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Abstract  
The rumen ecosystem harbours a galaxy of microbes working in synthrophy to carry out a metabolic 
cascade of hydrolytic and fermentative reactions. This fermentation process allows ruminants to harvest 
nutrients from a wide range of feedstuff otherwise inaccessible to the host. The interconnection between 
the ruminant and its rumen microbiota shapes key animal phenotypes such as feed efficiency and 
methane emissions and suggests the potential of reducing methane emissions and enhancing feed 
conversion into animal products by manipulating the rumen microbiota. Whilst significant technological 
progress in omics techniques has increased our knowledge of the rumen microbiota and its genome 
(microbiome), translating omics knowledge into effective microbial manipulation strategies remains a 
great challenge. This challenge can be addressed by modelling approaches integrating causality principles 
and thus going beyond current correlation basis approaches applied to analyse rumen microbial genomic 
data. However, existing rumen models are not yet adapted to capitalise on microbial genomic information. 
This gap between the rumen microbiota available omics data and the way microbial metabolism is 
represented in the existing rumen models needs to be filled to enhance rumen understanding and produce 
better predictive models with capabilities for guiding nutritional strategies. To fill this gap, integration of 
computational biology tools and mathematical modelling frameworks is needed to translate the 
information of the metabolic potential of the rumen microbes (inferred from their genomes) into a 
mathematical object.  In this review, we discuss computational biology tools to analyse the rumen 
microbiome and two modelling approaches for the integration of microbial genomic information into 
dynamic models. The first modelling approach explores the theory of state observers to integrate 
microbial time series data into rumen fermentation models. The second approach is based on the 
genome-scale network reconstructions of rumen microbes. For a given microorganism, the network 
reconstruction produces a stoichiometry matrix of the metabolism. This matrix is the core of the so-called 
genome-scale metabolic models which can be exploited by a plethora of methods comprised within the 
constraint-based reconstruction and analysis (COBRA) approaches. We will discuss how these methods 
can be used to produce the next generation models of the rumen microbiome. 
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Implications 

Ruminants and their rumen microbiota exhibit an intimate relationship that shapes key animal 
phenotypes such as feed efficiency and methane emissions. Advances in omics techniques have 
deeply enlarged our knowledge on the rumen microbiota and its genome (microbiome). But, how 
to capitalize on the large omic information to develop predictive tools that can guide the design of 
strategies for sustainable ruminant production strategies? In this review, we aim at responding 
partly to this question by discussing mathematical approaches adapted to integrate microbial 
genomic information of the rumen microbiome into dynamic models.  

Introduction  

Forage-fed ruminants have the highest efficiency for net production of human-edible protein among 
livestock. This contribution is the result of the capability of ruminants to transform fibrous 
feedstuffs. Fibre degradation occurs predominantly in the rumen thanks to the action of a complex 
microbial community (microbiota) constituted by hundreds of species that include bacteria, 
archaea, protozoa and fungi. The rumen microbes encode a repertoire of enzymes for degrading 
plant carbohydrates allowing the animal host to harvest nutrients that are otherwise inaccessible. 
Due to its metabolic capabilities, the rumen microbiota can be viewed as an organ within the host. 
Ruminants and their microbiota have co-evolved in an intimate and symbiotic relationship, which 
makes us consider them as holobionts. The close connection between the ruminant and its rumen 
microbiota shapes key animal phenotypes such as feed efficiency and methane emissions (Wallace 
et al., 2019) and suggests the potential of reducing methane emissions and enhancing feed 
conversion into animal products (Huws et al., 2018) manipulating the rumen microbiota. However, 
only few examples of direct microbial manipulation have shown beneficial outcomes (Huws et al., 
2018). The design of successful manipulation strategies for sustainable ruminant production 
requires a better understanding of the dynamic interactions between the diet, the animal and its 
rumen microbiota. Disentangling this triad interplay requires to elucidate firstly central dynamic 
features of the rumen microbiota ecosystem such as interspecies interactions and resilience 
(Weimer, 2015). Whilst significant technological progress in omics techniques has increased our 
knowledge of the rumen microbiota within international projects such as the Global Rumen Census 
(Henderson et al., 2015) and Hungate 1000 (Seshadri et al., 2018), a great challenge needs to be 
overcome for translating omics knowledge into effective microbial manipulation strategies. Most of 
the findings derived from genomic studies are mainly descriptive and follow a correlation basis. To 
enhance our system-level understanding of the rumen ecosystem and translate genomic data into 
predictive tools for sustainable ruminant production, modelling approaches integrating causality 
principles that shape rumen metabolism are needed. Rumen modelling started in the seventies with 
empirical and mechanistic developments which can be either static or dynamic (Tedeschi et al., 
2014). In the category of dynamic models, three modelling structures namely Molly, Dijkstra models 
and Karoline have been incrementally improved over the years (Gregorini et al., 2015; Huhtanen et 
al., 2015; van Lingen et al., 2019). Recent modelling efforts have been done to include the dynamics 
of methanogens (Muñoz-Tamayo et al., 2016; van Lingen et al., 2019), thermodynamic control and 
the impact of methane inhibitors on the rumen fermentation pattern and methane production 
(Muñoz-Tamayo et al., 2021; van Lingen et al., 2021). Modelling works have also been developed to 
study ecological interactions within the methanogen rumen community (Lynch et al., 2019; Muñoz-



 
 
 

 
 

Tamayo et al., 2019). However, despite the model improvements before mentioned, existing rumen 
fermentation models do not integrate microbial genomic information of the rumen microbiome. 
This gap between the rumen microbiota available omics data and the way microbial metabolism is 
represented in the existing rumen models needs to be filled to enhance rumen understanding 
(Bannink et al., 2016). Filling this gap can lead to novel mathematical models with better predictive 
power and capabilities for guiding nutritional strategies. This can be done by incorporating the 
framework of genome-scale metabolic models (GEMs) into rumen modelling efforts (Huws et al., 
2018). A GEM is a detailed model of microbial metabolism that links the metabolites and 
biochemical reactions that an organism is able to perform as a result of its genetic potential. While 
the GEM approach has been applied to study the human gut microbiota (Kumar et al., 2019; 
Magnúsdóttir et al., 2017),  genome-based modelling of the rumen microbiota is at an infant stage. 
It is yet unclear how these GEMs can be integrated into whole rumen models adapted to evaluate 
a wide range of nutritional conditions (Bannink et al., 2020). This review aims to foster the 
incorporation of genome-scale based approaches into rumen modelling efforts.  

Brief overview of omic-based techniques and computational biology tools to study the rumen 
microbiome 

The first application of omics to the rumen microbiota and still the most used, is metataxonomic 
analysis. It is based on next-generation sequencing (NGS) techniques and on single amplicon 
sequencing of a variable region of 16S rRNA gene, 18S rRNA gene or ITS for bacteria, protozoa and 
fungi, respectively. This time and cost-effective taxonomic profiling provides an accurate description 
of the microbial composition of the rumen microbiota and of its modulation by extrinsic or intrinsic 
factors such as the diet or the age of the animal for example, and has been widely used to correlate 
taxonomic profile and animal traits such as methane emission (Wallace et al., 2019). However, 
accuracy of the results relies on efficiency of DNA extraction method, hypervariable region chosen 
for amplification, database used for sequence affiliation and pipeline applied for alpha and beta-
diversity analysis (Almeida et al., 2018). Another limitation is the difficulty to achieve species-level 
accuracy as well as to have access to the rare biosphere. In spite of these biases, these approaches 
have been widely applied because they are easy to use and at low cost. They have led to the 
description of a relatively robust core rumen bacterial and archaeal microbiome and of its evolution 
with many different biotic and abiotic factors (Henderson et al., 2015).  
For metataxonomic studies, microbial genes can be analysed using a variety of pipelines, with 
QIIME2 (Caporaso et al., 2010) being one of the most complete and flexible. In general, 
metataxonomics requires filtering the sequences for quality, clustering, classification and 
quantification. The end result of the process is an Operational Taxonomic Unit (OTU) table that 
expresses the abundance of microorganisms in the samples. While the approach is limited to 
abundance, it can be supplemented with tools such as CowPi (Wilkinson et al., 2018) to extrapolate 
the functional capabilities of the microbiota examined. CowPi uses KEGG (Kanehisa and Goto, 2000), 
mostly in the form of pathway data, but it can be customised to allow the use of modules, which 
offer a finer details. Metataxonomics is a reliable and well standardised approach that results in 
accurate and inexpensive taxonomic assignments, but its limit lies in the high-level functional 
prediction that can be extrapolated. 
Metagenomic analysis or shotgun sequencing, which consists of determining the whole rumen 
genome sequence, provides information about the microbial population and its relative (putative) 
function. The first rumen metagenomic study was published in 2011 (Hess et al., 2011) and since 



 
 
 

 
 

then the number of studies has increased to dozens to analyse, for example, polysaccharide 
degradation and impact of diet (Li et al., 2020).  
Metagenomics approaches differ in the level of computational complexity involved, but can be 
roughly divided into read and assembly-based analysis. Approaches based on reads can be used for 
taxonomic assignment using Kraken2 (Wood et al., 2019) among others. Assembly-based 
approaches use assemblers such as MEGAHIT (Li et al., 2016) to reconstruct contigous fragments of 
the genomes from sequencing reads. The resulting assembly can then be further refined in a variety 
of ways, and one such approach is binning the assembled contigs with Metabat 2 (Kang et al., 2019), 
among others, into MAGs. These MAGs can then be taxonomically assigned with PhyloPhlAn 
(Asnicar et al., 2020). While genome binning may offer extraordinary insights into the rumen 
microbiota, quantity and quality of sequenced data needs to be taken into consideration, since each 
step will involve discarding data that cannot be reliably used with this approach. However, with 
more MAGs collections publicly available (Xie et al., 2021), it may be possible to use these as 
reference, along with available cultured genomes. Functional annotation of MAGs and assembled 
sequences uses similarity search tools (Altschul, 2014; Buchfink et al., 2021) against a variety of 
databases (Bateman et al., 2021; Huerta-Cepas et al., 2019) of known function proteins. In general, 
gene calling is first performed to extrapolate Open Reading Frames (ORFs) from sequences using 
Prodigal (Hyatt et al., 2010) and passing the resulting ORFs to a variety of tools such as eggNOG-
mapper (Cantalapiedra et al., 2021) that will provide a function assignment and a variety of links to 
specialised databases such as CAZy (Drula et al., 2022). A certain level of expertise and high-cost 
machinery are necessary to process the huge amount of data generated by these approaches, but 
up to now, nearly 5000 putative bovine MAGs, including previously unknown rumen bacterial 
species, have been assembled (Stewart et al., 2019). 
Metatranscriptomics allows to sequence the rumen transcriptome using NGS (RNA-Seq) and to 
obtain the gene expression profile getting access to functional activity. The main limitations are 
extraction of sufficient high-quality mRNA and removal of the rRNA, which represents the major 
part of the extracted RNA. Another difficulty for rumen studies is to obtain, on a same sample, RNA 
from prokaryotic and eukaryotic origins. As for metagenomics, the obtained reads must be aligned 
to reference databases. A limited number of rumen metatranscriptomic studies have been 
published until now. They have targeted, for example, methane emission (Kamke et al., 2016) and 
fibre-degrading function (Comtet-Marre et al., 2017). These studies identified the most expressed 
glycosyl-hydrolase genes under specific diet, which varied according to the studies, and enlightened 
the role of protozoa in fibre degradation (Comtet-Marre et al., 2017; Williams et al., 2020). However, 
the expression of a gene does not reflect the synthesis of the corresponding protein, and 
metaproteomic analysis is required to overcome this limitation.  
Metaproteomics and metabolomics are the most informative approaches to access the rumen 
microbiome activity and function. These analytical techniques are based on mass spectrometry to 
provide differential analysis of protein expression (metaproteomics) and identification and 
quantification of small molecules (sugars, amino acids, SCFA, etc.) present in the rumen fluid 
(metabolomics). Metabolomics analysis can also be performed using NMR, or combining both MS 
and NMR (Zhang et al., 2019). For both metaproteomics and metabolomics, the results rely on the 
existence of a reference database, and for metaproteomics, another difficulty resides in efficient 
protein extraction from the rumen microbiota (Andersen et al., 2021). The few applications of 
metaproteomics to rumen microbiota (reviewed in  Andersen et al., 2021) have detected important 
rumen functions and enlightened specific cross-feedings (Solden et al., 2018) but did not give a 
complete view of the rumen metabolic networks yet. 



 
 
 

 
 

Finally, the multi-omics approach combines several (or all) of these methodologies. It is still a 
challenge, due to technical issues about the analysis methods which need a lot of computing space, 
post-analytical processing and integration of data, but also to the sample preparation for the 
different analyses. Nevertheless, several studies have used a multi-omics approach, combining 
metagenomics, metatranscriptomics and metabolomics, to study in vivo fibrolytic bacteria 
competition (Yeoman et al., 2021), bacterial species and metabolic markers of feed efficiency (Xue 
et al., 2022) and microbiome and activities of low methane emitters (Kamke et al., 2016). Due to 
the cost of such multiple meta-omics, these studies used a low number of animals, and large sample 
size analyses in the future will be necessary to increase our comprehension of the rumen functioning 
and allow identification of new strategies to improve rumen efficiency while lowering the 
environmental impact of ruminant production. The application of these meta-omics approaches to 
many rumen samples as well as longitudinal studies will allow to identify microbial species, 
metabolic pathways and metabolites to build wide metabolic networks and connect them with 
phenotypic traits in ruminant production (Table 1). 
 
Table 1. Use of different meta-omics analyses to study the rumen microbiome, and their specific 
contribution to our understanding of the rumen functions.  
 

METAGENOMICS 

 Discovery of uncultured microbial 
genomes 

 Potential activity of microbiota 

 Taxa-related metabolic features 

 Putative interaction network 

 

METATRANSCRIPTOMICS 

 Gene expression profiling 

 Gene expression regulation 

 Identification of active taxa 

 Identification of microbiota activity 
Rapid response to various factors 
(environmental stimuli…) 

METAPROTEOMICS 

 Taxa-specific protein profiles 

 Identification of microbiota activity 

 Localization of protein activity 

 

METABOLOMICS 

 Metabolite profiling 

 Identification of metabolites 
associated with animal phenotype 
(biomarkers) or rumen microbiota 
profile  

 

 

Modelling approaches for integrating microbial genomic knowledge  

Existing dynamic models of rumen fermentation are kinetic models where microbial metabolism is 
represented in a simplified aggregated pathway consisting of few macroscopic reactions defined 
either empirically or from dedicated literature. The dynamics of metabolism of a single rumen 
microbe or of the full microbial ecosystem can be described by the following generic differential 
equation resulting from applying mass balances 
𝑑𝐱

𝑑𝑡
= 𝐒 𝐫(𝐱, 𝐩) + 𝐠(𝐱, 𝐪)                                                                                                                                    (1) 

Where 𝐱 is the vector containing the concentrations of metabolites, which can be either intracellular 
(𝐱𝑖) or extracellular (𝐱𝑒). The vector 𝐫 represents the reaction rates, which are function of the 
concentrations 𝒙 and the parameter vector 𝐩. These reactions are catalysed by a proxy of microbial 



 
 
 

 
 

biomass activity. Phenomena related to mass transport (input and output flows) are represented by 
the vector 𝐠, which is function of 𝐱 and the parameter vector 𝐪. The matrix 𝐒 is termed as the 
stoichiometric matrix. To simulate the model described by equation (1), the kinetic rates 𝐫(𝒙, 𝒑)  
need to be defined. In existing rumen models, 𝐫 is a vector with few macroscopic reactions 
representing an aggregated pathway of the rumen microbiota. Here, the rumen microbiota is 
described by few major functional groups (e.g., sugars utilizers, amino acids utilizers and hydrogen 
utilizers (Muñoz-Tamayo et al., 2016)). As previously mentioned, existing rumen models do not 
integrate microbial genomic information. The integration of such an information implies to translate 
the knowledge of the metabolic potential of the rumen microbes (inferred from their genomes) into 
a mathematical object. In the following, we will discuss two modelling approaches that allow such 
an integration. The first approach explores the theory of state observers to integrate microbial time 
series into rumen fermentation models. The second approach is based on the genome-scale 
network reconstructions of rumen microbes. It should be noted that these two modelling 
approaches follow the same generic equation (1).     

Microbial time series and state observers 

Microbial communities change over time in response to environmental changes. The analysis of 
microbial time series is an useful tool for monitoring and characterizing the evolution of microbial 
community and the interactions between its members. The analysis of microbial time series can also 
provide insight on key dynamic properties of the ecosystem such as stability and resilience to 
perturbations. Analysis of rumen microbial time series have been applied to characterize rumen 
microbial colonization patterns both in vivo (Huws et al., 2021; Piao et al., 2014) and in vitro 
(Belanche et al 2017), and the dynamic response of the methanogenic community to the 
supplementation of the methane inhibitor 3-nitrooxypropanol (Pitta et al., 2021). 
When sufficient time points are measured, a variety of methods are available to analyse microbial 
times (Faust et al., 2015). These methods include network inference reconstructions and community 
dynamic models, being the generalized Lotka–Volterra (gLV) model one of the most widely 
approaches used to model microbial communities. (Gonze et al., 2018) provides a detailed review 
on gLV approach, its applications and limitations. One of the limitations of the gLV approach is that 
they are not well-suited to analyse high-dimensional microbiome time series data. Another 
limitation is that the gLV approach does not integrate information on concentration of fermentation 
metabolites. An alternative to exploit microbial time series within a mechanistic modelling 
framework like the one represented by equation (1) is the use of state observers (also called 
software sensors). An observer is an algorithm that uses a mathematical model and measured 
variables to estimate unmeasured variables of a given system. Observers have been widely applied 
to monitor and control biological processes. One of these applications includes the estimation of 
the evolution of ammonia oxidizer bacteria and nitrite oxidizer bacteria in a nitrifying chemostat 
(Ugalde-Salas et al., 2019). To illustrate the concept of state observers, let us consider the following 
set of equations representing the concentration dynamics of a microbe (𝐵) and a product (𝑃) in an 
in vitro continuous reactor:  
𝑑𝐵

𝑑𝑡
= 𝑟 − 𝐷 ∙ 𝐵                                                                                                                                                 (2) 

𝑑𝑃

𝑑𝑡
= 𝑘 ∙ 𝑟 − 𝐷 ∙ 𝑃                                                                                                                                            (3) 

The growth of 𝐵 follows the reaction rate 𝑟. The production of 𝑃 is given by 𝑟 and the stoichiometry 
coefficient 𝑘. Under the hypothesis that 𝐵 can be measured in time and 𝑃 is not measured, the goal 



 
 
 

 
 

of the observer is to estimate 𝑃 from 𝐵. We will assume here that the reaction rate 𝑟 is unknown 
while the coefficient 𝑘 is known. We can then construct a new variable 𝑧 defined by  

𝑧 = 𝑘 ∙ 𝐵 − 𝑃                                                                                                                                                   (4) 

By deriving with respect to time, we obtain   
𝑑𝑧

𝑑𝑡
= 𝑘 ∙ 𝑟 − 𝑘 ∙ 𝐷 ∙ 𝐵 − 𝑘 ∙ 𝑟 + 𝐷 ∙ 𝑃 = −𝐷 ∙ 𝑧                                                                                          (5)                         

If dynamic data of 𝐵 are available and an estimate of 𝑧̂ is obtained from equation (5), we can have 

the estimate  𝑃̂ as  

𝑃̂ = 𝑘 ∙ 𝐵 − 𝑧̂                                                                                                                                                     (6) 
This observer is called asymptotic observer. The great advantage of this type of observer is that it 
does not require knowledge on 𝑟. Indeed, defining the mathematical function of 𝑟 is one of the most 
challenging parts in the model construction of microbiological systems. For deeper discussion on 
observers, the interested reader is referred to dedicated reviews e.g. (Dochain, 2003).  
The previously developed observer can be extended to include 𝑛 microbial species, that is the 
dynamics of the product will depend on the action of different microbes following   
𝑑𝑃

𝑑𝑡
= ∑ 𝑘𝑖 ∙ 𝑟𝑖

𝑛
𝑖=1 − 𝐷 ∙ 𝑃                                                                                                                                 (7) 

with 𝑘𝑖 , 𝑟𝑖 the stoichiometry coefficients and the reaction rates for the microbe 𝑖. In a theoretical 
study, we applied this approach using the mathematical model of rumen in vitro fermentation 
developed by (Muñoz-Tamayo et al., 2016) extended to account for  continuous mode operation. 
The model considers three functional microbial groups namely sugars utilizers, amino acids utilizers 
and hydrogen utilizers. We assumed a hypothetical simulation scenario where sugar utilizers and 
amino acids were constituted by 5 microbial species with different kinetic rates (Davoudkhani et al., 
2022a). Figure 1 shows the dynamics of the 5 microbial species for each functional group and the 
simulation results of the observer for acetate, butyrate and propionate. The initial condition was set 
far from the “real” condition to illustrate that in time the estimation given by the observer converges 
to the real value (Davoudkhani et al., 2022a).   



 
 
 

 
 

 
Fig. 1. Simulation study to assess the performance of an asymptotic observer applied to the 
mathematical model of rumen fermentation developed by (Muñoz-Tamayo et al., 2016). In this 
hypothetical study, we assumed that 5 species constituted the microbial groups of sugars utilizers 
and amino acids utilizers (A). Each species has different kinetic parameters. B. The estimated values 
of acetate, butyrate and propionate of the state-observer (solid line) converge to the real values.  

  

The approach assumes that functional assignment of the microbes is possible. However, this 
functional assignment is a challenging issue that can be addressed as an optimization problem 
(Ugalde-Salas et al., 2019). Recently, we used the asymptotic observer approach to estimate the 
dynamics of the fermentation profile of a rusitec experiment carried out by (Belanche et al., 2017). 
We used the capabilities of CowPI (Wilkinson et al., 2018) to infer the microbial function of microbial 
time series based on 16S data. Our results indicated the promising application of observers and 
microbial time series data to investigate alternatives to connect omic data and mathematical 
modelling for studying the rumen microbial ecosystem (Davoudkhani et al., 2022b). 

 



 
 
 

 
 

Genome-scale metabolic modelling 

The core of a genome-scale metabolic model is the stoichiometry matrix 𝐒 of the metabolism. For a 
genome sequenced microorganism, the stoichiometry matrix is built on the basis of genome-scale 
network reconstructions following a detailed protocol (Thiele and Palsson, 2010) that can be briefly 
summarized by the next five steps:  
i. Functional genome annotation. This step aims at associating genes, proteins, and reactions to 

a draft of metabolic reactions.  
ii. Orthology: reconstruction based on the comparison with GEMs of other microorganisms.  

iii. Gap-filling: process of completion of pathways.   
iv. Manual curation: the network is curated on the basis of expert knowledge, experimental data 

and dedicated literature.  
v. Translation of the reconstruction to a computational model. The final result is a detailed 

metabolic reaction network that can be represented mathematically in a matrix form that 
captures the stoichiometry of the metabolism.  

Several databases and toolboxes are available to facilitate the reconstruction of GEMs including 
KEGG (Kanehisa and Goto, 2000), Metacyc (Caspi et al., 2016) , BiGG (King et al., 2016), Pathway 
Tools (Karp et al., 2002), CarveMe (Machado et al., 2018), KBase (Arkin et al., 2018) and AuReMe 
(Aite et al., 2018). The interested reader is referred to the benchmark study by (Mendoza et al., 
2019) which assessed several features of seven genome-scale reconstruction tools. 
The stoichiometry matrix contains a high number of rows (metabolites) and reactions (columns). 
From the reconstruction of draft GEMs, an average GEM of a rumen microbe can consist of 1155 
reactions and 1422 metabolites (Belcour et al., 2020). While kinetic models derive the stoichiometric 
matrix by prior knowledge and dedicated literature, in the GEM approach the stoichiometric matrix 
is derived directly from the genome of the microbe of interest. The stoichiometry matrix can be 
analysed by a plethora of methods comprised within the constraint-based reconstruction and 
analysis (COBRA) approaches (see, e.g., the review by Lewis et al., 2012). The constraint-based term 
results from the analysis that the capabilities of the microbes are bounded by constraints that 
include thermodynamics and enzyme capacities.  
The stoichiometric matrix 𝐒 contains the stoichiometric matrices for intracellular (𝐒𝑖) and 
extracellular (𝐒𝑒) metabolites. COBRA approaches overcome the need of defining kinetic rates and 
its parameters by assuming that internal metabolism operates at steady-state condition. 
Consequently, genomic-scale modelling focuses mainly on the analysis of the intracellular matrix 𝐒𝑖. 
For simplicity, let’s omit the transport phenomena in equation (1) and focus only on the metabolism 
phenomena, represented by the term 𝐒 𝐫(𝒙, 𝒑). Applying the steady-state condition for the 
intracellular metabolites results in  
𝑑𝒙𝒊

𝑑𝑡
= 𝐒𝒊 𝐫 = 0                                                                                                                                                  (8) 

Since the number of reactions is typically higher than the number of metabolites, equation (8) is 
often underdetermined. All admissible solutions of equation (8) constitute the solution space, that 
mathematically corresponds to the null space (kernel) of the stoichiometric matrix 𝐒𝒊. COBRA 
approaches are centred on the analysis of 𝐒𝒊 and aim to predict the potential phenotypes of an 
organism on the basis of its genome. Flux balance analysis (FBA) (Varma and Palsson, 1993) and 
elementary flux mode analysis (EFM) (Schuster and Hilgetag, 1994) are the basic frameworks of 
COBRA. FBA and EFM have served as scaffolds for the development of a plethora of approaches that 
counts with more than 100 methods (Lewis et al., 2012). The principles of FBA and EFM are briefly 
described below. 



 
 
 

 
 

Flux balance analysis  
An infinite number of solutions exist that fulfil the steady-state equation (8). To reduce the solution 
space, FBA looks at finding the flux vector 𝐫 by optimizing a regulatory optimal condition. The most 
used optimization criterion applied in FBA is the maximization of the biomass growth rate. Other 
optimal criteria are for example the maximization of production of ATP and the production of a 
desired by-product. FBA solves the system of linear equations (8) under defined constraints and an 
objective function by using linear programming. FBA is included in the collection of methods of the 
COBRA toolboxes (Heirendt et al., 2019) for the analysis of GEMs. Within the FBA framework, it is 
possible to predict the maximal growth rate of an organism and the production rates of metabolites. 
However, FBA does not allow the prediction of metabolite concentrations. Other applications of 
interest of FBA includes robustness analysis that allows to assess the impact of varying a particular 
reaction of the network on the growth rate. For small networks, the optimal solution is often unique, 
while for large networks, multiple optimal solutions are frequently found. Multiple solutions are the 
result of the redundancy capability of the microbe, a property that is linked to metabolic robustness. 
Once the maximal growth rate is obtained, it is possible to perform multiple optimizations to 
calculate the maximum and minimum flux values of each reaction in the network to characterize 
the range of metabolic functions. This approach is called flux variability analysis (FVA) (Lewis et al., 
2012). As previously mentioned, FBA is based on the steady-state assumption. However, a further 
extension, named as dynamic FBA (DFBA) (Mahadevan et al., 2002) has been developed to account 
for the dynamics of microbial metabolism. DFBA allows to predict the dynamics of metabolites. The 
DFBA approach is often applied on a reduced metabolic network. FBA applications require high-
quality GEMs that result from an exhaustive reconstruction protocol based on detailed biochemical 
data, high level of curation and knowledge on gene functions. Nevertheless, a good portion of any 
genome contains genes whose functions are  unknown (Zengler and Palsson, 2012). Accordingly, 
high quality level reconstructions might not be feasibly reached yet for the complex rumen microbial 
community without a massive effort. Whereas high quality level reconstructions of rumen microbes 
are not available, GEMs applications for the rumen ecosystem can focus on metabolic core 
functionalities.   

Elementary flux modes analysis  
In contrast to FBA, EFM analysis is a non-optimization technique. EFM analysis is intended to study 
the full capabilities of a given metabolic network by finding the simplest biochemical flux vectors, in 
terms of which all other flux vectors can be expressed (Schuster and Hilgetag, 1994). This means 
that the solution space can be spanned by a set of basis vectors. To find those vectors, Schuster and 
Hilgetag (1994) made use of concepts and tools from convex analysis. The vector that fulfils the 
condition in equation (8) - without any additional optimality constraint - are non-negative vectors 
contained in the null-space of the stoichiometric matrix 𝐒𝒊. The space of admissible fluxes is a convex 
polyhedral cone. The generating vectors of the cone are called elementary flux modes. Any steady-
state flux distribution can be expressed as a non-negative linear combination of the EFMs. 
Biochemically, the EFMs represent the minimal set of enzymes of the metabolic network that can 
operate at steady state.  Dedicated software is available for EFM computation (Klamt et al., 2007). 
Applications of EFMs include the assessment of yields for all independent pathways, analysis of 
functional redundancy of a network, and robustness of an organism subject to gene deletions and 
additions approaches (Lewis et al., 2012). The EFMs can be exploited to derive macroscopic kinetic 
models. Indeed, each EFM can be translated into a macroscopic reaction and thus be used to build 
a dynamic model. This type of approach has been used to model the metabolism of Chinese hamster 
ovary cells (Provost et al., 2006). The key point is to select a minimal set of EFMs that span the 



 
 
 

 
 

metabolic capabilities of the organisms. This task can be done by using yield analysis (Song and 
Ramkrishna, 2009). The calculation of EFMs can become computationally expensive for large 
networks. Therefore, GEM reduction methods are required to provide networks with core 
functionalities. The Supplementary Material S1 discusses some GEM reduction methods.  
Figure 2 sum up the FBA and EFM approaches applied on the analysis of the solution space of 
equation (8).   

 
Fig. 2. COBRA approaches are based on the analysis of the allowable states of a metabolic network. 
These admissible states are contained in a polyhedral cone (A). The generating vectors of the cone 
are the elementary flux modes (EFMs). Flux balance analysis aims at finding an optimal solution in 
the solution space (blue circle in A). The EFMs can be projected in a yield space (B). The EFMs at the 
vertices of the polygon are a minimal set spanning the metabolic capabilities of the microorganism.  
 
The capability of the EFM-based approach of translating microbial genomic knowledge into 
macroscopic reactions makes the EFM framework a suited approach for modelling the rumen 
ecosystem. Indeed, the resulting macroscopic reactions derived from EFM analysis can be 
integrated into dynamic models accounting for by the fluctuating rumen environment and the 
interaction between the rumen microbiome, the host and the diet. Figure 3 summarizes the 
workflow of constructing a dynamic genome-based model. To provide parsimonious and reliable 
models, the property of parameter identifiability should be considered in the model construction to 
avoid over-parameterised models (Muñoz-Tamayo et al., 2018).   
 
 
 
 
 
 
 



 
 
 

 
 

 
Fig. 3. The steps to build a dynamic kinetic genome-based model of microbial metabolism.   

Microbial community modelling  

The previously sections addressed the GEM approach applied to single microbes. The construction 
of GEMs of key rumen species is a key step towards the generation of a rumen microbiome model. 
However, to model the rumen microbiome it is needed to address how the GEM approach should 
be extended to the whole microbial ecosystem. GEMs of microbial communities is still at an early 
stage. In 2012, Zengler and Palsson (2012) argued that the status of knowledge on the function of 
microbial communities was comparable to the knowledge of the systems biology of single species 
ten years ago. To model microbial communities, the main challenge to be addressed relates to the 
question of how the species, their metabolic networks, and interspecies interactions should be 
represented. Tackling this challenge becomes critical when analysing high diverse ecosystems such 
as the rumen. The critical issue of representing the species (and their metabolic capabilities) into 
GEMs has been addressed by two frameworks, namely the compartmental (Stolyar et al., 2007) and 
the supra-organismal approaches (Klitgord and Segre, 2011). The two approaches are depicted in 
Fig. 4. In the compartmental approach, the metabolic network of each microbial species is treated 
as a separate compartment, whereas the supra-organismal approach assumes that the microbial 
community behaves as a single microorganism provided with all the metabolic capabilities of the 



 
 
 

 
 

individual species of the consortia. The supra-organism approach is strongly linked with the 
principles of whole genome sequencing.   
 

 
Fig. 4. Approaches for modelling microbial communities. A) Compartmental approach; B) Supra-
organism approach.  
 
For highly diverse ecosystems, the compartmental approach in sensu stricto results in a model that 
is difficultly tractable (for the rumen ecosystem, a compartmental model will imply hundreds of 
microbial species). On the other hand, the main weakness of the supra-organism approach is that 
due to its level of aggregation, it lacks a description of the connectivity principle among species 
which is a determining factor of the function of the whole community (Biggs et al., 2015). Thus, the 
supra-organism approach offers limited capabilities to study central metabolic interactions such as 
cross-feeding and interspecies hydrogen transfer. Following the evidence of a rumen core 
microbiota (Creevey et al., 2014; Henderson et al., 2015; Wallace et al., 2019), a potential alternative 
between the two approaches is to represent the rumen microbial community by a mini-consortium 
of microbes covering the rumen functional core. The selection of the members of a rumen functional 
core microbiome can be supported by existing literature and by the use of tools such as 
Metage2Metabo (Belcour et al., 2020) which uses draft GEMS to identify minimal communities and 
keystone species for a targeted set of compounds. The development of a rumen microbiome model 
will require strong integration between modelling approaches and dedicated in vitro experiments 
designed to characterize in deep rumen microbial interactions and the influence of such interactions 
on the fermentation profile (Popova et al., 2022).  

Applications of genome-scale metabolic modelling approaches to rumen microbiome   

Major potential applications of genome-based approaches for the rumen microbiota include the 
design of cultivation media for uncultured microorganisms, the identification of probiotics to 
enhance rumen function and the design of strategies for methanogen inhibition, and the 
exploitation of rumen microbes for the production of valuable compounds. GEMs also allow to 
characterize the interconnection between microbes within an ecosystem and provide insight into 
central ecosystem properties such as robustness, resilience and functional redundancy (Weimer, 
2015) which should be considered when designing microbial manipulation strategies.  
Few applications of genome-based approaches are reported for the rumen microbiota.  
Within an industrial context of microbial synthesis of valuable compounds, the GEM reconstruction 
of Actinobacillus succinogenes 130Z allowed to investigate the metabolic potential of this ruminal 
strain for the production of succinic acid from low-cost raw materials (Pereira et al., 2018). The 
model was identified as a useful resource for metabolic engineering strategies aiming at improving 
succinic acid yields. In the same industrial-driven approach, the GEM construction of the lactate 



 
 
 

 
 

utilizing bacterium Megasphera elsdenii allowed the identification of pathways involved in the 
mechanism of metabolic production of hexanoic acid, which is an industry valuable product (Lee et 
al., 2020). We have recently reconstructed the GEM of Fibrobacter succinogenes S85 using the 
AuReMe toolbox (Aite et al., 2018). We applied further the EFM framework on the GEM to produce 
a dynamic model that predicts the production of acetate, succinate and formate from the 
metabolism of glucose, cellobiose and cellulose (Fakih et al., 2022). 

At the community level, a GEM compartmental approach was applied to study a mini-consortia 
composed of the keystone rumen species Ruminococcus flavefaciens, Prevotella ruminicola, and 
Methanobrevibacter gottschalkii (Islam et al., 2019). The resulting GEM allowed to predict the 
metabolic yields of the community and its relative populations, but also led to identification of 22 
new inter-species interactions into this community. The authors also investigated the presence of a 
possible metabolic synergy between viruses and the members of the community via the addition of 
viral functionalities by local alignment. A significantly disrupted bacterial metabolism was detected, 
which confirmed the crucial role of viral auxiliary metabolic genes in the reprogramming of microbial 
metabolism.  

By using the Metage2Metabo software, Belcour et al., 2020 constructed draft GEMs from the 
collection of 913 cow rumen MAGs published in (Stewart et al., 2018). Metage2Metabo allowed to 
identify a minimal community of 44 GEMs capable of producing the 296 metabolic end-products 
that the whole rumen community can potentially produce synergistically. This type of findings 
provides valuable information for the development of synthetic ecology strategies aiming at 
advancing fundamental understanding of the rumen microbiome.  

Final remarks 

The integration of microbial omic data into mathematical models of the rumen microbiome can 
produce novel tools with enhance power for predicting rumen function. The potential applications 
of this next generation models are broad including the design of microbial manipulation strategies 
to enhance feed efficiency and mitigate emissions from the ruminant sector. To reach this expected 
impact, a Cartesian approach build on the analysis of systems at different levels of microbial 
complexity (co-culture, mini-consortia and whole consortia) is needed to derive parsimonious and 
representative models of the rumen microbiome that can be integrated into whole rumen models 
that incorporate the biological levels associated with the host. This exciting challenge can only be 
reached via a strong interdisciplinary synergy between scientists with expertise in microbiology, 
animal physiology, computational biology, biochemistry and mathematical modelling. The 
embracement of the GEM framework into rumen modelling will require the appropriation of new 
skills by the rumen modelling community. In this direction, we can learn and take advantage of the 
developments made by the system biology community on the modelling of microbial communities 
such as the human gut and artificial communities. The learning process should include the 
enhancement of open science practices (Muñoz-Tamayo et al., 2022) to strengthen the sharing of 
models and resources which will result in enhanced rumen microbiome models accessible to the 
community.  

Ethics approval  

Not applicable  



 
 
 

 
 

Data and model availability 

Not applicable  

Author ORCIDs  

RMT: https://orcid.org/0000-0002-9266-4132  
MD: https://orcid.org/0000-0001-5924-506X  
IF: https://orcid.org/0000-0001-6202-062X  
CERR: https://orcid.org/0000-0002-2436-3653  
FR: https://orcid.org/0000-0001-9090-6794  
CJC: https://orcid.org/0000-0001-7183-1555  
EF: https://orcid.org/0000-0002-7450-3466  

Author contributions  

All authors contributed to conceptualization, writing – review and editing.  

Declaration of interest  

None 
 

Acknowledgements  

We thank Anne Siegel and Jeanne Got from IRISA (France) for constructive discussions on genome-
scale metabolic modelling. Part of this review was conducted within the PhD project of Ibrahim 
Fakih.  

Financial support statement  

Rafael Muñoz-Tamayo, Mohsen Davoudkhani, Francesco Rubino and Christopher J. Creevey 
acknowledge funding from the MASTER project, an Innovation Action funded by the European 
Union’s Horizon 2020 research and innovation programme under grant agreement No 818368. The 
PhD of Ibrahim Fakih is supported by grants from the INRAE Holoflux metaprogram and funding 
from Lallemand Animal Nutrition (Blagnac, France). 
 
 
 
 

References  

Aite, M., Chevallier, M., Frioux, C., Trottier, C., Got, J., Cortés, M.P., Mendoza, S., Carrier, G., Dameron, O., 
Guillaudeux, N., Latorre, M., Loira, N., Markov, G. V, Maass, A., Siegel, A., 2018. Traceability, 
reproducibility and wiki-exploration for“à-la-carte” reconstructions of genome-scale metabolic 
models. Plos Comput Biol 14, e1006146. 

Almeida, A., Mitchell, A.L., Tarkowska, A., Finn, R.D., 2018. Benchmarking taxonomic assignments based on 

https://orcid.org/0000-0002-9266-4132
https://orcid.org/0000-0001-5924-506X
https://orcid.org/0000-0001-6202-062X
https://orcid.org/0000-0002-2436-3653
https://orcid.org/0000-0001-9090-6794
https://orcid.org/0000-0001-7183-1555
https://orcid.org/0000-0002-7450-3466


 
 
 

 
 

16S rRNA gene profiling of the microbiota from commonly sampled environments. Gigascience 7, 1–
10. https://doi.org/10.1093/GIGASCIENCE/GIY054 

Altschul, S.F., 2014. BLAST Algorithm. eLS. https://doi.org/10.1002/9780470015902.A0005253.PUB2 
Andersen, T.O., Kunath, B.J., Hagen, L.H., Arntzen, M., Pope, P.B., 2021. Rumen metaproteomics: Closer to 

linking rumen microbial function to animal productivity traits. Methods 186, 42–51. 
https://doi.org/10.1016/J.YMETH.2020.07.011 

Arkin, A.P., Cottingham, R.W., Henry, C.S., Harris, N.L., Stevens, R.L., Maslov, S., Dehal, P., Ware, D., Perez, 
F., Canon, S., Sneddon, M.W., Henderson, M.L., Riehl, W.J., Murphy-Olson, D., Chan, S.Y., Kamimura, 
R.T., Kumari, S., Drake, M.M., Brettin, T.S., Glass, E.M., Chivian, D., Gunter, D., Weston, D.J., Allen, 
B.H., Baumohl, J., Best, A.A., Bowen, B., Brenner, S.E., Bun, C.C., Chandonia, J.M., Chia, J.M., Colasanti, 
R., Conrad, N., Davis, J.J., Davison, B.H., Dejongh, M., Devoid, S., Dietrich, E., Dubchak, I., Edirisinghe, 
J.N., Fang, G., Faria, J.P., Frybarger, P.M., Gerlach, W., Gerstein, M., Greiner, A., Gurtowski, J., Haun, 
H.L., He, F., Jain, R., Joachimiak, M.P., Keegan, K.P., Kondo, S., Kumar, V., Land, M.L., Meyer, F., Mills, 
M., Novichkov, P.S., Oh, T., Olsen, G.J., Olson, R., Parrello, B., Pasternak, S., Pearson, E., Poon, S.S., 
Price, G.A., Ramakrishnan, S., Ranjan, P., Ronald, P.C., Schatz, M.C., Seaver, S.M.D., Shukla, M., 
Sutormin, R.A., Syed, M.H., Thomason, J., Tintle, N.L., Wang, D., Xia, F., Yoo, H., Yoo, S., Yu, D., 2018. 
KBase: The United States department of energy systems biology knowledgebase. Nat. Biotechnol. 36, 
566–569. https://doi.org/10.1038/nbt.4163 

Asnicar, F., Thomas, A.M., Beghini, F., Mengoni, C., Manara, S., Manghi, P., Zhu, Q., Bolzan, M., Cumbo, F., 
May, U., Sanders, J.G., Zolfo, M., Kopylova, E., Pasolli, E., Knight, R., Mirarab, S., Huttenhower, C., 
Segata, N., 2020. Precise phylogenetic analysis of microbial isolates and genomes from metagenomes 
using PhyloPhlAn 3.0. Nat. Commun. 2020 111 11, 1–10. https://doi.org/10.1038/s41467-020-16366-7 

Bannink, A., Kar, S., Schokker, D., Dijkstra, J., 2020. A conceptual approach to the mathematical modelling 
of microbial functionality in the rumen, in: McSweeney, C.S., Mackie, R.I. (Eds.), Improving Rumen 
Function. Burleigh Dodds Science Publishing, London, UK, pp. 69–94. 
https://doi.org/10.1201/9781003047841-4 

Bannink, A., van Lingen, H.J., Ellis, J.L., France, J., Dijkstra, J., 2016. The contribution of mathematical 
modeling to understanding dynamic aspects of rumen metabolism. Front. Microbiol. 7, 1820. 
https://doi.org/10.3389/fmicb.2016.01820 

Bateman, A., Martin, M.J., Orchard, S., Magrane, M., Agivetova, R., Ahmad, S., Alpi, E., Bowler-Barnett, E.H., 
Britto, R., Bursteinas, B., Bye-A-Jee, H., Coetzee, R., Cukura, A., da Silva, A., Denny, P., Dogan, T., 
Ebenezer, T.G., Fan, J., Castro, L.G., Garmiri, P., Georghiou, G., Gonzales, L., Hatton-Ellis, E., Hussein, 
A., Ignatchenko, A., Insana, G., Ishtiaq, R., Jokinen, P., Joshi, V., Jyothi, D., Lock, A., Lopez, R., Luciani, 
A., Luo, J., Lussi, Y., MacDougall, A., Madeira, F., Mahmoudy, M., Menchi, M., Mishra, A., Moulang, K., 
Nightingale, A., Oliveira, C.S., Pundir, S., Qi, G., Raj, S., Rice, D., Lopez, M.R., Saidi, R., Sampson, J., 
Sawford, T., Speretta, E., Turner, E., Tyagi, N., Vasudev, P., Volynkin, V., Warner, K., Watkins, X., Zaru, 
R., Zellner, H., Bridge, A., Poux, S., Redaschi, N., Aimo, L., Argoud-Puy, G., Auchincloss, A., Axelsen, K., 
Bansal, P., Baratin, D., Blatter, M.C., Bolleman, J., Boutet, E., Breuza, L., Casals-Casas, C., de Castro, E., 
Echioukh, K.C., Coudert, E., Cuche, B., Doche, M., Dornevil, D., Estreicher, A., Famiglietti, M.L., 
Feuermann, M., Gasteiger, E., Gehant, S., Gerritsen, V., Gos, A., Gruaz-Gumowski, N., Hinz, U., Hulo, 
C., Hyka-Nouspikel, N., Jungo, F., Keller, G., Kerhornou, A., Lara, V., Le Mercier, P., Lieberherr, D., 
Lombardot, T., Martin, X., Masson, P., Morgat, A., Neto, T.B., Paesano, S., Pedruzzi, I., Pilbout, S., 
Pourcel, L., Pozzato, M., Pruess, M., Rivoire, C., Sigrist, C., Sonesson, K., Stutz, A., Sundaram, S., 
Tognolli, M., Verbregue, L., Wu, C.H., Arighi, C.N., Arminski, L., Chen, C., Chen, Y., Garavelli, J.S., 
Huang, H., Laiho, K., McGarvey, P., Natale, D.A., Ross, K., Vinayaka, C.R., Wang, Q., Wang, Y., Yeh, L.S., 
Zhang, J., Ruch, P., Teodoro, D., 2021. UniProt: the universal protein knowledgebase in 2021. Nucleic 
Acids Res. 49, D480–D489. https://doi.org/10.1093/NAR/GKAA1100 

Belanche, A., Newbold, C.J., Lin, W.C., Stevens, P.R., Kingston-Smith, A.H., 2017. A Systems Biology 
Approach Reveals Differences in the Dynamics of Colonization and Degradation of Grass vs. Hay by 
Rumen Microbes with Minor Effects of Vitamin E Supplementation. Front. Microbiol. 8. 
https://doi.org/Artn 145610.3389/Fmicb.2017.01456 



 
 
 

 
 

Belcour, A., Frioux, C., Aite, M., Bretaudeau, A., Hildebrand, F., Siegel, A., 2020. Metage2metabo, 
microbiota-scale metabolic complementarity for the identification of key species. Elife 9, e61968. 
https://doi.org/10.7554/eLife.61968 

Biggs, M.B., Medlock, G.L., Kolling, G.L., Papin, J.A., 2015. Metabolic network modeling of microbial 
communities. Wiley Interdiscip. Rev. Biol. Med. 7, 317–334. https://doi.org/10.1002/wsbm.1308 

Buchfink, B., Reuter, K., Drost, H.G., 2021. Sensitive protein alignments at tree-of-life scale using DIAMOND. 
Nat. Methods 2021 184 18, 366–368. https://doi.org/10.1038/s41592-021-01101-x 

Cantalapiedra, C.P., Hern̗andez-Plaza, A., Letunic, I., Bork, P., Huerta-Cepas, J., 2021. eggNOG-mapper v2: 
Functional Annotation, Orthology Assignments, and Domain Prediction at the Metagenomic Scale. 
Mol. Biol. Evol. 38, 5825–5829. https://doi.org/10.1093/MOLBEV/MSAB293 

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, E.K., Fierer, N., Pẽa, A.G., 
Goodrich, J.K., Gordon, J.I., Huttley, G.A., Kelley, S.T., Knights, D., Koenig, J.E., Ley, R.E., Lozupone, 
C.A., McDonald, D., Muegge, B.D., Pirrung, M., Reeder, J., Sevinsky, J.R., Turnbaugh, P.J., Walters, 
W.A., Widmann, J., Yatsunenko, T., Zaneveld, J., Knight, R., 2010. QIIME allows analysis of high-
throughput community sequencing data. Nat. Methods 2010 75 7, 335–336. 
https://doi.org/10.1038/nmeth.f.303 

Caspi, R., Billington, R., Ferrer, L., Foerster, H., Fulcher, C.A., Keseler, I.M., Kothari, A., Krummenacker, M., 
Latendresse, M., Mueller, L.A., Ong, Q., Paley, S., Subhraveti, P., Weaver, D.S., Karp, P.D., 2016. The 
MetaCyc database of metabolic pathways and enzymes and the BioCyc collection of pathway/genome 
databases. Nucleic Acids Res. 44, D471–D480. https://doi.org/10.1093/nar/gkv1164 

Comtet-Marre, S., Parisot, N., Lepercq, P., Chaucheyras-Durand, F., Mosoni, P., Peyretaillade, E., Bayat, A.R., 
Shingfield, K.J., Peyret, P., Forano, E., 2017. Metatranscriptomics Reveals the Active Bacterial and 
Eukaryotic Fibrolytic Communities in the Rumen of Dairy Cow Feda Mixed Diet. Front. Microbiol. 8, 67. 
https://doi.org/Artn 67 10.3389/Fmicb.2017.00067 

Creevey, C.J., Kelly, W.J., Henderson, G., Leahy, S.C., 2014. Determining the culturability of the rumen 
bacterial microbiome. Microb. Biotechnol. 7, 467–479. https://doi.org/10.1111/1751-7915.12141 

Davoudkhani, Mohsen, Rubino, F., Creevey, C.J., Muñoz-Tamayo, R., 2022a. Towards the Integration of 
Microbial Genomic Information Into Mechanistic Models of the Rumen Microbiome: A Theoretical 
Study. J. Anim. Sci. 100, 178–179. https://doi.org/10.1093/JAS/SKAC247.329 

Davoudkhani, M., Rubino, F., Creevey, C.J., Belanche, A., Muñoz-Tamayo, R., 2022b. Integration of microbial 
time series into a mechanistic model of the rumen microbiome under the Rusitec condition. Anim. - 
Sci. Proc. 13, 572–573. https://doi.org/10.1016/J.ANSCIP.2022.07.443 

Dochain, D., 2003. State and parameter estimation in chemical and biochemical processes: a tutorial. J. 
Process Control 13, 801–818. https://doi.org/10.1016/S0959-1524(03)00026-X 

Drula, E., Garron, M.L., Dogan, S., Lombard, V., Henrissat, B., Terrapon, N., 2022. The carbohydrate-active 
enzyme database: functions and literature. Nucleic Acids Res. 50, D571–D577. 
https://doi.org/10.1093/NAR/GKAB1045 

Fakih, I., Got, J., Robles-Rodriguez, C.E., Siegel, A., Forano, E., Muñoz-Tamayo, R., 2022. Dynamic genome-
based metabolic modeling of the predominant cellulolytic rumen bacterium Fibrobacter succinogenes 
S85. bioRxiv 2022.10.18.512662. https://doi.org/10.1101/2022.10.18.512662 

Faust, K., Lahti, L., Gonze, D., de Vos, W.M., Raes, J., 2015. Metagenomics meets time series analysis: 
unraveling microbial community dynamics. Curr. Opin. Microbiol. 25, 56–66. 
https://doi.org/10.1016/j.mib.2015.04.004 

Gonze, D., Coyte, K.Z., Lahti, L., Faust, K., 2018. Microbial communities as dynamical systems. Curr. Opin. 
Microbiol. https://doi.org/10.1016/j.mib.2018.07.004 

Gregorini, P., Beukes, P., Waghorn, G., Pacheco, D., Hanigan, M., 2015. Development of an improved 
representation of rumen digesta outflow in a mechanistic and dynamic model of a dairy cow, Molly. 
Ecol. Modell. 313, 293–306. https://doi.org/10.1016/j.ecolmodel.2015.06.042 

Heirendt, L., Arreckx, S., Pfau, T., Mendoza, S.N., Richelle, A., Heinken, A., Haraldsdóttir, H.S., Wachowiak, 
J., Keating, S.M., Vlasov, V., Magnusdóttir, S., Ng, C.Y., Preciat, G., Žagare, A., Chan, S.H.J., Aurich, 
M.K., Clancy, C.M., Modamio, J., Sauls, J.T., Noronha, A., Bordbar, A., Cousins, B., El Assal, D.C., 



 
 
 

 
 

Valcarcel, L. V., Apaolaza, I., Ghaderi, S., Ahookhosh, M., Ben Guebila, M., Kostromins, A., Sompairac, 
N., Le, H.M., Ma, D., Sun, Y., Wang, L., Yurkovich, J.T., Oliveira, M.A.P., Vuong, P.T., El Assal, L.P., 
Kuperstein, I., Zinovyev, A., Hinton, H.S., Bryant, W.A., Aragón Artacho, F.J., Planes, F.J., Stalidzans, E., 
Maass, A., Vempala, S., Hucka, M., Saunders, M.A., Maranas, C.D., Lewis, N.E., Sauter, T., Palsson, B., 
Thiele, I., Fleming, R.M.T., 2019. Creation and analysis of biochemical constraint-based models using 
the COBRA Toolbox v.3.0. Nat. Protoc. 2019 143 14, 639–702. https://doi.org/10.1038/s41596-018-
0098-2 

Henderson, G., Cox, F., Ganesh, S., Jonker, A., Young, W., Janssen, P.H., Collaborators, G.R.C., 2015. Rumen 
microbial community composition varies with diet and host, but a core microbiome is found across a 
wide geographical range. Sci Rep 5, 14567. https://doi.org/Artn 14567 10.1038/Srep14567 

Hess, M., Sczyrba, A., Egan, R., Kim, T.W., Chokhawala, H., Schroth, G., Luo, S.J., Clark, D.S., Chen, F., Zhang, 
T., Mackie, R.I., Pennacchio, L.A., Tringe, S.G., Visel, A., Woyke, T., Wang, Z., Rubin, E.M., 2011. 
Metagenomic Discovery of Biomass-Degrading Genes and Genomes from Cow Rumen. Science (80-. ). 
331, 463–467. https://doi.org/10.1126/science.1200387 

Huerta-Cepas, J., Szklarczyk, D., Heller, D., Hernández-Plaza, A., Forslund, S.K., Cook, H., Mende, D.R., 
Letunic, I., Rattei, T., Jensen, L.J., Von Mering, C., Bork, P., 2019. eggNOG 5.0: a hierarchical, 
functionally and phylogenetically annotated orthology resource based on 5090 organisms and 2502 
viruses. Nucleic Acids Res. 47, D309–D314. https://doi.org/10.1093/NAR/GKY1085 

Huhtanen, P., Ramin, M., Udén, P., 2015. Nordic dairy cow model Karoline in predicting methane emissions: 
1. model description and sensitivity analysis. Livest. Sci. 178, 71–80. 

Huws, S.A., Creevey, C.J., Oyama, L.B., Mizrahi, I., Denman, S.E., Popova, M., Muñoz-Tamayo, R., Forano, E., 
Waters, S.M., Hess, M., Tapio, I., Smidt, H., Krizsan, S.J., Yáñez-Ruiz, D.R., Belanche, A., Guan, L., 
Gruninger, R.J., McAllister, T.A., Newbold, C.J., Roehe, R., Dewhurst, R.J., Snelling, T.J., Watson, M., 
Suen, G., Hart, E.H., Kingston-Smith, A.H., Scollan, N.D., do Prado, R.M., Pilau, E.J., Mantovani, H.C., 
Attwood, G.T., Edwards, J.E., McEwan, N.R., Morrisson, S., Mayorga, O.L., Elliott, C., Morgavi, D.P., 
2018. Addressing global ruminant agricultural challenges through understanding the rumen 
microbiome: past, present, and future. Front. Microbiol. 9, 2161. 
https://doi.org/10.3389/fmicb.2018.02161 

Huws, S.A., Edwards, J.E., Lin, W., Rubino, F., Alston, M., Swarbreck, D., Caim, S., Stevens, P.R., Pachebat, J., 
Won, M.Y., Oyama, L.B., Creevey, C.J., Kingston-Smith, A.H., 2021. Microbiomes attached to fresh 
perennial ryegrass are temporally resilient and adapt to changing ecological niches. Microbiome 9, 1–
17. https://doi.org/10.1186/S40168-021-01087-W/FIGURES/8 

Hyatt, D., Chen, G.L., LoCascio, P.F., Land, M.L., Larimer, F.W., Hauser, L.J., 2010. Prodigal: Prokaryotic gene 
recognition and translation initiation site identification. BMC Bioinformatics 11, 1–11. 
https://doi.org/10.1186/1471-2105-11-119/TABLES/5 

Islam, M.M., Fernando, S.C., Saha, R., 2019. Metabolic modeling elucidates the transactions in the rumen 
microbiome and the shifts upon virome interactions. Front. Microbiol. 10, 2412. 
https://doi.org/10.3389/fmicb.2019.02412 

Kamke, J., Kittelmann, S., Soni, P., Li, Y., Tavendale, M., Ganesh, S., Janssen, P.H., Shi, W., Froula, J., Rubin, 
E.M., Attwood, G.T., 2016. Rumen metagenome and metatranscriptome analyses of low methane 
yield sheep reveals a Sharpea-enriched microbiome characterised by lactic acid formation and 
utilisation. Microbiome 4, 1–16. https://doi.org/10.1186/S40168-016-0201-2/FIGURES/6 

Kanehisa, M., Goto, S., 2000. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 28, 27–
30. https://doi.org/10.1093/NAR/28.1.27 

Kang, D.D., Li, F., Kirton, E., Thomas, A., Egan, R., An, H., Wang, Z., 2019. MetaBAT 2: An adaptive binning 
algorithm for robust and efficient genome reconstruction from metagenome assemblies. PeerJ 2019, 
e7359. https://doi.org/10.7717/PEERJ.7359/SUPP-3 

Karp, P.D., Paley, S., Romero, P., 2002. The pathway tools software, in: Bioinformatics. 
https://doi.org/10.1093/bioinformatics/18.suppl_1.S225 

King, Z.A., Lu, J., Dräger, A., Miller, P., Federowicz, S., Lerman, J.A., Ebrahim, A., Palsson, B.O., Lewis, N.E., 
2016. BiGG Models: A platform for integrating, standardizing and sharing genome-scale models. 



 
 
 

 
 

Nucleic Acids Res. 44, D515–D522. https://doi.org/10.1093/nar/gkv1049 
Klamt, S., Saez-Rodriguez, J., Gilles, E.D., 2007. Structural and functional analysis of cellular networks with 

CellNetAnalyzer. BMC Syst. Biol. 1, 2. https://doi.org/10.1186/1752-0509-1-2 
Klitgord, N., Segre, D., 2011. Ecosystems biology of microbial metabolism. Curr. Opin. Biotechnol. 22, 541–

546. https://doi.org/10.1016/j.copbio.2011.04.018 
Kumar, M., Ji, B., Zengler, K., Nielsen, J., 2019. Modelling approaches for studying the microbiome. Nat. 

Microbiol. 4, 1253–1267. https://doi.org/10.1038/s41564-019-0491-9 
Lee, N.R., Lee, C.H., Lee, D.Y., Park, J.B., 2020. Genome-Scale Metabolic Network Reconstruction and In 

Silico Analysis of Hexanoic acid Producing Megasphaera elsdenii. Microorg. 2020, Vol. 8, Page 539 8, 
539. https://doi.org/10.3390/MICROORGANISMS8040539 

Lewis, N.E., Nagarajan, H., Palsson, B.O., 2012. Constraining the metabolic genotype–phenotype 
relationship using a phylogeny of in silico methods. Nat. Rev. Microbiol. 10, 291–305. 
https://doi.org/10.1038/nrmicro2737 

Li, D., Luo, R., Liu, C.M., Leung, C.M., Ting, H.F., Sadakane, K., Yamashita, H., Lam, T.W., 2016. MEGAHIT 
v1.0: A fast and scalable metagenome assembler driven by advanced methodologies and community 
practices. Methods 102, 3–11. https://doi.org/10.1016/J.YMETH.2016.02.020 

Li, Junhua, Zhong, H., Ramayo-Caldas, Y., Terrapon, N., Lombard, V., Potocki-Veronese, G., Estellé, J., 
Popova, M., Yang, Z., Zhang, H., Li, F., Tang, S., Yang, F., Chen, W., Chen, B., Li, Jiyang, Guo, J., Martin, 
C., Maguin, E., Xu, X., Yang, H., Wang, J., Madsen, L., Kristiansen, K., Henrissat, B., Ehrlich, S.D., 
Morgavi, D.P., 2020. A catalog of microbial genes from the bovine rumen unveils a specialized and 
diverse biomass-degrading environment. Gigascience 9, giaa057. 
https://doi.org/10.1093/gigascience/giaa057 

Lynch, T.A., Wang, Y., van Brunt, B., Pacheco, D., Janssen, P.H., 2019. Modelling thermodynamic feedback 
on the metabolism of hydrogenotrophic methanogens. J. Theor. Biol. 477, 14–23. 
https://doi.org/10.1016/J.JTBI.2019.05.018 

Machado, D., Andrejev, S., Tramontano, M., Patil, K.R., 2018. Fast automated reconstruction of genome-
scale metabolic models for microbial species and communities. Nucleic Acids Res. 46, 7542–7553. 
https://doi.org/10.1093/nar/gky537 

Magnúsdóttir, S., Heinken, A., Kutt, L., Ravcheev, D.A., Bauer, E., Noronha, A., Greenhalgh, K., Jäger, C., 
Baginska, J., Wilmes, P., Fleming, R.M.T., Thiele, I., 2017. Generation of genome-scale metabolic 
reconstructions for 773 members of the human gut microbiota. Nat. Biotechnol. 35, 81–89. 
https://doi.org/10.1038/nbt.3703 

Mahadevan, R., Edwards, J.S., Doyle, F.J., 2002. Dynamic flux balance analysis of diauxic growth in 
Escherichia coli. Biophys. J. 83, 1331–40. https://doi.org/10.1016/S0006-3495(02)73903-9 

Mendoza, S.N., Olivier, B.G., Molenaar, D., Teusink, B., 2019. A systematic assessment of current genome-
scale metabolic reconstruction tools. Genome Biol. 20, 158. https://doi.org/10.1186/s13059-019-
1769-1 

Muñoz-Tamayo, R., Giger-Reverdin, S., Sauvant, D., 2016. Mechanistic modelling of in vitro fermentation 
and methane production by rumen microbiota. Anim. Feed Sci. Technol. 220, 1–21. 
https://doi.org/10.1016/j.anifeedsci.2016.07.005 

Muñoz-Tamayo, R., Puillet, L., Daniel, J.B., Sauvant, D., Martin, O., Taghipoor, M., Blavy, P., 2018. Review: 
To be or not to be an identifiable model. Is this a relevant question in animal science modelling? 
Animal 12, 701–712. https://doi.org/10.1017/S1751731117002774 

Muñoz-Tamayo, R., Popova, M., Tillier, M., Morgavi, D.P., Morel, J.P., Fonty, G., Morel-Desrosiers, N., 2019. 
Hydrogenotrophic methanogens of the mammalian gut: Functionally similar, thermodynamically 
different—A modelling approach. PLoS One 14, e0226243. 
https://doi.org/10.1371/journal.pone.0226243 

Muñoz-Tamayo, R., Chagas, J.C., Ramin, M., Krizsan, S.J., 2021. Modelling the impact of the macroalgae 
Asparagopsis taxiformis on rumen microbial fermentation and methane production. Peer Community 
J. 1, e7. https://doi.org/10.24072/PCJOURNAL.11 

Muñoz-Tamayo, R., Nielsen, B.L., Gagaoua, M., Gondret, F., Krause, E.T., Morgavi, D.P., Olsson, I.A.S., 



 
 
 

 
 

Pastell, M., Taghipoor, M., Tedeschi, L., Veissier, I., Nawroth, C., 2022. Seven steps to enhance open 
science practices in animal science. PNAS Nexus 1, pgac106. 
https://doi.org/10.1093/pnasnexus/pgac106 

Pereira, B., Miguel, J., Vilaça, P., Soares, S., Rocha, I., Carneiro, S., 2018. Reconstruction of a genome-scale 
metabolic model for Actinobacillus succinogenes 130Z. BMC Syst. Biol. 12, 61. 
https://doi.org/10.1186/s12918-018-0585-7 

Piao, H., Lachman, M., Malfatti, S., Sczyrba, A., Knierim, B., Auer, M., Tringe, S.G., Mackie, R.I., Yeoman, C.J., 
Hess, M., 2014. Temporal dynamics of fibrolytic and rnethanogenic rumen microorganisms during in 
situ incubation of switchgrass determined by 16S rRNA gene profiling. Front. Microbiol. 5. 
https://doi.org/Artn 30710.3389/Fmicb.2014.00307 

Pitta, D.W., Melgar, A., Hristov, A.N., Indugu, N., Narayan, K.S., Pappalardo, C., Hennessy, M.L., Vecchiarelli, 
B., Kindermann, M., Walker, N., 2021. Temporal changes in total and metabolically active ruminal 
methanogens in dairy cows supplemented with 3-nitrooxypropanol Temporal changes in total and 
metabolically active ruminal methanogens in dairy cows supplemented with 3-nitrooxypropanol. J. 
Dairy Sci. https://doi.org/10.3168/jds.2020-19862 

Popova, M., Fakih, I., Forano, E., Siegel, A., Muñoz-Tamayo, R., Morgavi, D.P., 2022. Rumen microbial 
genomics: from cells to genes (and back to cells). CABI Rev. 17, 1–48. 
https://doi.org/10.1079/CABIREVIEWS202217025 

Provost, A., Bastin, G., Agathos, S.N., Schneider, Y.J., 2006. Metabolic design of macroscopic bioreaction 
models: application to Chinese hamster ovary cells. Bioprocess Biosyst. Eng. 29, 349–366. 
https://doi.org/10.1007/s00449-006-0083-y 

Schuster, S., Hilgetag, C., 1994. On elementary flux modes in biochemical reaction systems at steady state. 
J. Biol. Syst. 2, 165–182. https://doi.org/10.1142/S0218339094000131 

Seshadri, R., Leahy, S.C., Attwood, G.T., Teh, K.H., Lambie, S.C., Cookson, A.L., Eloe-Fadrosh, E.A., 
Pavlopoulos, G.A., Hadjithomas, M., Varghese, N.J., Paez-Espino, D., Collaborators, H. project, Perry, 
R., Henderson, G., Creevey, C.J., Terrapon, N., Lapebie, P., Drula, E., Lombard, V., Rubin, E., Kyrpides, 
N.C., Henrissat, B., Woyke, T., Ivanova, N.N., Kelly, W.J., 2018. Cultivation and sequencing of rumen 
microbiome members from the Hungate1000 Collection. Nat. Biotechnol. 36, 359–367. 

Solden, L.M., Naas, A.E., Roux, S., Daly, R.A., Collins, W.B., Nicora, C.D., Purvine, S.O., Hoyt, D.W., Schückel, 
J., Jørgensen, B., Willats, W., Spalinger, D.E., Firkins, J.L., Lipton, M.S., Sullivan, M.B., Pope, P.B., 
Wrighton, K.C., 2018. Interspecies cross-feeding orchestrates carbon degradation in the rumen 
ecosystem. Nat. Microbiol. 3, 1274–1284. https://doi.org/10.1038/s41564-018-0225-4 

Song, H.-S., Ramkrishna, D., 2009. Reduction of a set of elementary modes using yield analysis. Biotechnol. 
Bioeng. 102, 554–68. https://doi.org/10.1002/bit.22062 

Stewart, R.D., Auffret, M.D., Warr, A., Walker, A.W., Roehe, R., Watson, M., 2019. Compendium of 4,941 
rumen metagenome-assembled genomes for rumen microbiome biology and enzyme discovery. Nat. 
Biotechnol. 37, 953–961. https://doi.org/10.1038/s41587-019-0202-3 

Stewart, R.D., Auffret, M.D., Warr, A., Wiser, A.H., Press, M.O., Langford, K.W., Liachko, I., Snelling, T.J., 
Dewhurst, R.J., Walker, A.W., Roehe, R., Watson, M., 2018. Assembly of 913 microbial genomes from 
metagenomic sequencing of the cow rumen. Nat Commun 9. https://doi.org/ARTN 
87010.1038/s41467-018-03317-6 

Stolyar, S., Van Dien, S., Hillesland, K.L., Pinel, N., Lie, T.J., Leigh, J. a, Stahl, D. a, 2007. Metabolic modeling 
of a mutualistic microbial community. Mol. Syst. Biol. 3, 92. https://doi.org/10.1038/msb4100131 

Tedeschi, L.O., Cavalcanti, L.F.L., Fonseca, M.A., Herrero, M., Thornton, P.K., 2014. The evolution and 
evaluation of dairy cattle models for predicting milk production: an agricultural model 
intercomparison and improvement project (AgMIP) for livestock. Anim. Prod. Sci. 54, 2052–2067. 
https://doi.org/10.1071/AN14620 

Thiele, I., Palsson, B.O., 2010. A protocol for generating a high-quality genome-scale metabolic 
reconstruction. Nat. Protoc. 5, 93–121. https://doi.org/10.1038/nprot.2009.203 

Ugalde-Salas, P., Harmand, J., Quemener, E.D. Le, 2019. Asymptotic observers and integer programming for 
functional classification of a microbial community in a chemostat, in: 2019 18th European Control 



 
 
 

 
 

Conference, ECC 2019. Institute of Electrical and Electronics Engineers Inc., pp. 1665–1670. 
https://doi.org/10.23919/ECC.2019.8795854 

van Lingen, H.J., Fadel, J.G., Moraes, L.E., Bannink, A., Dijkstra, J., 2019. Bayesian mechanistic modeling of 
thermodynamically controlled volatile fatty acid, hydrogen and methane production in the bovine 
rumen. J. Theor. Biol. 480, 150–165. https://doi.org/10.1016/j.jtbi.2019.08.008 

van Lingen, H.J., Fadel, J.G., Yáñez-Ruiz, D.R., Kindermann, M., Kebreab, E., 2021. Inhibited Methanogenesis 
in the Rumen of Cattle: Microbial Metabolism in Response to Supplemental 3-Nitrooxypropanol and 
Nitrate. Front. Microbiol. 12, 2026. https://doi.org/10.3389/FMICB.2021.705613 

Varma, A., Palsson, B.O., 1993. Metabolic Capabilities of Escherichia-Coli .1. Synthesis of Biosynthetic 
Precursors and Cofactors. J. Theor. Biol. 165, 477–502. https://doi.org/DOI 10.1006/jtbi.1993.1202 

Wallace, J.R., Sasson, G., Garnsworthy, P.C., Tapio, I., Gregson, E., Bani, P., Huhtanen, P., Bayat, A.R., Strozzi, 
F., Biscarini, F., Snelling, T.J., Saunders, N., Potterton, S.L., Craigon, J., Minuti, A., Trevisi, E., Callegari, 
M.L., Cappelli, F.P., Cabezas-Garcia, E.H., Vilkki, J., Pinares-Patino, C., Fliegerová, K.O., Mrázek, J., 
Sechovcová, H., Kopečný, J., Bonin, A., Boyer, F., Taberlet, P., Kokou, F., Halperin, E., Williams, J.L., 
Shingfield, K.J., Mizrahi, I., 2019. A heritable subset of the core rumen microbiome dictates dairy cow 
productivity and emissions. Sci. Adv. 5, eaav8391. https://doi.org/10.1126/sciadv.aav8391 

Weimer, P.J., 2015. Redundancy, resilience, and host specificity of the ruminal microbiota: implications for 
engineering improved ruminal fermentations. Front. Microbiol. 6, 296. https://doi.org/Unsp 296 
10.3389/Fmicb.2015.00296 

Wilkinson, T.J., Huws, S.A., Edwards, J.E., Kingston-Smith, A.H., Siu-Ting, K., Hughes, M., Rubino, F., 
Friedersdorff, M., Creevey, C.J., 2018. CowPI: A rumen microbiome focussed version of the PICRUSt 
functional inference software. Front. Microbiol. 9, 1095. https://doi.org/10.3389/fmicb.2018.01095 

Williams, C.L., Thomas, B.J., McEwan, N.R., Rees Stevens, P., Creevey, C.J., Huws, S.A., 2020. Rumen 
Protozoa Play a Significant Role in Fungal Predation and Plant Carbohydrate Breakdown. Front. 
Microbiol. 11, 720. https://doi.org/10.3389/FMICB.2020.00720/BIBTEX 

Wood, D.E., Lu, J., Langmead, B., 2019. Improved metagenomic analysis with Kraken 2. Genome Biol. 20, 1–
13. https://doi.org/10.1186/S13059-019-1891-0/FIGURES/2 

Xie, F., Jin, W., Si, H., Yuan, Y., Tao, Y., Liu, J., Wang, X., Yang, C., Li, Q., Yan, X., Lin, L., Jiang, Q., Zhang, L., 
Guo, C., Greening, C., Heller, R., Guan, L.L., Pope, P.B., Tan, Z., Zhu, W., Wang, M., Qiu, Q., Li, Z., Mao, 
S., 2021. An integrated gene catalog and over 10,000 metagenome-assembled genomes from the 
gastrointestinal microbiome of ruminants. Microbiome 9, 1–20. https://doi.org/10.1186/S40168-021-
01078-X/FIGURES/6 

Xue, M.Y., Xie, Y.Y., Zhong, Y., Ma, X.J., Sun, H.Z., Liu, J.X., 2022. Integrated meta-omics reveals new ruminal 
microbial features associated with feed efficiency in dairy cattle. Microbiome 10, 1–14. 
https://doi.org/10.1186/S40168-022-01228-9/FIGURES/6 

Zengler, K., Palsson, B.O., 2012. A road map for the development of community systems (CoSy) biology. 
Nat. Rev. Microbiol. 10, 366–372. https://doi.org/10.1038/nrmicro2763 

Zhang, X., Li, L., Butcher, J., Stintzi, A., Figeys, D., 2019. Advancing functional and translational microbiome 
research using meta-omics approaches. Microbiome 2019 71 7, 1–12. 
https://doi.org/10.1186/S40168-019-0767-6 

 


