
One of the transformative novelties in Life Sciences research of the last 
couple of decades is the onset and growth of the so-called Systems 
Biology, which brings about a radical change in the way we address 
biological problems. Although molecular biology has been traditionally 
considered to have been founded by physicists, this circumstance 
did not result in a quantitative culture and an accurate, standardised 
descriptive language characteristic of the hard sciences. On the 
contrary, with very few exceptions, the biosciences that developed since 
that time seldom took the opportunity to formalise the mechanisms 
and functions of living systems with accurate languages and codes. 
Systems Biology occupies this niche by analysing biological entities 
as comprehensible physicochemical objects with a functioning and 
relational logic that can be modelled, understood and reshaped. 
By the same token, Synthetic Biology is not just a contemporary update 
of the recombinant DNA technologies of the past 30 years, along 
with a descriptive language imported from electrical and industrial 
engineering. It is also a new interpretive key for living systems as well 
as a declaration of intent on the use and reprogramming of biological 
objects for human benefit. In the same way that scientific chemistry 
as initiated by Lavoisier evolved into the chemical engineering that is 
the basis of our industrial society, biology has acquired a transforming 
potential that could lead to a type of industry and economy very 
different of the current paradigm. 
The CNB SysBio Program maps in the contemporary landscape of the 
field by developing active research lines in environmental genomics, 
network biology, systemic computation and metabolic engineering. 
This frame (which many consider to be a veritable paradigm change) 
seeks to address the complexity of living systems as such, not to 
divide them into smaller parts—unlike the traditional reductionism of 
Molecular Biology. The scientific and technological potential of Systems 
and Synthetic Biology is immense, both in the field of Biomedicine and 
Industrial, Agricultural and Environmental Biotechnology.
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We are interested in spatiotemporal phenomena in living systems: oscillations, 
pattern formation and dynamics of gene expression. We work in collaboration with 
experimentalists to build theories of these spatiotemporal phenomena, using ideas 
from physics and mathematics to build models and computer simulations that help us 
understand the nature of the interactions underlying the dynamics of life.
We pursue this goal on a variety of research lines. Cyanobacteria are important organisms 
for the environment for their photosynthetic activity and their capacity to fix nitrogen into 
chemical forms usable for other life forms. They are also of biotechnological interest as 
the source of fertilisers or biofuels. We study how filamentous cyanobacteria differentiate 
into nitrogen-fixing cells called heterocysts, and how the patterns of heterocysts on the 
filament are formed. 
The ability of plants to sense light and temperature allows them to tune their growth to 
environmental conditions. In a context of global climate change and endangered crops, 
it is important to understand how this occurs. In collaboration with the group of Salomé 
Prat in the Department of Plant Molecular Genetics, we formulate mathematical models 
that help to understand what are the key molecular factors to the response of plants in  
light and temperature. 
Bacterial resistance to antibiotics is becoming a major health hazard. One of the ways 
in which this resistance can spread is through bacterial conjugation, a process through 
which bacterial cells can share pieces of DNA. We work together with the lab of Wilfried 
Meijer at CBMSO to understand the dynamics and regulation of conjugation in Gram-
positive bacteria.
Finally, embryos are constantly growing and reshaping, differentiating new cell types 
and organs. Developmental biology is always an interest of the lab, and the problem 
of how the body of vertebrate embryos is segmented is especially close to our hearts.
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Clocks and rulers in life

1   Regulatory logic of the 
control of hypocotyl growth in 
the model plant Arabidopsis 
thaliana. Suns and thermometers 
represent effects of light and 
temperature, respectively.
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The longstanding mission our team is the production of biological agents for biosensing, 
remediation and (wherever possible) valorisation of chemical waste that is otherwise 
dumped into the Environment by urban and industrial activities. The workhorse to this 
end is the soil bacterium Pseudomonas putida, which combines the ease of genetic 
programming that is typical of Escherichia coli with the safety, robustness and metabolic 
capabilities required in whole-cell catalysts for applications in harsh biotechnological 
settings. Specific activities include: [i] Development of P. putida as a reliable chassis 
for implantation of genetic and metabolic circuits. This involves a profound editing 
of the extant genome of this microorganism for enhancing desirable properties and 
eliminating drawbacks. Also, the exploitation of surface-display systems for designing 
complex catalytic properties altogether separated from the cell metabolism and even 
the design of artificial communities by means of ectopic adhesins. [ii] Genetic tools for 
deep refactoring of metabolic properties of P. putida. The list of new assets that we are 
developing includes a large collection of standardised plasmid and transposon vectors 
as well as dedicated reporter systems for parameterisation of the gene expression 
flow and for switching entire metabolic regimes. [iii] The TOL system borne by plasmid 
pWW0 as a reference for metabolic circuit implantation. The two operons for toluene 
and m-xylene biodegradation encoded in pWW0 offer a natural case of expansion of 
the metabolic repertoire of environmental bacteria through acquisition of new genes. [iv] 
Deep metabolic engineering of P. putida. Currents efforts attempt to develop strains that 
can be entirely programmed to deliver catalytic phenotypes of choice upon exposure 
and computation of both external and internal cues. This endeavour combines direct 
rational engineering with fine-tuning of gene expression by means of site-specific 
diversification of genomic sequences of choice through adaptation to P. putida of 
multiple automated genome engineering (MAGE) technology.
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Molecular 
environmental 
microbiology

1   Gene expression noise detected as changes in the fluorescent output of individual 
cells bearing transcriptional fusions to the promoters of interest reflects the distance and 
the intracellular microgranularity that cognate transcription factors have to go through the 
cytoplasm to find its target sequence (see Goñí-Moreno et al. 2017 for details).
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The main interest of the group is the theoretical investigation of evolutionary systems 
of different kinds. We develop models inspired by the phenomenology observed in 
natural systems, chiefly molecular populations, viruses, and interacting agents from 
the cellular level and up. Our approach addresses either the study of fundamental 
properties of adapting systems –with a strong emphasis on their evolutionary origin– or, 
at a more specific level, tries to reproduce and eventually predict the response of such 
populations to endogenous and exogenous change. In this context, we investigate the 
properties of the genotype-phenotype map through models such as the folded state of 
RNA sequences, focusing on the topological structure of neutral networks of genotypes 
and its relevance in adaptation and molecular innovation. Another main subject is the 
understanding of the survival strategies of viruses, among others the relevance of 
multipartite genomes or the ecological effect of viral satellites. 
At a higher organisational level, we are also interested in the modelisation of the 
interaction between agents organised in networks that vie e.g. for resources, food, or 
mates, as competitive interactions represent one of the driving forces behind evolution 
and natural selection in biological systems. Finally, we explore the application of 
complex systems to biotechnology through the development of analysis techniques 
with environmental and health purposes. We have applied graph theory to antibody 
microarrays in order to improve the characterisation of experimental samples, with direct 
application to allergy control, toxin detection in fresh water ecosystems and planetary 
sciences. Our studies of viral response to antiviral treatments have determined optimal 
modes of drug administration to minimise viral load and mutant escape
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Evolutionary systems

1   Multipartite viruses have genomes formed with fragments encapsidated in separated viral particles. 
The evolutionary origin of multipartitism is uncertain, though it could have emerged on several occasions. 
Current evidence suggests that de novo associations between independent genes, as well as
fragmentation or duplication of monopartite genomes are plausible evolutionary pathways leading
to multipartite genomes.
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Our foundational aim is the system-level understanding of microbial metabolism as a 
framework for developing a broad range of novel and non-intuitive biotechnological 
processes. Taking advantage of metabolic modelling, systems and synthetic biology 
we are addressing, at different levels, the understanding and full taming of bacterial 
systems emergence. 
Increasing the completeness and scope of metabolic reconstructions
We are involved in the high-quality metabolic modelling of a large set of metabolically 
diverse bacteria including P. putida, Synechocystis, S. elongatus, A. platensis, Azoarcus 
CIB, S. sTFA, P. pseudoalcaligenes and B. bacteriovorus. This effort is enabling the 
system-level analysis of new metabolic processes while providing new computational 
test-beds for biotechnological applications. We are also interested in the inclusion of 
new metabolic modules. Current efforts are targeted on i) the modelling of endogenous 
reactive oxygen species (ROS), ii) the implementation of dynamic condition-specific 
models and iii) the inclusion of underground metabolism.
System-level analysis of metabolic robustness in bacteria
The robustness of a system is the property that allows it to maintain its functions despite 
external and internal perturbations. Through the metabolic modelling analysis of P. 
putida, we have identified metabolic cycles providing metabolic robustness. By using 
synthetic biology, ongoing efforts are focused on the rational engineering of such cycles 
under diverse biotechnological scenarios. 
System-level analysis and designing of microbial communities
The division of labour in microbial consortia allows an expanded complexity and 
functionality in bacteria. We are interested in: i) understanding how these expanded 
capabilities emerge within a community and ii) how we can engineer this community-

level functionality towards 
biotechnological endeavours. To 
address these two fundamental 
questions, we have developed 
a computational platform called 
FlyCop for modelling and 
engineering synthetic microbial 
consortia. Further implementation 
of these model-based designs 
is allowing us to develop new 
synthetic biology tools for 
engineering microbial communities.
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System biotechnology

1   The bow-tie structure of the P. putida 
metabolism. P. putida metabolic network 
has increased its metabolic robustness by: 
i) expanding catabolism and anabolism; ii) 
increasing functional redundancy for many 
metabolic processes; and iii) incorporating 
buffering cycles around central metabolism 
(metabolic robustness cycles), acting as 
metabolic capacitors to promote the stable 
connection of catabolism and anabolism with 
the central metabolism under perturbations.

2   FLYCOP pipeline: Graphical 
representation of FLYCOP workflow. 
Multiple consortium configurations are 
systematically evaluated providing the 
best one maximising a given fitness.
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Our group is interested in different aspects of bioinformatics, computational biology 
and systems biology. Our goal is to obtain new biological knowledge with an in-silico 
approach which complements the in-vivo and in-vitro methodologies of biology. This 
mainly involves mining the massive amounts of information stored in biological databases. 
Besides our lines of scientific research, we also collaborate with experimental groups 
providing them with bioinformatics support for their specific needs and participate in 
different teaching projects.
We have developed evolutionary-based method for predicting sites with some 
functional importance in protein sequences and structures. These are based on the fact 
that functional sites are subject to certain evolutionary constraints whose landmarks can 
be detected on multiple sequence alignments.
We have also developed evolutionary-based methods for predicting interaction partners 
which have been accepted and followed by the community. These methods are mainly 
based on the hypothesis that interacting or functionally related proteins adapt to each 
other during the evolutionary process (co-evolution). We try to detect the landmarks that 
this co-evolutionary process left in the sequences and structures of the proteins.
We are studying metabolic networks (central metabolism and biodegradation) and 
protein interaction networks from a top-down systemic approach. Of special interest 
for us is the study of the complex phenomenon of protein function from a systemic 
perspective, trying to understand how complex functions arise by combining the 
molecular functions of proteins when these interact in intricate networks. We are also 
interested in applying this systemic approach to the study of human diseases.
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Computational systems 
biology

1   Example of two genomic regions with an epigenetic pattern related to brain. The 
sample classification is indicated with light blue (brain) and dark blue (others). The brain 
samples are further highlighted with a box. The sample names are on the right, coloured 
using the tissue-based colour schema of the Roadmap Epigenomics Consortium.
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Research at the Logic of Genomic Systems Laboratory searches for design principles 
in biological systems. During the last years, we examined the dynamics of microbial 
communities, the integration of numerous regulatory signals in the triggering of an 
antibiotic response, and the impact of physiology on genome-wide expression. 
In our study of microbial communities, we demonstrated the consequences of the 
coupling between ecology and evolution on community resilience (Figure 1), and 
the difficulty of anticipating community function. For the study of eco-evolutionary 
feedbacks, we used synthetic communities constituted by engineered Escherichia coli 
variants; for the study of community function, we assembled an artificial consortium 
constituted by natural species. Both approaches emerge as tractable experimental 
models to recognise ecosystem properties. 
To study the intricate modulation of an E. coli’s response to antibiotics, we deconstructed 
its regulation with the use of input functions. These functions quantify the rate of 
transcription of the genes constituting the response with respect to the signals acting 
on its cognate regulators. By examining how the shape of the function changes in 
different situations, e.g., when a given regulator is mutated, we identified the functional 
implications of the associated control architecture and emphasised the role of a core 
dual auto-regulatory motif.
We also completed two studies in which we inspected how cellular physiology influences 
gene expression, what is termed the global program of regulation. We first studied the 
impact of the global program on gene order in bacteria. The study incorporated a large-
scale characterisation of the global program, with experiments validating the analysis. 
In a second study, we integrated two models of resource allocation (Figure 2, cellular 

“economics” is an intrinsic feature 
coupled to physiology) to evaluate 
how genetic and epigenetic 
regulation combine with the global 
regulation for the genome-wide 
control of gene expression. Both 
topics considerably advance our 
previous understanding of Genome 
Biology.
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Logic of genomics 
systems

1   While the initial dynamics of a 
community constituted by producers (Ps) 
and non-producers of a public good (20% 
Ps, represented by a yellow rounded 
rectangle) leads to a demographic collapse 
of the full population (measured in colony 
forming units per ml), it also generates 
specific conditions, in a second round of 
the dynamics, to allow the recovery of Ps 
(green rectangle). This confirms the eco- 
evolutionary feedback in the community.

2   Partition of genome expression 
into five sectors that combine two 
previous resource allocation models. 
A partition based on three sectors in 
which the expression of their constituent 
genes increases (positive genes, blue), 
decreases (negative genes, red), or 
remains constant (invariant genes, brown) 
with increasing growth rate appears 
as a fine structure of a broad partition 
between specific and nonspecific genes.
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Microbial communities (microbiomes) are key players in many scenarios, from how the 
biosphere works to industrial and biotechnological processes, as well as human health 
and wellness. We study microbiomes of diverse environments trying to learn the rules 
that govern the assemblage of these microbial communities. This knowledge will help 
to understand how they function, and to predict the effects of disturbances. Eventually, 
this will lead to rational design and manipulation of microbiomes.
We focus mostly on marine microbial communities, but we are actively working in 
many other microbiomes from different environments. We study extreme environments 
because their microbiotas show fascinating adaptations to the harsh conditions. We 
work with human-associated microbiomes, such as the gut and the vagina, because of 
their potential to improve our health. We are also interested in other habitats, such as 
wastewaters and soils.
We use mostly bioinformatics tools to study the composition and functionality of 
microbiomes. Metagenomics is the basis of our work, since it provides the basic material: 
DNA sequences from environmental samples. The analysis of these sequences informs 
about the presence of diverse organisms and the content of their genomes, and the latter 

can be linked to functionality. 
We also carry out experimental 
work addressing interactions 
between members of 
microbiomes.
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Microbiome analysis

1   Microbial mats in Porcelana 
Geyser (Southern Chile), where 
we are studying metagenomics 
and metatranscriptomics of 
the thermophilic bacteria.

2   Bacterial community 
composition in a Wisconsin Lake. 
Blue colours show the presence 
of Polynucleobacter OTU (97%, 
top panel) or as its component 
strains (Amplicon Sequence 
Variants, middle panel). While 
OTUs show a fairly constant 
presence along the year, ASVs 
(corresponding to different ecotypes) 
alternate. Lake temperature 
is shown in bottom panel.




