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Abstract 
This work represents MeSCoT, a software dedicated to complex trait simulation through the 
mechanistic modelling of genes interactions. The software provides an innovative framework 
to study molecular mechanisms of gene-by-gene and gene-by-environment interactions. It 
closely imitates the basic in vivo mechanisms of complex trait realization and allows a detailed 
simulation of genes' regulatory interactions for variable genomic architectures. The MeSCoT 
software is scalable and well documented (https://genetics.ghpc.au.dk/vimi/mescot/). 
 
Introduction 
Quantitative (or complex) traits represent majority of traits that are of economic importance in 
agriculture (Goddard and Hayes 2009). Genetic variation of such traits is determined by a large 
number of loci and is related to a specific genomic architecture. The current approaches of 
breeding value prediction of a complex trait involve all genotyped single nucleotide 
polymorphisms (SNPs), regardless of their statistical significance (Meuwissen et al. 2001), and 
understanding of a genetic architecture that underlies quantitative traits could help improving 
statistical models for better predictive ability (Suravajhala et al. 2016). 
This study represents a novel mechanistic approach to in silico quantitative trait simulation 
implemented within MeSCoT (Mechanistic Simulation of Complex Trait) software 
(Milkevych et al. 2021). The approach imitates core in vivo mechanisms of complex trait 
formation and quantitatively maps genotypic and phenotypic variation into the molecular 
mechanisms of gene expression. The software delivers a computational framework for 𝐺𝐺 × 𝐺𝐺 
and 𝐺𝐺 × 𝐸𝐸 interaction studies as well as for verification of novel and existing statistical 
methods in quantitative genetics 
Implemented models and algorithms allow detailed simulation of genes regulatory interactions 
for variable genomic architectures and generates extensive omics data. In addition to 
mechanistic models, the software includes the novel single-nucleotide polymorphism and 
omnigenic genetic models (Boyle et al. 2017). These models allow detailed studies of impact 
of genetic and phenotypic variance on gene regulation and, hence, can help reveal molecular 
mechanisms linking the heritability and variation in molecular traits. 
 
Methods 
 
Implemented models. A number of detailed mechanistic models constitute the computational 
framework implemented within MeSCoT software, in particular: the model of genes regulatory 
interactions, single-nucleotide polymorphism model, genotype by environment interaction 
model, and a model for genomic network geometry. The detailed mathematical formulation of 
these models as well as implemented numerical methods and algorithms can be reviewed in 
(Milkevych et al. 2021). 
 
Simulation workflow & software interface. The schematic overview of MeSCoT simulation 
workflow and data depicted in Fig. 1 A; Fig. 1 B and c shows the MeSCoT input and output 
interface respectively; adapted from (Milkevych et al. 2021). 

https://genetics.ghpc.au.dk/vimi/mescot/


2 
 

 
G

en
ot

yp
es

m. 1 m. 2 m. 3 m. 4 m. 5 m. 6 m. 7 m. 8

SNP variants

SNP Data 

Chromosome 1 Chromosome 2 Chromosome n

Chromosome 1 Chromosome 2 Chromosome n

m. 3m. 2m. 1 m. 5m. 4 m. 8m. 7m. 6

Genomic Aarchitecture

Network

Model

Gene products Quantitative Trait

SELECTED MARKERS OF

Peripheral genes: Core genes:

m. 1,3,4,6,8 m. 2,5,7

A

N.gntw
A.gntw
R.gntw

Main and supplementary resulting files
products.txt

traits.txt
randomstate.txt

Genotype 1
p.txt

rna.txt
time.txt

Genotype 2
p.txt

rna.txt
time.txt

Genotype n
p.txt

rna.txt
time.txt

Sequence of folders with time-series data
1. protein
2. mRNA
3. time steps

N_snpID.gntw
A_snpID.gntw
R_snpID.gntw

Adjacency matrices: nodes coded in (i) model ID, (ii) real snp ID
1. full network
2. activators network
3. repressors network

1. core genes’ protein molecules
2. trait values for each genotype
3. state of random number generator

setup.tsim

allnetwork.gntw
activators.gntw

repressors.gntw

allSNP.dat
coreSNP.dat

parameters.grm

Simulation 
configuration 

1. All genotypes
2. List of core genes & their weights)
3. Model parameters

1. full network
2. activators network
3. repressors network

Main input to MeSCoT

Optional input data: Adjacency matrices

Necessary input data: Genomic architecture and model

B

C

 
 

Figure 1. Simulation workflow & software interface. A) The schematic overview of 
MeSCoT simulation workflow. The shaded areas depict distinct workflow components: data 
blocks and functional units. The black arrows represent information flows. The "Genomic 
Architecture" is a data block of prior information regarding a modelled complex trait, such as 
peripheral and core genes (markers colored in blue and red respectively), their locations and 
network relations (blue arrows). The prior information is used to build a data file consisting the 
combined information for all genotypes (SNP variants) in population, the shaded area named 
"SNP Data File". The computational unit ("Model") utilizes the genomic and network 
information to produce "Gene products" data that can be further used for the trait calculations, 
depicted within "Quantitative Trait" area. B) MeSCoT input interface. C) MeSCoT output 
interface. Blue color indicate different types of files and folders; black color describes a 
function and purpose of files; red color marks different interface groups. 
 
Data used for the case studies. For the case studies we use a trait with a pure artificial genomic 
architecture determined by in silico generated genomic network. We simulated the genotypic 
data for 5,000 individuals completely at random, by sampling allele counts from {0,1,2} for 50 
SNP loci. Among the simulated SNPs, 12 were set to be core genes (Boyle et al. 2017) with 
equal contributions to the trait phenotype. The rest of the SNPs were taken as peripheral genes. 
 
Results & Discussion 
 
Genomic network. The MeSCoT software allows in silico networks simulation. The network 
data (data files representing adjacency matrices) was produced once and subsequently reused 
in all simulation studies. The resulting network geometry represented in terms of a directed 
graph is depicted in Fig. 2 A; adapted from (Milkevych et al. 2021). 
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Figure 2. The results of the case study. A) Simulated genomic network and its connectivity 
properties (log-log representation). The size of blue dots is proportional to the graph’s nodes 
degrees; red dots indicate the core genes; nodes labels (numbers) correspond to SNP identity 
numbers in the genotypes data file; arrows indicate the directions of regulatory interactions; 
TF stands for transcription factor. B) Standardized expression data for core genes. The 
expression level profiles were generated using mRNA concentration data of reference 
genotype; 𝑠𝑠. 𝑒𝑒. 𝑙𝑙. is standardized expression level; 𝑡𝑡 is time in minutes. C) Distributions of core 
genes’ products (proteins concentrations); the distributions were generated for the population 
consisting of 5000 distinct genotypes. D) Distribution of simulated genotypic values (traits, 
expressed as normalized values). The distribution was generated for population consisting of 
5000 distinct genotypes; the trait values were calculated using the normalized values of protein 
concentrations.  
 
Expression data. The detailed dynamics of mRNA and protein concentrations for all genes 
involved in the regulatory network is covered by MeSCoT functionality. As a result of the case 
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study, the standardized expression level profiles for core genes (from the network depicted in 
Fig. 2 A) are depicted in Fig. 2 B. 
 
Gene-by-gene interactions. The software allows extensive analysis of 𝐺𝐺 × 𝐺𝐺 interactions. Core 
genes’ products form complex patterns, such as segregated distributions of protein molecules 
in Fig. 2 C. These patterns, as we believe, are due to the interplay between the genomic 
differences in population and the geometry of the genomic architecture (network, Fig. 2 A). 
Cumulative contribution of all normalized core genes’ products is visualized in Fig. 2 D where 
the result is represented as the probability distribution of simulated genotypic values upon 
5,000 individuals. For the assumed genomic architecture and the study genotypes, the trait 
approach a normal distribution (Fig. 2 D). The trait distribution represented as a combination 
of minor distributions related to the individual core genes’ products (Fig. 2 C). 
 
Multi-trait case. While the current version of the software is able to simulate a multi-allelic 
QTL, the multi-trait functionality is under development. 
 
Web resources. The software (executables for Linux and Windows platforms) as well as the 
necessary documentation with examples are freely accessible via the MeSCoT supporting web 
site: https://genetics.ghpc.au.dk/vimi/mescot. 
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