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Abstract

Proteome analysis of model and non-model 
plants is a genuine scientific field in expan-
sion. Several technological advances have 
contributed to the implementation of different 
proteomics approaches for qualitative and 
quantitative analysis of the dynamics of cel-
lular responses at the protein level. The design 
of time-resolved experiments and the emer-
gent use of multiplexed proteome analysis 
using chemical or isotopic and isobaric label-
ing strategies as well as label-free approaches 
are generating a vast amount of proteomics 
data that is going to be essential for analysis of 
protein posttranslational modifications and 
implementation of systems biology 
approaches. Through the target proteomics 

analysis, especially the ones that combine the 
untargeted methods, we should expect an 
improvement in the completeness of the iden-
tification of proteome and reveal nuances of 
regulatory cellular mechanisms related to 
plant development and responses to environ-
mental stresses. Both genomic sequencing and 
proteomic advancements in the last decades 
coupled to integrative data analysis are enrich-
ing biological information that was once con-
fined to model plants. Therewith, predictions 
of a changing environment places proteomics 
as an especially useful tool for crops 
performance.
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3.1	 �Introduction

Proteins are fundamental macromolecules that 
execute a vast number of biological functions in 
the organisms, ranging from structural activities 
to exceptionally precise regulatory roles inside 
the cells. These characteristics intrigued scien-
tists for centuries and the protein sequences 
started to be detailed in the twentieth century, 
with the sequencing of the first protein, phenyl-
alanyl chain of insulin 1, in 1951 by Sanger and 
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Tuppy (1951) using partial hydrolysis techniques. 
For the first time, they presented a structured 
amino acid sequence composition encoded by the 
DNA of the living organisms. Many other pro-
teins were sequenced thereof using biochemical 
sequencing analysis established by Edman 
(1949). At the same pace, with the development 
of ionization methods used for mass spectrome-
try (MS), specially the electrospray ionization 
(Fenn et  al. 1989), the analysis of intact or 
digested proteins increased significantly. Several 
biochemical and molecular properties of thou-
sands of proteins were identified and are cur-
rently well known, with the precise description of 
their amino acid sequence, tridimensional struc-
ture, activities, and chemical modifications. The 
unique functional and molecular characteristic of 
each protein species is outstandingly provocative 
and has revealed the enormous complexity of the 
possible molecular interactions these molecules 
can perform in a biological system. This also 
revealed the need for systems analysis in plant 
species, focusing in quantifying the changes in 
abundance and modifications of a large number 
of proteins simultaneously, and if possible, with a 
cell or tissue spatial and time resolution.

Today, we understand that a single-protein 
sequence can execute single or multiple biologi-
cal roles, depending on the chemical modifica-
tions these proteins present in their structure and 
their sub-cellular compartmentalization.

With the vast information about how cellular 
systems function, it has become imperative since 
the beginning of the 1990s the study of compre-
hensive amount of proteins simultaneously in a 
cell or tissue. The need for the identification of all 
proteins was urgent, and the term Proteome was, 
therefore, first mentioned in 1995 by Wilkins 
et al. (1996), indicating an age of dramatic change 
on biology scale which has begun with the avail-
ability of complete genomic sequences of many 
organisms. As stated by Wilkins, the proteome is 
the entire protein complement expressed by a 
genome. By nature, the proteome is dynamic, 
being representative of the whole-protein 
repertoire of a cell or tissue in a certain time and 
condition. For instance, the proteome is different 
every period of the lifetime of a plant, or in 

response to any challenging environmental stress. 
The proteome also includes, a priori, all different 
chemical modifications proteins may present, 
which are usually present as posttranslational 
modifications (PTMs) of the synthesized proteins 
or may be introduced by dynamic processes of 
chemical modifications of amino acids during 
cellular signaling events. The alterations on the 
protein abundance and PTMs are especially 
important for defining the cell fate in response to 
changes in environmental conditions, and current 
proteome research addresses many of these alter-
ations using highly-sensitive analytical tools and 
sophisticated computational data analysis. The 
proteome of different species has been explored 
using different techniques, ranging from the use 
of two-dimensional polyacrylamide gel electro-
phoresis (2-DE) and its modified form 2D DIGE 
(two-dimensional difference gel electrophoresis) 
(Jorrin-Novo et al. 2019; Martins de Souza et al. 
2008), passing through isotope and isobaric 
labeling (Pappireddi et al. 2019), leading to the 
massive proteome analysis using shotgun 
approaches and stable isotope labeling or label-
free relative quantification (de Godoy et  al. 
2008), which further was followed by target 
approaches (Rodiger and Baginsky 2018), MS 
imaging (Boughton et  al. 2016; Kaspar et  al. 
2011) and, more recently, single-cell proteomics 
(Marx 2019).

In the current days, there is an understanding 
that the identification of all intricated connec-
tions of the proteins inside the cells must be 
revealed. However, to detect the proteome of a 
cell or to represent it in a systems analysis is not 
a trivial task, but many efforts have been done to 
address several technical challenges. The avail-
ability of large datasets of plant proteomes in dif-
ferent experimental and field conditions generated 
by the unprecedent analysis of the proteome of 
several plant species is opening an exceptional 
path to the discovery of previous unknown cellu-
lar mechanisms and molecular emergent 
patterns.

In the last 21  years, the analysis of plant or 
plant-related proteome has increased from four 
scientific papers a year in 1998 to 1483 scientific 
papers a year in 2019 according to the PubMed 
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repository (https://pubmed.ncbi.nlm.nih.gov/) 
queried through the keywords “plant proteomics.” 
During this period of time, several technical 
advances have been established for the analysis 
of plant proteomics, including the optimization 
of techniques and instrumentation. The proteome 
analysis in general had begun basically through 
gel-based approaches, usually with Two-
Dimensional Polyacrylamide gel Electrophoresis 
(2D-PAGE) coupled to peptide sequencing or 
Mass Spectrometry (MS) (Shevchenko et  al. 
1996a, b). Further approaches expanded to appli-
cations using liquid chromatography (LC) cou-
pled to tandem MS, including shotgun analysis 
(Neubauer et  al. 1998; Ong and Mann 2005), 
selected/parallel reaction monitoring (SRM/
PRM) (Picotti and Aebersold 2012) and target 
data acquisition (TDA) (Schmidt et  al. 2009). 
Recent applications suggest the combination of 
the TDA with tandem MS/MS analysis using 
Data-Dependent Acquisition (DDA) or Data-
Independent Acquisition (DIA) as a valuable way 
to get hypothesis-driven and non-hypothesis-
driven quantitative data collection from the same 
sample (Hart-Smith et  al. 2017), even for the 
analysis of protein post-translational modifica-
tions (Pappireddi et al. 2019).

The analysis of the proteome for many differ-
ent plant species had applied many of the 
approaches mentioned and increased our knowl-
edge of plant molecular physiology and evolution 
in an enormous way. The level of details identi-
fied by proteomics analysis revealed a large pro-
portion of the repertoire of cellular mechanisms 
and proteins that define the underlying principles 
of plant development and metabolism, including 
seed germination (He and Yang 2013), root 
growth (Li et al. 2019), stress responses (Kosova 
et al. 2014), senescence (Kim et al. 2016), light 
responses (Mettler et al. 2014), among others.

Plant proteome analysis can be performed 
using many different techniques and computa-
tional resources through diverse approaches. 
Each of these approaches will complement our 
knowledge of plant phenotypes and influence in 
the future directions of plant proteomics and sys-
tems biology. The information available today 
and further development of novel techniques for 

proteome analysis will definitely pave the way to 
a more comprehensive understanding of the com-
plex phenomena that take place in plants and how 
the numerous set of molecular interactions and 
mechanisms are built and retained in the cells in 
response to varying environmental and intracel-
lular conditions.

3.2	 �Research and Technical 
Approaches

3.2.1	 �The Gel-Electrophoresis-
Based Plant Proteome 
Analysis

At the end of the 1990s, beginning of 2000s, 
there was a modest racing into defining the so-
called reference gel or reference proteome of an 
organism or organismal phenotype. Two-
dimensional polyacrylamide gel electrophoresis 
(2-DE) has been used as one of the most powerful 
techniques of protein separation in a couple of 
technical steps (O’Farrell 1975). In 2-DE, the 
proteins contained in a biological sample are usu-
ally separated in a polyacrylamide gel by their 
isoelectric point (pI) and molecular weight (mW). 
Usually proteins are solubilized by chaotropic 
chemicals, such as urea and thiourea and solvated 
by non-ionic detergents. The first dimension of 
separation occurs with the migration of proteins 
in their intact form through an electric field, per-
meating an inert gel matrix soaked with ampho-
teric substances that form a transient gradient, 
allowing the proteins to move in these conditions 
toward the electrodes until they reach to their iso-
electric point (pI), where they achieve their mini-
mal solubility, thus high precipitation. In the 
second dimension of the 2-DE, the proteins sepa-
rated and immobilized in the first gel dimension 
are separated by their molecular weight through 
SDS-PAGE. This will result in a two-dimensional 
plan with y and x axis, with proteins separated, 
respectively, by molecular mass (MW) and iso-
electric point (pI) visualized as separated gel pro-
tein “spots” that can be visualized through dying 
techniques using, for instance, Coomassie Blue 
or Silver nitrate chemicals (Shevchenko et  al. 
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1996a, b). In an optimal situation, the results of 
the gel staining will reveal the whole set of pro-
teins from the biological sample analyzed, repre-
sented by protein spots. Each spot may contain 
one or more proteins with the approximate same 
biochemical characteristics. In proteome 
approaches, each spot is cut from the gel and 
digested with specific enzymes (e.g., Trypsin, 
Lys-C) that are going to generate peptides which 
can be identified through sequencing or MS anal-
ysis. Using gel-based approaches, the identifica-
tion of the repertoire of proteins from different 
parts of the plants and those involved in complex 
developmental processes was possible and con-
tributed to elucidate how proteins interconnect to 
each other to define a systemic function. The ini-
tial efforts into the analysis of the proteome of 
several important plant species had been done 
using gel-based approaches, and revealed impor-
tant aspects of the plant structure and molecular 
physiology, including the analysis of green and 
etiolated shoots of rice (Komatsu et  al. 1999), 
Arabidopsis seed germination and priming 
(Gallardo et  al. 2001), maize leaves (Porubleva 
et al. 2001), Medicago mycorrhizal roots (Bestel-
Corre et al. 2002), among others.

However, the gel-based proteomics analysis 
has several limitations and are difficult to be 
implemented in a large-scale proteomics analy-
sis. Two-dimensional gels are quite laborious and 
time-consuming to be performed, which renders 
extra difficulty levels to other limitations in 2-DE 
gels that include problems with protein spot reso-
lution, gel reproducibility, and low throughput. 
Usually, in a 2-DE gel, it is possible to separate 
approximately one thousand proteins simultane-
ously, but, due to the possible overlap between 
protein spots with similar mW and pI, the protein 
separation of some protein spots is not complete.

Nowadays, still, 2-DE is considered a comple-
mentary approach for some applications such as 
subcellular proteomics, analysis of low-
complexity samples, and study of protein iso-
forms and their modifications (Jorrin-Novo et al. 
2019). The approaches in subcellular proteomics 
are not going to be addressed here since this topic 
is presented in a specific chapter of this book.

The 2-DE-based proteomics coupled to pro-
tein sequencing or MS techniques has contrib-
uted greatly to the development of plant proteomic 
analysis since the 1990s and has continuously 
adding important knowledge.

The diversity of 2-DE-based proteomic 
applications is vast, including analysis of plant 
structure (Giavalisco et al. 2005), plant–patho-
gen interactions and molecular signaling 
(Delaunois et  al. 2014), and plant metabolism 
(Chang et al. 2017), to mention a few examples. 
Many of the proteomics results (including 
2-DE-gel image) were also made available 
through public repositories, such as GABI 
Primary Database of Arabidopsis (URL: https://
www.gabipd.org/).

One important aspect of the use 2-DE-based 
comparative proteomics resides in the fact that 
this approach can be implemented for any plant 
species, no matter if a genome sequence is avail-
able to this species. With that in mind, it is of 
great importance that comparisons between pro-
teome profiles of non-model plants are investi-
gated, elucidating the differences in the cellular 
responses of the many plant species that are of 
regionally importance to local agriculture and 
may not have their genome sequenced in the near 
future. The 2-DE-based proteomics may be a 
way to sustain this endeavor.

3.2.2	 �Mass Spectrometry-Based 
Proteomics

Among the methods that succeed in answering 
the increased demand for high-throughput pro-
teomics approaches, the MS is currently the most 
applied and developed technique. Mass spec-
trometry is an analytical technique that is applied 
in many different fields of applications, including 
elemental analysis, organic and bio-organic anal-
ysis, structure elucidation, characterization of 
ionic species and reactions, and spectral imaging. 
In all these applications, the use of MS is aiming 
to identify a compound from the molecular or 
atomic mass(es) of its constituents (Gross 2017). 
So, an important aspect of proteome analysis 
resides in the fact that the chemical species, in 
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this case proteins or peptides, must be ionized to 
be analyzed through a mass spectrometer.

From the first attempts to understand electric 
discharges in gases and charged ions made by 
Joseph John Thomson with his first instrument 
that separated ions by mass-to-charge ratio to the 
most recent mass spectrometers that use high-
resolution mass analyzers, there was a huge 
improvement and expansion of the applications 
of MS in Biochemistry and Biological Sciences 
(Gross 2017).

The mass spectrometry is the analytical tech-
nique that significantly generated our current 
substantial amount of plant proteomics data 
available. The development and evolution of 
ionization methods for proteins and peptides 
had contributed drastically to the change in pro-
teomics scale, allowing the easy ionization of 
peptides and proteins into gas phase. These 
technical developments were complemented by 
the co-evolution of the sample preparation for 
proteomics, types of ionization techniques, and 
mass analyzers integrated into mass spectrome-
ters, which significantly enhanced proteome 
coverage, the mass resolution, and throughput 
obtained for the mass-to-charge measurements. 
A recent review presented an overview about 
the protein extraction and preparation for pro-
teomics analysis, discussing many approaches 
applicable for plant proteomics (Patole and 
Bindschedler 2019).

For qualitative and quantitative proteome 
analysis, two types of MS applications have been 
used more frequently to the identification of pro-
teins: the matrix-assisted laser desorption/ioniza-
tion mass spectrometry (MALDI-MS) 
(Hillenkamp and Karas 1990), and liquid-
chromatography (LC) coupled to electrospray 
ionization mass spectrometry (ESI-MS) (Smith 
et al. 1990). In the LC-MS analysis, the peptides 
obtained from the digestion of the total proteome 
are separated by liquid chromatography prior to 
the injection into the ion source of the MS instru-
ments, where the peptides are ionized. After that 
the peptides are analyzed by the instruments 
resulting in the identification of their mass, and 
usually thousands of proteins can be identified in 
a shotgun MS analysis.

The implementation of high-throughput shot-
gun MS analysis in plant proteomics is usu-
ally  dependent on the existence of a genome 
sequence or customized protein sequence data-
bases derived from transcriptomic analyses 
(RNA-Seq data) for the plant species under 
investigation. Protein identification has evolved 
through the development of different computa-
tional tools and strategies that allowed the MS 
data to be analyzed by a series of steps that per-
mit the identification of the best protein hits (or 
protein groups) in a statistical-based computa-
tional analysis. Protein identification is basically 
performed computationally by comparing the 
mass of the peptides analyzed (precursor ions) 
experimentally from the mass spectra data with 
the mass of the precursor ions generated in silico 
based on the translated genome of the plant spe-
cies under study. Therefore, the protein identifi-
cation in this case results from a probability 
analysis of the best protein hit or group of protein 
hits. The abundance of the peptide ions analyzed 
is determined, usually, by the arbitrary signal 
intensity measures for each peptide ion analyzed 
in a MS scan or by the counts of MS spectra for a 
given precursor ion, which gives the information 
useful for quantitative proteomics, using label-
free or labeled approaches.

Recent analysis using sensitive and efficient 
mass spectrometers that have high-resolution 
mass analyzers has revealed the identity of thou-
sands of proteins, increasing the capacity to 
observe broad mechanisms that take place intra 
and intercellularly. However, it is still highly 
challenging to analyze the whole set of proteins 
from a cell or tissue. Thus, the plant proteome 
analysis performed nowadays is still representing 
a partial view of the total cellular proteome.

Nevertheless, more than 10  years ago, the 
impact of proteomics analysis to the understand-
ing of plant development and responses to biotic 
and abiotic stresses and to the identification of 
the protein repertoire of organelles, tissues and 
sub-cellular compartments was already clear 
(Wienkoop et al. 2010). Several initiatives includ-
ing the creation of LC-MS/MS spectral library 
repository ProMEX with 116,364 tryptic peptide 
product ion spectra entries of 13 plant species 
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(Wienkoop et  al. 2012) and the creation of the 
Multinational Arabidopsis Steering 
Subcommittee to coordinate Arabidopsis pro-
teome international research were efforts toward 
the consolidation of databases and data resources 
that contributed to address some of the main 
challenges on plant proteomics through the cre-
ation of integrated proteome repositories and 
data analysis platforms, including MASCP Gator 
(Joshi et  al. 2011). Other efforts such as 
International Plant Proteomics Organization 
(INPPO) (http://www.inppo.com/) were also on 
place. Currently, some of the most complete 
information about Arabidopsis proteome are 
organized in the ProteomicsDB (https://www.
proteomicsdb.org), which contains MS-based 
proteomics meta-data and proteomics expression 
profiles for 30 different tissues, that can be visu-
alized through body maps (Samaras et al. 2020). 
Another source of plant proteomics data is the 
PlantPReS (URL www.proteome.ir), an online 
database of plant proteome related to stresses, 
containing more than 20,413 protein entries and 
their expression patterns, extracted from 456 
manually curated articles (Mousavi et al. 2016). 
Alternatively, there is the ATHENA (Arabidopsis 
THaliana ExpressioN Atlas; http://athena.pro-
teomics.wzw.tum.de:5002/master_arabidopsis-
shiny/) database, which has a collection of more 
than 18,000 proteins and their expression profiles 
for a set of 30 matching tissues from Arabidopsis 
thaliana (Col-0). It allows the user to explore the 
comparative expression analysis of proteins in 
different tissues, to visualize enriched pathways, 
phosphorylation sites, and similar global gene 
expression profiles in different tissues of 
Arabidopsis thaliana.

Very recently, a detailed MS-based draft of the 
Arabidopsis proteome was described (Mergner 
et  al. 2020) based on the information retrieved 
from the proteomics databases ProteomicsDB 
and ATHENA. In this draft, the molecular data 
retrieved from more than 18,000 proteins identi-
fied revealed that most transcripts and proteins 
are actually expressed in a non-tissue-specific 
manner, with only a few transcripts or proteins 
being expressed in a tissue-specific manner, as it 
was evidenced for the proteins exclusively identi-

fied in pollen. The authors have found that differ-
ent tissue types may have distinct quantitative 
abundance patterns of proteins, showing a posi-
tive correlation (Pearson’s correlation r = 0.28–
0.7) between the transcript and protein levels in 
most tissues (Mergner et al. 2020). However, in 
recent single-cell proteomics approaches, this 
behavior was not observed for most of the genes, 
and there was low correlation of mRNA and pro-
tein levels in root hair analysis (Wang et al. 2016), 
with higher positive correlation of transcript and 
protein levels found mostly for highly expressed 
genes.

Some other multi-omics databases and frame-
works are operating to integrate functional 
genomics data providing annotation and visual-
ization options for diverse plant species, includ-
ing platforms such as ePlant (http://bar.utoronto.
ca/eplant/), Virtual Plant (http://virtualplant.bio.
nyu.edu/cgi-bin/vpweb/), MapMan (https://map-
man.gabipd.org/mapmanstore) (Schwacke et  al. 
2019), PLAZA (https://bioinformatics.psb.ugent.
be/plaza/), Plant Metabolic Network (PMN) 
(https://plantcyc.org/), Plant Reactome (https://
plantreactome.gramene.org/), among others. 
Right now, some of these platforms contain 
mostly genomics and transcriptomics datasets, 
with few proteomics datasets. However, the inte-
gration of several layers of plant omics informa-
tion seems to be in the horizon of these platforms, 
which is essential for integrative analysis and 
modeling approaches and the continuous devel-
opment of systems biology studies in plants 
(Falter-Braun et al. 2019).

The permanent development and improve-
ment of such databases is essential to guarantee 
the availability of plant proteomics data for future 
integrative omics analysis. As the proteomics 
data is everyday more abundant, it would be 
important to include omics data of all plant spe-
cies in these repositories, not only model plants, 
since the proteomics data is currently the linkage 
point between the transcriptome information and 
the cell metabolism.

Quantitative MS-based proteomics seems to 
be currently the most prominent proteomics 
approach for investigating plant molecular phe-
notypes. Some of the most recent approaches for 
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discovery quantitative proteomics (non-targeted 
proteomics) include chemical labeling of the pro-
teins or peptides. The most common strategies 
for relative and quantitative analysis of plant pro-
teomics include one of the following techniques: 
isobaric tags for relative and absolute quantita-
tion (iTRAQ) (Unwin et al. 2005), tandem mass 
tags (TMT) (Thompson et  al. 2003), metabolic 
labeling such as stable isotope labeling by amino 
acids (SILAC) (Ong et al. 2002), and stable iso-
tope 15N (Oda et al. 1999) or label-free quantifi-
cation (Washburn et al. 2001).

In many different studies performed using 
shotgun proteomics with LC and tandem MS 
(MS/MS), the use of data-dependent acquisition 
(DDA) was the method of choice, combined or 
not with peptide labeling with tandem mass tag 
(TMT) for quantitative or absolute quantification 
in proteomic analysis.

Multiplexing TMT or the use of other peptide 
labeling techniques, such as isobaric labeling, 
has been recently applied for the comparative 
proteome analysis, revealing cellular mecha-
nisms and elucidating the role of candidate genes 
in diverse cellular responses. The time-resolved 
analysis of plant processes combined with the 
quantitative comparative proteomics is revealing 
novel aspects of plant molecular physiology and 
will certainly serve as basis for modeling and rec-
ognition of regulatory principles of cell response 
and metabolism.

For instance, in a time-resolved redox pro-
teome analysis using thiol-specific iodo TMTs 
and LC-MS/MS analysis, the evidences for a fun-
damental strategy of rapid control of the cell 
metabolism during seed germination through the 
modifications of cysteines were confirmed. This 
biological process seems to be controlled by the 
function of hundreds of Cys-based redox switches 
which are operational even when hormonal and 
genetic programs are not yet functional. With 741 
Cys peptides identified and quantified, it was 
demonstrated that tricarboxylic acid cycle is reg-
ulated by thioredoxins (TRX), through the TRX-
mediated redox modulation of the activity of 
succinate dehydrogenase and fumarase. The 
proteome analysis also indicated that all shifts 
observed were reductive, indicating the influx of 

electrons into the complex cellular thiol redox 
systems during the early stages of seed germina-
tion (Nietzel et al. 2020).

A recent proteome analysis of autophagy-
deficient Arabidopsis seedlings indicated that 
this process is a response rapidly activated under 
diverse stimuli, including microbial elicitors, 
danger signals, and hormones. Quantitative com-
parative proteome analysis using TMTs identi-
fied more than 11,000 proteins and showed that 
autophagy is associated with cellular phenotypic 
plasticity. In autophagy-deficient cells, the plas-
ticity was reduced, and the cell dedifferentiation 
impaired, indicating that autophagy is an essen-
tial mechanism for cells to reprogramming their 
development in response to several different 
stimulus, being necessary for wound-induced 
dedifferentiation and tissue repair (Rodriguez 
et al. 2020).

In another approach, the information about the 
differences between plant tissues (roots, above-
ground parts, cauline leaves, 13 stages of flowers, 
and organs/stages) was investigated through pro-
teome and phosphoproteome analysis performed 
with LC-MS/MS and iTRAQ labeling of six 
developmental stages of 16-day-old Arabidopsis 
plants. This work revealed the identity of 2187 
proteins and the pattern of protein expression 
phosphorylated peptides (Lu et  al. 2020). The 
comparative proteomics analysis indicated that 
reproductive organs expressed, in a more promi-
nent manner, proteins related to translation and 
metabolic processes, while plant seedlings pres-
ent a protein repertoire enriched in proteins 
related to oxidation-reduction and responses to 
different stresses. In the same work, the tran-
scription factor and transcriptional regulator pro-
teins were identified and a network of putative 
kinase substrates was generated, reinforcing evi-
dences that bZIP16 transcription factor may be 
the substrate of Map kinase 6 (MAPK6) during 
floral development, integrating light and hor-
mone signaling pathways during early seedling 
development (Lu et al. 2020).

Some plant proteomic approaches also 
included the implementation of Data-Independent 
Acquisition (DIA) (Venable et  al. 2004), which 
acquires data from MS1 and MS2 spectra in MS/
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MS applications, without pre-selection of precur-
sor ions. The acquired data is usually analyzed by 
computational creation of spectral libraries and/
or by using these libraries or consulting preexist-
ing libraries for searching characteristic mass 
spectra (Zhang et al. 2020).

A complementation between discovery and 
targeted proteomics approaches can be initially 
addressed by sequential window acquisition of 
all theoretical mass spectra (SWATH)/DIA 
(data-independent acquisition) and by compar-
ison of these spectra with constructed spectral 
libraries. For instance, by developing a mass 
spectra library, the effects of abscisic acid in 
Arabidopsis were investigated (Zhang et  al. 
2019). An extensive analysis of Arabidopsis 
proteome performed the quantification of 8793 
proteins using a combination of untargeted 
LC-MS/MS using DDA and DIA and genera-
tion of a spectral library. The effects of the hor-
mone abscisic acid (ABA) in Arabidopsis 
proteome was investigated, rendering detailed 
evidences of the previously described role of 
oxidative-reduction processes induced by ABA 
in the cells, and the transitory or gradual 
response of plant metabolism exposed to ABA 
with an initial reduction of the metabolic cel-
lular activity and increase in ribosome biogen-
esis after 2  h of ABA posttreatment followed 
by an increased metabolism of carbohydrate 
and sucrose, and reduced metabolism of 
N-acetylglucosamine and macromolecules at 
72 h posttreatment (Zhang et al. 2019).

Within an integrative omics analysis, a quan-
titative label-free proteomics approach investi-
gated the role of autophagy in maize (Zea mays). 
Wild-type maize background plants (W22) 
where compared with mutant plants for ATG12 
protein, one of the proteins identified as 
AUTOPHAGY-RELATED (ATG) (McLoughlin 
et al. 2018). The study was conducted in selected 
two leaves (two and four), which are rapidly 
expanding sink tissues, in response to short 
nitrogen stress. The quantitative proteome anal-
ysis revealed main biological processes affected 
in nitrogen starved and non-starved plants, indi-
cating that autophagy is involved in many nutri-
ent recycling mechanisms, but it is also an 

important mechanism in the maintenance of 
normal protein abundance in plants. Other 
effects of the mutation of atg12 were observed 
in the alteration of the abundance of proteins 
related to biosynthesis of phenylpropanoids, 
fatty acids, aromatic amino acids, and the posi-
tive correlation of the proteome and transcrip-
tome data for genes associated with 
phenylpropanoid metabolism and glutathione 
transferase activities. These results suggested 
that alterations in the autophagic turnover of 
molecules such as pigments, antioxidants, lip-
ids, among others, are essential for the resulting 
plant leaf phenotype, even under non-stress, 
nitrogen-rich conditions (McLoughlin et  al. 
2018). Further studies of the maize proteome 
under carbon-stress conditions reinforced the 
aspects of autophagy as a critical process for 
proteostasis in plants, likely by the recycling of 
proteins and organelles. To increase the number 
of proteins identified, the authors performed 
two MS runs in a data-dependent mode and 
another two runs of the same extracts using an 
exclusion list of the 5000 most prominent pep-
tides from the first analysis, which increased the 
depth of the proteome analysis of the further 
runs (McLoughlin et  al. 2020). The proteome 
results of this approach indicated that leaves of 
maize atg12 mutant have increased levels of 
ribosome-associate proteins, and proteins 
related to redox homeostasis and catabolism of 
fatty acids, amino acids, small molecules, 
nucleotides, and glutathione (GSH), suggesting 
that even under conditions of impaired autoph-
agy, the cells respond partially in a similar way 
as with full autophagy systems. These effects 
may be part of a complex compensatory mecha-
nism that may take place in plants serving as 
alternative for the deficient autophagy 
(McLoughlin et al. 2020).

The quantitative proteome analysis is signifi-
cantly contributing to increase our understanding 
of several complex phenomena in plants. Large 
studies using time-resolved in-depth quantitative 
approaches will certainly disclose regulatory 
aspects of the cellular mechanisms related to the 
control of cell growth, carbon usage, and stress 
responses in plants.
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3.2.3	 �Proteomics Analyses 
of Posttranslational 
Modifications (PTMs)

With the increased throughput and mass resolu-
tion of the current MS instruments, the identifica-
tion of chemical modifications of peptides or 
intact proteins occurs through  the analysis of 
posttranslational modifications (PTMs), which 
do refer to the covalent and generally enzymatic 
modification of proteins following protein bio-
synthesis. These modifications generally include 
potential changes in protein sub-cellular localiza-
tion, protein stabilization/degradation, enzyme 
activity, and interactions with protein partners or 
other biomolecules (Friso and van Wijk 2015; 
Spoel 2018). The occurrence of PTMs greatly 
expands proteome complexity and diversity, 
affecting numerous cellular signaling events and 
responses to the environment (Friso and van Wijk 
2015; Larsen et al. 2006). Based on the type of 
modification, more than 300 potential PTMs can 
occur in  vivo including: (a) reversible/irrevers-
ible addition of chemical groups (phosphoryla-
tion, acetylation, methylation, and redox-based 
modifications), (b) reversible addition of poly-
peptides (ubiquitination, SUMOylation, and 
other modifications by ubiquitin-like (Ubl) poly-
peptide), (c) reversible addition of complex mol-
ecules (glycosylation, attachment of lipids, 
ADP-ribosylation, and AMPylation), and (d) 
irreversible direct modification of amino acids 
(deamidation, eliminylation) or protein cleavage 
by proteolysis (Larsen et  al. 2006; Spoel 2018; 
Vu et al. 2018). In addition, apart from a single 
regulatory PTM role, there is also potential cross-
talk with other PTMs, making the mechanisms 
and dynamics of protein modification still more 
complex (Arsova et al. 2018; Du et al. 2019; Vu 
et al. 2018).

The study of PTMs is considered technically 
demanding due to the labile nature, low stoichi-
ometry, and abundance of protein modification 
when analyzing whole-cell lysates (Larsen et al. 
2006; Swaney and Villen 2016). Therefore, a 
PTM enrichment step for modified peptides is 
normally necessary before MS analysis (Murray 
et  al. 2012; Swaney and Villen 2016). Dealing 

with complex plant proteomes of model and non-
model species, it is important to select adequate 
proteomic approaches aiming the identification 
of proteins and analysis of their dynamic PTMs 
(Hu et al. 2015). Traditionally, PTMs have been 
identified by Edman degradation, amino acid 
analysis, isotopic labeling, or immunochemistry 
(Larsen et  al. 2006). Nowadays, shotgun pro-
teomics is one of the most widely used approaches 
to analyze PTMs (Yu et al. 2020). The adoption 
of large-scale quantitative proteomic approaches 
including isotope-coded affinity tags (ICATs), 
tandem mass tags (TMTs), and isobaric tags for 
relative, and absolute quantitation (iTRAQ) is 
enabling a more confident identification and mul-
tiplexed quantitation of PTMs (Hu et  al. 2015; 
Liu et al. 2019; Murray et al. 2012). Once a PTM 
site is identified, biological characterization of 
protein modifications can be addressed with tar-
geted MS-based quantitative approaches such as 
multiplexed selective reaction monitoring (SRM) 
or Sequential Windowed Acquisition of All 
Theoretical Fragment Ion Mass Spectra (SWATH 
MS) (Arsova et al. 2018; Sidoli et al. 2015).

Several aspects of plant metabolism and 
development involve signaling events. Different 
inorganic or organic compounds can function as 
signaling molecules that are going to regulate the 
plant cell behavior. Among the many possible 
molecular events that may take place in plant sig-
naling mechanisms, the posttranslational modifi-
cation of proteins is of upmost interest as it 
controls a vast set of cellular responses, including 
growth, membrane trafficking, gene expression, 
degradation, to mention a few.

The use of proteomics to uncover signaling 
mechanisms is step by step taking advantage of 
the high resolution and throughput of the MS 
instruments to uncover the signaling networks 
of the plant cells. In the current investigations, 
the analysis of protein targets of the reactive 
oxygen species (ROS) and reactive nitrogen 
species (RNS) is gaining more attention due to 
their promising role in plant growth through 
the redox homeostasis. The investigation of the 
cellular role of these chemical species can be 
done through the analysis of the chemical 
modifications in the target molecules generated 
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by the reactions with reactive oxygen and/or 
nitrogen species.

Among the several possible protein oxidore-
duction PTMs that can be identified in plants, the 
protein nitrosation (or nitrosylation) which repre-
sents target protein alterations in response to the 
function of nitric oxide has gained more attention 
as central process in defining carbon and nitrogen 
metabolism in land plants (Nabi et al. 2020) and 
microalgae under stress conditions (De Mia et al. 
2019; Morisse et al. 2014).

Cysteine S-nitrosation is a redox-based PTM 
that mediates major physiological and biochemi-
cal effects of nitric oxide (NO). Emerging evi-
dence indicates that protein S-nitrosation is 
ubiquitously involved in the regulation of plant 
development and stress responses (Feng et  al. 
2019; Gong et al. 2019). Despite its importance 
in plants, studies exploring protein signaling 
pathways that are regulated by S-nitrosation dur-
ing plant development and embryogenesis are 
still scarce, particularly in non-model plant spe-
cies. For instance, using redox proteome analysis 
of S-nitrosation, a considerable array of proteins 
associated with a large variety of molecular func-
tions were identified in Brazilian pine proteome, 
generating novel insights into the roles of 
S-nitrosation during somatic and zygotic embryo 
development. Using a method adapted to the 
Biotin-Switch (Forrester et  al. 2009), replacing 
biotin with the iodo-TMT126 (iodo-Tandem 
Mass Tag), the occurrence of in vivo and in vitro 
S-nitrosation was investigated during somatic 
and zygotic embryo formation of Brazilian pine 
(Araucaria angustifolia (Bertol.) Kuntze), an 
endangered native conifer of South America.

Previous analyses using physiological, tran-
scriptomic, and quantitative proteomics 
approaches (dos Santos et  al. 2016; Elbl et  al. 
2015; Silveira et al. 2006) suggested a potential 
influence of the redox environment and nitric 
oxide production during Brazilian pine embryo 
formation. The S-nitrosoproteome analyses iden-
tified 158 S-nitrosylated proteins in vitro (i.e., via 
the incorporation of a NO donor), with 36 pro-
teins detected during seed development (globular 
embryo until late cotyledonal stage) and 122 pro-
teins detected during somatic embryo formation 

(transition from proembryogenic masses to early 
somatic embryos). This study indicated that most 
S-nitrosylated proteins were involved in metabo-
lism of primary compounds (carbohydrates and 
nucleic acids) and cellular processes and signal-
ing (turnover of proteins and chaperones). For 
late-stage embryogenesis, functions associated 
with S-nitrosylated proteins were stress resis-
tance (abiotic stress response), cellular processes 
(signal translation, chaperones, and protein turn-
over), and metabolism (energy production, trans-
port, and carbohydrate metabolism). Interestingly, 
47 proteins were identified as endogenous 
S-nitrosylated during early and late-stage 
embryogenesis, suggesting a role of this PTM 
during Brazilian pine embryo formation. The 
possibility of generating a stable bond between 
Cys and iodo-TMT126 enabled the identification 
of labeled peptides using mass spectrometry and 
the determination of the position of nitrosylated 
Cys residues. The identification of the possible 
cellular biological processes affected in non-
model plants by NO reinforce the observations 
about the myriad of functions regulated by the 
protein PTMs generated by ROS and RNS, which 
are likely coordinated by a complex regulatory 
network (Leon and Costa-Broseta 2020). The 
cellular effects coordinated by these networks are 
possibly accomplished by the interplay between 
redox homeostasis systems which involve cyste-
ine oxidative modifications and the systems of 
thioredoxins and disulfide reductases, which are 
expressed by several genes in plants, composing 
a highly complex regulatory mechanism of cel-
lular response (Navrot et al. 2011).

3.3	 �Proteomics of Non-model 
Species

The many challenges already present in the plant 
proteomics analysis are more pronounced in the 
investigation of non-model plant species. This is 
especially true after the past decade, when the 
number of species with a fully sequenced genome 
grew substantially, with non-model plant species 
distinguished by the lack of experimentally vali-
dated functional evidence for a great variety of 
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annotated genes. This scarcity on information 
may result from long life cycle, large genome 
size (often polyploid) and recalcitrance to labora-
torial cultivation, whose characteristics are 
opposed to model plants, such as Arabidopsis 
thaliana. The study on non-model plants greatly 
relied on establishing gene and protein sequence 
homology analyses with model organisms, but 
this approach is questionable when there is only 
far phylogenetic relation between the species 
analyzed. As the more distant organisms are phy-
logenetically lesser there can be functional 
extrapolation (Heck and Neely 2020). Plants are 
physiologically diverse, implying that sometimes 
homology-based annotation does not accurately 
indicate the function of groups of genes or their 
relation to complex cellular mechanisms. 
Additional co-expression or regression analyses 
have been shown as powerful tools to be used for 
the search of functional categories and novel 
pathways inherent of non-model plant proteomes, 
which may guide functional investigations in 
non-model plant species.

Currently, the progress on genome sequencing 
and annotation, followed by advances in bioin-
formatics and data integration offer analytical 
tools similar to the ones used for model plants 
(Bolger et al. 2017). We are now living the post-
model organism era, whose resources have been 
being well utilized and essential for non-model 
plants research, such as crops (Heck and Neely 
2020). One example is sugarcane, a C4 grass able 
to accumulate large amounts of sucrose and con-
sidered the world’s leading biomass crop (Souza 
et al. 2019). For a long time, rice (also a monocot 
but with a C3 metabolism) and maize were the 
“model” organisms phylogenetically closer to 
sugarcane. The first sugarcane proteomic studies 
tested different extraction methods (Amalraj 
et al. 2010), identified specific classes (Cesarino 
et al. 2012), and provided the characterization of 
abiotic stress-response (Zhou et al. 2012). Until 
2013, proteomes surveys of this crop were scarce 
(Boaretto and Mazzafera 2013). However, after 
several perseverant efforts on Saccharum spp. 
genome sequencing and assembly (Boaretto and 
Mazzafera 2013; Garsmeur et al. 2018; Grativol 
et al. 2014; Miller et al. 2017; Okura et al. 2016; 

Riano-Pachon and Mattiello 2017; Souza et  al. 
2019; Vettore et al. 2003; Vilela et al. 2017), the 
catalog of proteins identified by mass spectrom-
etry largely increased for both descriptive and 
several sorts of biological conditions (for a 
review see Miller et al. 2017). In this highly poly-
ploid species, the identification of glycoside 
hydrolases (GH) at the protein level paved the 
way for target experimentation. Domain predic-
tion and homology investigation indicated that 
members of the GH families are numerous in 
sugarcane, but only dedicated extraction and 
analyses of proteomic pipelines could point to 
which exact proteins and at which amount were 
present in different organs and developmental 
stages (Calderan-Rodrigues et  al. 2014, 2016; 
Fonseca et al. 2018). Combined omics and pro-
tein activity essays from these retrieved GHs 
showed that the cell wall degradation occurring 
on a particular tissue was timely orchestrated by 
different proteins that tackled pectin, callose, 
hemicelluloses, and cellulose at last (Grandis 
et al. 2019). The GHs identified in this cell disas-
sembly mechanism could be manipulated in a 
timely controlled fashion to produce plants more 
amenable to saccharification resulting in aug-
mented ethanol yield. For dedicated functional 
studies, an alternative that has been used for non-
model plants is the transference of the target gene 
to a model host, allowing a better comprehension 
of the metabolic changes. This approach was suc-
cessfully employed for the sugarcane cell wall-
related transcription factor SHINE (Martins et al. 
2018) and a Dirigent-Jacalin (Andrade et  al. 
2019).

So far, the selection of target genes for non-
model plants has been performed mostly based 
on genomic, transcriptomic, or in silico data. 
Furthermore, the possibility to promptly generate 
RNAseq data can provide draft proteome data-
bases for MS-identification, which makes the use 
of proteogenomics a powerful tool to study non-
model plant species (Armengaud et  al. 2014). 
One of the frontiers to be crossed relies on a more 
straightforward use of plant proteomics as an 
instrument to select the expressing alleles and 
thus markers more successfully related to pheno-
type. However, proteomic pipelines did not reach 
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the same advancement levels as transcriptomic 
ones, and we urge to have sensitive, high-
throughput, and low-cost technologies in order to 
make this possible (Peace et al. 2019).

The study of non-model plants is extensively 
laborious and sometimes does not attract as many 
attention as the possibility to deepen the investi-
gation on known biological pathways by using 
model plants. However, proteomic investigations 
of non-model species have brought light to excit-
ing discoveries related to plant metabolic and 
developmental specificities (Grandis et al. 2019; 
Sergeant et  al. 2019), biomass accumulation 
(Calderan-Rodrigues et  al. 2019), disease 
responses (Diaz-Vivancos et  al. 2006; He et  al. 
2012; Tahara et al. 2003; Zhang et al. 2015), and 
several sorts of abiotic stresses (Aghaei and 
Komatsu 2013; Cia et al. 2018; Huang and Sethna 
1991; Wang et al. 2017). Research in this area not 
only contributed to biological insights from these 
specific conditions and species but also provided 
a more complete picture of the whole autotrophic 
nature, allowing to deepen the evolutionary dis-
cussion as well. Once confined to conditional 
conclusions, non-model plant proteomics can 
now take a step further, and instead of conflictive, 
data integration between model and non-model 
ones and target experimentation will allow these 
two groups to be considered of the same level. 
This will attract interest for non-model species 
research and will fuel a virtuous cycle to provide 
more and more biological information.

3.4	 �Future Directions

The recent advances in proteomics analysis of 
model and non-model plant species have demon-
strated that the evolution of techniques and 
instrumentation had revolutionized how fast we 
can identify the plant molecular phenotypes. 
Emergent characteristics have been uncovered by 
the proteomics, and the proper discovery of many 
linkages between transcriptomics and other 
omics through the quantification of proteins is 
revealing several processes and cellular mecha-
nisms that may play fundamental role in regulat-
ing cell growth and metabolism.

It is clear that a big challenge in the proteomics 
field is the limitation of analyzing, at the same 
time, all aspects of the plant proteome, specially 
the regulation of cellular responses, such as the 
function of transcription factors and regulators, 
the roles of PTMs, and redox homeostasis in cel-
lular phenotypes. The analysis of how individual 
cells respond and contribute to an organismic 
phenotype are revealing how complex the inter-
action between cells are in defining a phenotype. 
For instance, there are already indications of 
molecular similarities between different tissues 
or parts of a plant but vast differences at the level 
of cell types or individual cells. The combination 
of the total proteome analysis of organisms with 
targeted cell type proteome may drive compre-
hensive systems analysis of plant phenotypes, 
mixing the power of holistic analysis with the 
observation of cell type specificities, specially 
the regulatory ones.

The analysis of plant phenotypes has been 
performed using different proteomics approaches, 
which in many cases integrate cell biology and 
analytical techniques. This knowledge, mainly 
based on the application of shotgun mass 
spectrometry-based proteomics, has brought to 
light specific quantitative and qualitative infor-
mation of the molecular physiology of plants.

Nevertheless, plant proteomics at the single-
cell level or single-cell type can and will likely 
contribute to the understanding of the dynamic 
changes that occur in cells in response to environ-
mental alterations and to regulatory aspects of the 
plant differentiation or development. It may also 
disclose the importance, rules, and the degree of 
heterogeneous responses cell population exert in 
defining a plant phenotype, elucidating how dif-
ferent mechanisms are coordinated to generate a 
phenotype from a series of individual cellular 
responses (Libault et al. 2017).

The use of gel-based proteomics approach is 
probably taking a more consistent path toward 
the comparative analysis of subcellular pro-
teomes and targeted analysis of protein com-
plexes, while been extensively used for 
comparative proteomics analysis of non-model 
plant species coupled to protein identification 
by MS.
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Time-resolved plant shotgun MS-based pro-
teomics analysis is still the most prominent 
approach currently applied in the plant proteomic 
science and will remain like that for the near 
future, unless a large-scale protein sequencing 
strategy is developed that could compete or sub-
stitute the MS-based proteomics, for some analy-
sis at least.

This technical advance would contribute to 
drastically expand the number of proteome stud-
ies of non-model plant species, bringing more 
information for a future large comparative sys-
tems biology analysis, which may reveal emer-
gent properties of the plant development and 
responses to environmental changes.
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