
1© Springer Nature Switzerland AG 2021 
F. V. Winck (ed.), Advances in Plant Omics and Systems Biology Approaches, Advances in 
Experimental Medicine and Biology 1346, https://doi.org/10.1007/978-3-030-80352-0_1

Introduction: Advances in Plant 
Omics and Systems Biology

Flavia Vischi Winck, Lucca de F. R. Monteiro, 
and Glaucia M. Souza

Abstract

How the complexity of biological systems can 
be understood is currently limited by the 
amount of biological information we have 
available to be incorporate in the vastitude of 
possibilities that could represent how a bio-
logical organism function. This point of view 
is, of course, alive under the paradigm that 
describes a living thing as a whole that could 
never be interpreted as to the sole understand-
ing of its separated parts.

If we are going to achieve the knowledge to 
understand all the complex relations between 
the molecules, pathways, organelles, cells, 
organs, phenotypes, and environments is 
unknown. However, that is exactly what 
moves us toward digging the most profound 

nature of relationships present in the living 
organisms.

During the last 20 years, a big workforce was 
dedicated to the development of techniques, 
instruments, and scientific approaches that 
guided a whole new generation of scientists into 
the universe of omics approaches. The imple-
mentation of technological advances in several 
omics applications, such as transcriptomics, 
proteomics, and metabolomics, has brought to 
light the information that nowadays reshape our 
previous thinking on specific aspects of plant 
sciences, including growth, development, organ 
communication, chromatin states, and metabo-
lism, not to mention the underpinning role of 
regulatory mechanisms that in many cases are 
essentially the basis for the phenotypical expres-
sion of a biological phenomenon and plants 
adaptation to their environment.

In this chapter, some of the original con-
cepts of complex systems theory were briefly 
discussed, and examples of omics approaches 
that are contributing to uncovering emergent 
characteristics of plants are presented and dis-
cussed. The combination of several experi-
mental and computational or mathematical 
approaches indicated that there is room for 
improvements and novel discoveries. 
However, the level of complexity of biological 
systems seems to require and demand us to 
unify efforts toward the integration of the 
large omics datasets already available and the 
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ones to come. This unification may represent 
the necessary breakthrough to the achieve-
ment of the understanding of complex phe-
nomena. To do so, the inclusion of systems 
biology thinking into the training of under-
graduate and graduate students of plant sci-
ences and related areas seems to be also a 
contribution that is necessary to be organized 
and implemented in a worldwide scale.
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1.1  Overview of Systems Theory 
Applied to Plant Sciences

The extraordinary complexity of cellular 
responses of any living organism has long been 
an attractive topic to scientists, including the 
understanding of what complexity is and how it is 
structured in life.

In the endless endeavor of investigating all 
factors that act concurrently in the definition of 
cell fate, several new discoveries were made. 
In special, at the beginning of the twentieth 
century, several initiatives reemerged to foment 
the integrative (or holistic) investigation of liv-
ing organisms, with a special dedication to 
transdisciplinary studies of animals and plants 
(Drack et  al. 2007) that recapitulated the dif-
ferent views on system theory and thinking and 
a new modern time emerged in system theories 
applied to biology. The basic concepts that per-
meated the system thinking resided in the 
premise that the properties of the whole cannot 
be completely understood from the simple sum 
of the properties of its isolated components 
(Von Bertalanffy 1972).

Therefore, the systems property should 
emerge from the enormous number of dynamic 
interactions (direct and/or indirect) and relations 
between the components (e.g., molecules, organ-
elles, organs, tissues) of the living organisms, 
which indeed represent the complexity of the 
 biological systems and that also permits it to 

dynamically respond to environmental changes 
and internal perturbations, which is one of the 
most important characteristics of the living 
organisms.

One of the special messages that remained 
from the studies of the previous century and con-
ceptual elements generated thereof is the need for 
transdisciplinary thinking and methodologies 
that could guide us into the understanding of 
complex phenomena.

In plant sciences, several efforts have been 
made to address complex phenomena, bringing 
novel insights into the structure, organization, 
regulation, and evolution of plant responses. The 
typical research on systems biology usually pro-
poses the cyclic implementation of experimental 
and theoretical analysis of the biological systems 
with the investigation of dynamic biological 
responses. Experiments are performed in labora-
tories and computational and/or mathematical 
modeling and simulation of the biological sys-
tems are applied in an iterative manner (Kitano 
2002). This approach will certainly enhance our 
knowledge of complex systems by gradual incre-
ments and additional breakthroughs that improve 
our understanding of underlying principles of the 
whole biological systems.

The advancement of molecular biology 
approaches and technologies, including the evo-
lution of different types of OMICS analysis 
opened new venues for the analysis of the several 
layers of biological information (here referring to 
pools of different types of molecules) toward the 
reconstruction, generation, and validation of new 
proposed models of biological organisms. The 
progress and dissemination of OMIC approaches 
and high-throughput methods are intimately con-
nected to the advances in plant systems biology 
(Provart and McCourt 2004), and several impor-
tant initiatives have provided significant contri-
butions of novel biological data, construction, 
and maintenance of biological databases that 
could be confidently applied in systems biology 
approaches (Falter-Braun et al. 2019). The under-
lying cellular mechanisms that define plant phe-
notypes are now being investigated through a 
systems approach in different plant models by 
researchers from several countries.

F. V. Winck et al.
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1.2  Advances in Omics 
and Systems Biology 
Applications in Plant 
Sciences

More than 10  years ago, proposed modeling 
approaches that integrated chemical and 
mechanical information have revealed impor-
tant aspects of plant development, such as meri-
stem development into shoots or flowers, and 
based on molecular modeling, methodologies 
have also revealed the challenging aspects of 
such studies, such as the need of time-resolved 
information and imaging of biological phenom-
ena integration between molecular data into 
mechanical, phenotypic descriptions of plant 
growth (Chickarmane et al. 2010).

Essential processes such as chromatin 
remodeling and regulation of activation or 
deactivation of transcriptional units or modules 
were investigated through genome-wide analy-
sis and meta- analysis of several datasets of 
Arabidopsis plants histone modifications. The 
analysis performed through a system view 
brought to light the high complexity of chro-
matin remodeling processes, evidencing the 
existence of nine possible different chromatin 
states. Computational analysis of biological 
data originated from published profiles of his-
tone modifications, histone variants, nucleo-
some density, genomic G  +  C content, CG 
methylated residues, and chromatin immuno-
precipitation (ChIP) data for histone acetyla-
tion was performed in an integrative fashion 
and revealed transcriptional active sites, 
repressed sites, elongation signatures, inter-
genic upstream promoter regions, Polycomb, 
intragenic regions associated to short and long 
transcript units and two heterochromatin pro-
files related to intergenic regions and pericen-
tromeric regions. This discovery also revealed 
the correlation between these regions and gene 
expression activation or deactivation, which 
rendered knowledge with a higher confidence 
of topological organization of chromatin 
regions and their association or close proxim-
ity to each other (Sequeira- Mendes et al. 2014). 
This type of information thus suggests that 
chromatin remodeling processes may have a 

mechanism or structured biological informa-
tion that influence a priori the position of the 
main epigenetic modifications, defining the 
chromatin topology in the plant cells.

These findings are intrinsically connected 
with the understanding of the multi- combinatorial 
nature of the control of gene expression. In 
Arabidopsis, for instance, it has been evidenced 
that most gene promoters (63%) are recognized 
by at least two Transcription Factor (TFs) pro-
teins, while some promoters may be recognized 
by up to 18 different TFs, composing a highly 
interconnected hub of molecular interactions. 
Genes that are expressed in many different condi-
tions are usually controlled by many different 
TFs (Brkljacic and Grotewold 2017).

The integration of spatial information of chro-
matin signatures and topology with the most 
recent findings of the distribution of cis- 
regulatory modules (CRMs) along the genomes 
may substantially reveal some principles of the 
global regulation of gene expression and caus-
ative structures that can be associated with phe-
notypes of interest, such as plant growth and 
stress responses. An exciting review on gene 
expression control can be consulted in the work 
from Brkljacic and Grotewold (2017). Some 
interesting questions arise from such studies on 
gene combinatorial expression, including the 
possible global and conserved preferences of 
groups or families of TFs for binding to corre-
lated chromatin regions and states, the effects of 
TFs in the regulation of non-available CRMs and 
how the different groups of TFs are associated to 
work together in multiple different complexes, 
depending on the CRMs and chromatin they 
interact.

In this present book, you will find the presen-
tation of interesting examples of epigenetic 
mechanisms and its principles, the basics of 
interaction networks and the strategies to gener-
ate models that can be implemented to describe 
the possible connections of the elements of the 
biological systems.

In a different but complementary perspective, 
the analysis of the transcripts and proteins 
expressed in a cell or tissue will be introduced 
and advances discussed. These omics data have 
rendered a massive amount of qualitative and 
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quantitative biological information in the last two 
decades. The omics approaches revealed, in sev-
eral instances, with a time resolution, the dynam-
ics of the cellular responses with the indication of 
timely coordinated events, cyclic, inhibited, and 
induced responses of the gene complements 
(transcripts and proteins).

As a side note, the growing volume of multi- 
omics information, together with higher computa-
tional processing capabilities, states a duality that 
must be addressed: the enhancement of the inte-
gration of different layers of biological informa-
tion from different datasets towards the 
improvement of the understanding of complex 
systems. This requires extensive communication, 
the development of databases and data sharing 
between researchers. The organization of multina-
tional participative computational repositories and 
open access data analysis platforms guided to con-
tinuous data mining and data integrative analysis 
improvement could integrate the plant systems 
biology community around the problems that con-
cern the major tasks of interpreting the complex 
systems. This would add a social benefit of con-
tributing to expanding the access of non- developed 
countries to the advanced science in the field of 
plant biology and computational biology.

In such context, the Crops in silico initiative 
(https://cropsinsilico.org/) represents an interest-
ing prospect for integrative modeling tools in 
plant sciences. In fact, there is a shortage of 
plant-based multi-scale simulations compared to 
the number of models of mammals, with the 
existing plant models being restricted to time- 
limited descriptions of several singular biological 
processes or phenotypic responses to environ-
mental stimuli. There is indeed an urge for the 
development of a virtual physiological plant, 
such a model also integrating developmental tim-
escales and environmental data to plant multi- 
omic networks and phenotypes to understand 
response complexities. The initiative tries to 
address such demands through constructing a 
plant community-centered platform, while also 
dealing with usual collective technical barriers: 
visualization, data imputation, coding 
 standardizations, and accessibility issues 
(Marshall-Colon et al. 2017).

The massive scale of current transcriptome 
data analysis, in special for model plants such as 
Arabidopsis thaliana, resulted in the identifica-
tion of many different molecular phenotypes, 
generating novel insights on how changes in the 
transcriptional state of the cells are associated 
with global patterns of gene expression control. 
For instance, time-resolved transcriptome analy-
sis of the Arabidopsis root revealed that different 
nitrogen doses induced the modulation of 1153 
genes in a pattern that fits a Michaelis–Menten 
kinetics, indicating the existence of a saturation 
trend of transcripts accumulation or depletion at 
upper levels of nutrient availability. This study 
also revealed that some early responsive TF 
genes are likely related to compound-dose- 
responsive transcription (Swift et al. 2020). Even 
though the existence of a gradual transcriptional 
response has been proposed for a while, the deep 
investigation of this type of global patterns is 
necessary, since the promoter architecture of sev-
eral genes revealed the presence of repeated 
binding sites which suggested their capacity to 
interact with several protein complexes contain-
ing TFs (Brady et al. 2006).

These results raised some questions about 
how much of the gene expression control can 
directly be affected by the concentration of exter-
nal compounds following a simple kinetics and if 
this type of control is happening through a direct 
or indirect way at the DNA level in different envi-
ronmental conditions. In the same way, it is 
essential to know how these global patterns are 
established and conserved in the cells, in a multi- 
combinatorial regulatory network structure, 
where multiple TFs may bind to multiple cis- 
regulatory elements. The understanding of these 
mechanisms can contribute to the identification 
of the nature of the coordination of these modular 
transcriptional states and their integration into 
new cellular functions, opening a new path for 
identification and modeling of causative effects 
on cell functional regulation. In addition, the sev-
eral transcriptome analyses performed in the past 
15 years have also contributed to reveal several 
molecular phenotypes in detail that exposed the 
connection of many biological processes. For 
instance, the transcriptome depicted genome- 
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wide oscillations of gene expression, with the 
identification of genes essential for circadian 
rhythm and photosynthesis, cell growth, and divi-
sion, contributed to the identification of the pro-
moter elements correlated to the genes 
unexpectedly modulated under circadian control 
(Harmer et al. 2000). More recently, the involve-
ment of pre-mRNA processing, transcript stabil-
ity, mRNA nuclear export, posttranslation, and 
non-protein coding RNAs (ncRNAs) in particu-
lar, long ncRNAs (lncRNAs), in the regulation of 
circadian rhythm in plants (Romanowski and 
Yanovsky 2015) exposed the complexity of this 
biological process compared to the first model of 
transcriptional–translational feedback loop 
described in plants with the participation of two 
Arabidopsis MYB transcription factors 
CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) 
and LATE ELONGATED HYPOCOTYL (LHY) 
(Alabadi et al. 2001; Schaffer et al. 1998; Strayer 
et al. 2000; Wang and Tobin 1998).

In the light of evolution, the recent efforts on 
the analysis of more than one thousand plant 
transcriptomes opened a new path to a compre-
hensive understanding of evolutionary differ-
ences between plants and their cellular 
mechanisms. The integration of data on plant 
habitat and niches with molecular data may 
reveal novel sets of genes involved in specific 
adaptations and phenotypes. The broad phyloge-
netic analysis based on transcriptome data also 
indicated that most gene expansion events in 
plant lineage have occurred before the appear-
ance of vascular plants (One Thousand Plant 
Transcriptomes 2019), intriguing by its great 
possibilities of future applications in plant 
biotechnology.

In addition, computational resources imple-
mented for plant functional genomics data visu-
alization and mining such as Bio-analytic 
Resource (BAR) for Plant Biology with eFP 
Browser (Winter et al. 2007) have been of great 
benefit to the plant community to interpret such 
vastitude of data. The same is true for other plat-
forms such as Phytozome (Goodstein et al. 2012) 
that over the years have made available hundreds 
of genomic datasets and have expanded its appli-
cations into Phytomine (https://phytozome.jgi.

doe.gov/phytomine/begin.do), integrating 
genomics and functional data and fostering data 
mining. Gramene is also an example bringing 
integration to the plant reactome (http://plantre-
actome.gramene.org/index.php?lang=en). The 
current expansion of such platforms to integrate 
other types of omics data would be beneficial to 
the future of plant systems biology applications.

Proteomics approaches have also revealed 
important aspects of plant phenotypes, especially 
the molecular description of metabolic pathways 
operating in cellular responses, and significantly 
increased the number of proteins identified that 
are related to crops productivity and stress 
responses (Salekdeh and Komatsu 2007). The last 
15  years have witnessed an expansion of pro-
teomics data ranging from land plants to unicel-
lular algae, showing the particularities of these 
organisms in responses to variations of environ-
mental conditions such as light (Mettler et  al. 
2014), CO2 content (Santos and Balbuena 2017), 
metabolic regimes (Vidotti et  al. 2020), among 
others. It is also noticeable that proteomics is 
opening venues for a broader understanding of the 
cell response regulation by revealing the identity 
and possible regulatory role of many proteins that 
undergo posttranslational modifications (Huang 
et al. 2019; Van Leene et al. 2019). The quantita-
tive proteomic profiling of cellular responses has 
been applied to model plant species, and it is 
quickly expanding to cover non- model species, 
which is highly desirable and necessary to uncover 
the vast diversity of metabolic characteristics and 
nuances of the plant species naturally adapted to 
different environmental niches, such as desertic, 
tropical, semiarid, and rainy regions. This and 
other topics of plant proteomics are presented and 
discussed within this book.

The transferable application of omics knowl-
edge into system-biology-based plant breeding is 
one important consequence of the development 
of large biological datasets of omics and plant 
systems biology data (Lavarenne et  al. 2018). 
Natural breeding or genetic engineering of plants 
should now address great problems with a more 
holistic approach of plant systems contributing to 
the generation of novel stress-resistance crops 
(Zhang et al. 2018).
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In a parallel trend, similar paradigmatic break-
throughs in plant systems biology have been 
recently achieved through metabolomics studies. 
Together with improved mass spectrometry (MS) 
techniques, advancements in computational biol-
ogy and bioinformatics have been allowing for 
wider modeling efforts, permitting broader inte-
gration of metabolite data with other large 
amounts of transcriptome and proteome informa-
tion, further bolstering the construction of inter-
actomes. This has important consequences given 
the massive size of the plant metabolome and the 
fact that it is usually the first layer of biological 
information within the cell to be subjected to the 
effects of environmental changes since the 
response at transcriptional level can take longer 
to occur, if not to mention the direct influence of 
metabolites in transcriptional modulation and 
other possible interactions of the metabolome 
with transcripts and proteins.

An applied sample of this trend can be noted 
through the work of Veyel and collaborators with 
a study in Arabidopsis where they developed an 
improved proteomic-compatible, metabolomic- 
oriented method for system-wide analyses of 
protein-small molecule complexes. The protein- 
metabolite interactome is an often overlooked but 
functionally important regulatory feature to be 
dealt with when studying metabolite-diverse, 
metabolome data-rich systems such as plants—
retroactively, this substantial amount of informa-
tion also makes data collecting and processing 
troublesome. A simple, but innovative addressing 
to this issue is the proposed general-case, large- 
scale analysis-oriented co-fractionation method 
instead of canonical approaches such as cross 
linking or protein tagging for search of interac-
tion sites. The approach relies on the hypothesis 
that proteins and protein-bound small molecules 
fractionate together when forming stable com-
plexes: as such, the use of size separation tech-
niques should concentrate protein-metabolite 
complexes in higher molecular weight fractions, 
the process could then be coupled with analytic 
techniques (i.e., mass spectrometry). Apart from 
the technological prospect, this proof-of-concept 
has also identified a plethora of novel stable 
protein- metabolite complexes from the 

Arabidopsis samples, suggesting emergent regu-
latory roles for some small molecules, with 
potential for extension to other biological sys-
tems (Veyel et al. 2017).

The further study of how the metabolic land-
scape of plants is shaped by varying environmen-
tal conditions can also unravel the metalinguistics 
of experimental design in plant sciences. A com-
mon consequence of the application of high- 
throughput analytical techniques to biological 
systems is the finding that often formerly over-
looked properties of the environment can exert 
unexpected effects in an organism’s metabolism, 
potentially biasing the reproducibility of some 
experiments. As a matter of fact, sensitivity to 
initial conditions is an inherent condition of com-
plex systems, particularly in a multi-omics 
perspective.

While dealing with experimentation in plants, 
lighting conditions represent an essential, though 
often taken for granted environmental condition. 
Sunlight is characterized by sinusoidal changes 
in irradiance throughout the day cycle, with shad-
ing and clouds momentarily varying the amount 
of light absorbed by the plant. On the other hand, 
artificially lighted growth chambers usually offer 
constant light irradiance (square wave), abrupt 
light–dark shifts and different spectral quality 
when compared to naturally lighted environ-
ments. Ironically, although growth chambers are 
considered essential for experimental reproduc-
ibility for scientific approaches, the vastitude of 
differences from the phenotypes of plants grown 
in such environments with the phenotypes 
observed in plants in natural environments and in 
the field enhance the number of possible dynamic 
phenotypes that may populate the universe of 
metabolomics.

This issue is illustrated through metabolite 
analysis of samples obtained from Arabidopsis 
plants grown under greenhouse and growth 
chamber (with sinusoidal or square lighting 
patterns, fluorescent or sunlight spectra- 
simulating LED light) conditions. The combi-
nation of enzymatic assays with HPLC and 
LC-MS indicates major differences (fold 
change) in occurrence of components of central 
carbon and nitrogen pathways when data from 
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greenhouse and growth chamber conditions are 
compared altogether. In the context of adapta-
tion difficulties faced by the plant while dealing 
with unexpected changes in sunlight within and 
between days, emphasis should be placed on 
the importance of variations (for greenhouse 
versus growth chamber experiments) in photo-
assimilate partitioning optimization, amino 
acid synthesis (Ser, Gln, Gly), C:N ratio, and 
synthesis of components of sugar signaling net-
works such as sucrose and the sucrose status 
indicator, trehalose 6-phosphate, those finely 
linked with the sugar feedback-operated regula-
tion of starch metabolism (turnover) and 
sucrose homeostasis through day–night cycles 
by the circadian clock in Arabidopsis: the circa-
dian oscillator itself suffering adjustments 
through feedback from sunlight pattern changes 
(Seki et al. 2017). The metabolite analysis also 
reveals that milder differences were observed 
when comparing different conditions of artifi-
cial illumination (i.e., sinusoidal versus square 
patterns) and that LED lighting may not fully 
represent natural lighting conditions 
(Annunziata et al. 2017).

In this present book, different aspects of 
metabolomics basics and applications are intro-
duced, discussing scientific and methodological 
approaches that are contributing to broadening 
the knowledge on the metabolic regulation of 
plant phenotypes. Nevertheless, the metabolo-
mics analysis still faces a great challenge of iden-
tifying the cellular compartmentalization of the 
metabolites in the different cell responses, which 
may include an extraordinary level of complexity 
in the cellular responses, especially if other dual 
interactions of metabolites, such as metabolite–
protein or metabolite–miRNAs, occur in a dimen-
sion of hundreds of thousands.

1.3  Challenges in Plant Systems 
Biology and Paths to Expand 
the Research Field

Besides their sensitivity to initial conditions, bio-
logical systems are also characterized by emer-
gence. The interaction between parts of a system 

can generate emergent properties, sometimes 
loosely linked with such parts. As a remarkable 
example, the use of mass spectrometry (affinity 
purification-mass spectrometry, gas 
chromatography- mass spectrometry) has 
revealed that glycolytic enzymes can mediate 
mitochondria-chloroplast colocalization in 
Arabidopsis. This finding sums to an already 
extensive array of supposed properties of the gly-
colytic pathway in non-plant cells, such as the 
formation of multienzyme complexes, colocal-
ization with ATP-demanding areas and enzyme 
chemotactic movements, not to mention the 
physical association of glycolytic enzymes with 
the mitochondria (Zhang et al. 2020). Along stat-
ing that even well-studied central pathways can 
perform unprecedented roles, one can also argue 
that the given groundbreaking work—in a similar 
fashion to other featured research works—asserts 
the insufficiency of reductionism to deal with 
complexity. This context has a special impact on 
undergraduate biochemistry disciplines.

The known biological complexity substan-
tially impacts experimental design in plant 
molecular physiology studies. In cultivated crops 
where multiple copies of genomes are present, 
the computational challenges alongside those of 
mathematics and statistical genetics are indeed 
formidable. The investigation of emergent prop-
erties emphasizes to us the importance of the 
chosen approach to teach complexity in some life 
science courses. Despite its non-intuitive nature, 
emergence is an important component of the 
Dynamical Systems Theory, which constitutes 
one of the three systems theories, along with 
Bertalanffy’s General Systems Theory and 
Cybernetics: the so-called systems thinking con-
cept has regained recent relevance in primary and 
secondary education. Its crosscutting characteris-
tic and multidisciplinary applicability are espe-
cially helpful in teaching skills to comprehend 
biological complexity (Verhoeff et al. 2018). Yet, 
there is comparatively less extensive research and 
application of systems thinking in STEM educa-
tion, a substantial lack of integration with chem-
istry courses is particularly noticeable while most 
of existing peer-reviewed literature on systems 
thinking generally focuses on biology education. 

1 Introduction: Advances in Plant Omics and Systems Biology
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The implementation of systems thinking 
approach in areas such as chemistry and bio-
chemistry may enhance student’s strength in tak-
ing complex decisions that are important for 
global issues, such as sustainability (York et al. 
2019; York and Orgill 2020). Although not exten-
sively, some life science courses have recently 
been incorporating systems theory concepts into 
their programs, a trend exemplified by attempts 
to apply ecological perspectives and systems 
modeling into redesigning an undergraduate bot-
any major course (Zangori and Koontz 2017). 
This is specially targeted at meeting novel 
demands on teaching biological complexity and 
retroactively generates content-changing 
demands for the disciplines that service those 
courses: still, while paramount to most life sci-
ence careers, biochemistry is such a complicated 
example.

The inclusion of space for the teaching of the 
basics of systems biology-related topics such as 
complex system theories that could be explored 
through the concepts of the regulatory landscape 
of biological systems (i.e., molecular binding to 
sites in proteins and nucleic acid sequences as a 
topic for structure–function classes, transcrip-
tional regulation, posttranslational modifica-
tions), multi-omics networks, high-throughput 
techniques for data acquisition (mass spectrome-
try, sequencing), and computational analysis 
would contribute to change the oftentimes dis-
crete, linear fashion for teaching the structure, 
components and behavior of certain well-studied, 
canonical cellular mechanisms and pathways. 
Although time and resource constraints indeed 
interfere in which contents (and to what extent 
they can be deepened) should be taught, one 
could argue that an aged linear, pathway-focused 
attempt to teach basic biochemistry stretches 
away from thoroughly portraying complexity by 
snatching its integrative, network-based, and 
emergent attributes.

Systems biology and omics approaches can 
also be wisely applied to explore more mundane, 
unforeseen problems in teaching scenarios. The 
implementation of basic bioinformatic skills in 
early years of the undergraduate courses in bio-

logical and biochemistry sciences is essential to 
prepare the students for the future of populated 
biological databases and data mining schemes 
that are going to permeate their future academic 
and professional lives. Examples on how to con-
nect the systems biology and omics knowledge 
into the curriculum and lectures for undergradu-
ate students can cross the successful examples of 
omics applications in the several fields of 
research, including plant sciences and the more 
recent synthetic biology approaches for bioprod-
ucts production. Therefore, we envisage that 
some examples of studies presented and dis-
cussed in the present book may in the future be 
applied in systems biology-based graduate and 
undergraduate schools worldwide.
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