0.20) - 0.23+0.17 (0.34+0.26)

In Scenario 1, the model of simulation is: y; = xiB + 6; + t; + e;, where §; = \/ro; if animal i is in the particular environment, 6; = 0 elsewhere; and t; is modeled as in
the “classical” transmissibility model

In Scenario 2: the model of simulation is: y; = xiB + t; + e;, where t; = wsts; + wgty; + 6; + &, 6; = /rorif animal i is in the particular environment, ; = 0 elsewhere; &

are independently distributed with variance equal to (§; — r)a,2 for animals that experience the particular environment, and (Siarz elsewhere

8i = (1 — w? — w3) if both parents are known, (1 — w3) for animals of unknown sire; (1 — w?) for animals of unknown dam; and 1 for animals for which both parents

_ r
are unknown. p = [

Trans transmissibility model, TransEnv transmissibility model with environment

ancestors have experienced different environmental
conditions [29, 31, 32]. The main drawback of such
comparisons is that the phenotypic difference observed
between the two groups may be the result of genetic
(and/or transmissibility) drift, even if special atten-
tion has been devoted to limiting these differences by
using a mirrored design, as in Leroux et al. [29]. This
phenomenon is illustrated in the current study by
the realized type I error of the paired T-test that was
higher than the expected 5%. Contrary to what might
be expected, comparing phenotypes corrected for addi-
tive genetic effects using pedigree information is not
a feasible alternative because, if there is a transmissi-
ble environmental effect, the additive genetic values
will include this effect in their (best linear unbiased)
predictions, which will then no longer be detect-
able by comparing corrected phenotypes. To illustrate
this hypothesis, we reran the scenarios for Set 1 (100
simulations) and compared the phenotypes of the two

groups using a paired T-test, corrected for transmis-
sibility potential obtained with the transmissibility
model (same predictions as an animal model; see David
and Ricard [21]). The realized type I error was 2%, but
the power to detect transmitted environmental effects
declined to 3% due to the absence of any remaining dif-
ference between lines in the last generation, which was
absorbed in the transmissible potential prediction.

The results of the simulations showed that the power
of the T-test to detect transmitted environmental effects
was small (<26%). Since the non-genetic transmissible
factors, which are at the origin of the transgenerational
impact of the environment [33-35], are diluted in future
generations [23], the difference between lines decreases
by a multiplication factor equal to w; + wy(< 1) at each
generation. In the present study, the difference between
lines in the last generation corresponded to 27 and 34%
of the initial difference for Sets 1 to 3 and Set 4, respec-
tively, and was thus difficult to highlight using the T-test.
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To estimate transmitted environmental effects, the
transmissibility model with environment uses covari-
ance information within lines of all generations, which
explains the higher power of the LRT to detect transmit-
ted environmental effects compared to the T-test. Since
the LRT consists in testing if » = 0, the power to detect
transmitted environmental effects increased (quasi-line-
arly) with the value of r. Standard errors associated with
7 were large, indicating that a sufficiently large number
of phenotyped individuals is needed to be able to detect
transmitted environmental effects. Given the dilution
effect, it is preferable to favor a large number of animals
per generation rather than a large number of generations
following the environmental exposure. However, this
recommendation is relevant when the origin of the mul-
tigenerational environmental impact is the vertical trans-
mission of non-genetic factors only, as simulated in the
present study. This corresponds to the mechanisms of
the multigenerational impact of the environment medi-
ated by the culture or the microbiota. When the epige-
netic mechanisms are at the origin of the transmission
of the impact of the environment across generations, the
situation becomes a little more complicated. In that case,
the multigenerational effect of the environment may be
an intergenerational and/or transgenerational effect [36].
In other words, the environment has a direct impact on
the animal that experiences the environment, as well as
on the subsequent generations whose genetic material
was present at the time of exposure due to the direct
effects of the parent’s environment/physiology on the
developing embryo/fetus or on germ cells. The “direct”
environmental impact may thus be different depending
on the generation. To account for such situations in the
transmissibility model with environment, two (or three)
different effects of the environment must be considered
depending on the generation (direct exposure or expo-
sure at the level of the embryo or the germ cells), lead-
ing to covariance between transmissibility samplings of
same-stage animals (born, embryo, germ cells) that expe-
rience the environment. This can be implemented in the
transmissibility model with environment by considering
two (or three) different environments, one for each stage.
Further investigations are needed to evaluate the quality
of the estimations in such situations. It should be noted
that the covariance between the transmissibility sam-
plings of animals sharing the same environment does not
only account for the impact of the transmissible environ-
mental effect common to these animals but also for the
horizontal transmission of non-genetic effects between
these animals reported for culture and microbiota [24,
25]. When applying the transmissibility model with envi-
ronment, it is possible to include a random genetic effect
in addition to the transmissibility potential in order to
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distinguish genetic from non-genetic factors. However,
this will certainly lead to practical identifiability issues
as described for the transmissibility model [21] and was
therefore not investigated in this study. To solve this
practical identifiability problem, it is necessary to have
additional information on non-genetic inherited factors
such as direct measurements of microbiota, methylation
and to apply the transmissibility model with environment
using these direct measurements as proposed by David
et al. [37]. It will then be possible to dissociate the differ-
ent heritable factors in a mixed model in a second step,
considering the path coefficients of transmission and r
known for each of them, provided they are sufficiently
different between the factors. This approach using com-
plementary information also has the advantage of iden-
tifying which non-genetic factor is the transgenerational
transmission vector of environmental effects.

To estimate the parameters of the transmissibility
model with environment, it is necessary to compute the
inverse of the block diagonal matrix Dg. In the program
that we propose, this inverse is computed, by blocks that
use the formula proposed by Searle [38] (see Additional
file 1) that is applicable on matrices for which all diago-
nal elements are equal. Thus, it is necessary that parental
information be the same for all of the animals that expe-
rience the particular environment (all have both parents
known, one same parent known or unknown parents).
This limitation is inherent to the method used to obtain
the inverse of the covariance matrix in the estimation
program, but not to the transmissibility model itself. A
generalization is certainly possible but would probably
require very large computation times.

The results obtained on simulated data illustrated the
good capacities of the transmissibility model with envi-
ronment to correctly estimate variances, covariances
and path coefficients of transmission in the presence and
absence of transmitted environmental effects. The simu-
lated design corresponded to an experimental design
dedicated to the test of transmitted environmental effects
based on a T-test. The transmissibility model with envi-
ronment can nevertheless be applied in a population
without this particular structure and, if the program we
propose is used, as long as the animals in the same envi-
ronment have the same type of parental information as
described in Additional file 2. The proportion of trans-
mitted variance used for the simulation was moderate
(30%) and the sire and dam transmissibilities were small
to moderate depending on the set (0.08 and 0.16 for the
dam transmissibility, 0.064 and 0.13 for the sire transmis-
sibility). The different values of the transmitted environ-
mental effect used in the simulations corresponded to
moderate to large correlations between transmissibility
samplings of the animals sharing the same environment.
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Our knowledge of the true magnitude of these trans-
missible environmental effects is limited, but since the
predicted transmissible potential from the observed
phenotypes is a weighted sum of the different sources
of inheritance, the impact of the transmissible environ-
ment may be even smaller than this due to the relative
proportion of environmentally insensitive genetics in the
transmissibility. To ensure sufficient power of detection
of the transmissible environment from the observed phe-
notypes, a larger population size is likely to be required.
If the information is available, another solution is to test
the impact of transmitted environmental effects with the
transmissibility model with environment using the direct
measurements of the non-genetic inherited factors, as
previously described. In any case, the transmissibility
model with environment, as currently programmed, is
not intended to be applied routinely to large populations,
due to the long computation times it requires. The CPU
time for one iteration of convergence on a linux system
and intel®Xeon®E5-2698v3 processor for 2525 individu-
als in the pedigree and 15 environments averaged 900 s.
The model, as currently programmed, is not intended to
be used routinely for large datasets, but rather to detect
the existence of transmissible environmental effects, so
that further investigations can be carried out to under-
stand (and perhaps control) this transmission.

Conclusions

The transmissibility model with environment is an effec-
tive model to detect transmitted environmental effects.
Thus, it offers a new tool to assess the importance of
non-genetic factors in the form of traits. This could lead
to a rethinking of classical genetic selection into adap-
tive selection by acting on the environment of future
reproducers.
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