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Understanding nutrient metabolism in plants is a key 
challenge for understanding processes of primary and 
secondary metabolism and is indispensable for plant 
improvement in terms of yield and quality. Nutrient im-
balances will lead to growth impairments and yield de-
pressions. Plants have developed strategies to cope with 
such conditions within certain margins. Modern agricul-
ture is based on supplementing soils to provide an op-
timal nutrient portfolio in combination with elite cultivars 
of crops adapted to these conditions (Whitcomb et  al., 
2014). A more sustainable agriculture strives at reducing 
inputs. This necessitates the development of novel culti-
vars to fit balanced but reduced nutrient inputs.

Physical properties such as water availability, temperature, and 
soil parameters all influence nutrient availability. Suboptimal 
conditions lead to stress, might occur in combinations, and are 
often disparate in time and location. Plants need to integrate 
all these varying abiotic inputs during the course of their life 
cycle. The study by Henriet et al. (2021) excels at investigating 
with a multiple ’omics (multi-omics) approach a combination 
of nutrient and water depletion on crop growth and yield. 
A combined transcriptome (Henriet et al., 2019) and proteome 
analysis was performed in a double stress experiment during 
pea seed development consisting of sulfate depletion and reduc-
tion of water availability. The study resulted in the identification 

of stress-regulated antioxidant systems linked to sulfate response 
mechanisms. More than that, the study provides databases ex-
ploitable for meta studies and suggestions on how to further 
access the data. With that, it is one stepping stone towards an in-
tegrated multi-omics concept (Watanabe and Hoefgen, 2019).

Premise and promise of multi-omics

The dynamic response process to sulfate deprivation and to 
water stress comprises successive phases. Immediate responses 
such as the activation of uptake systems are followed by mo-
lecular adaptations such as alterations of resource allocation, 
a reorganization of cellular processes including degradation 
of molecules or cellular structures by autophagy, followed by 
phenotypic alterations such as altered root growth patterns, 
change of flowering times, and abortion of excess sinks by, for 
example, selected seed abortion, and, finally, nutrient depletion-
induced senescence (NuDIS). This poses the challenge of ana-
lyzing various phases, several tissues, and several stress levels to 
achieve a complete understanding. At the transcriptomics and 
metabolomics level forsulfate metabolism, for example, quite 
a number of studies are available. However, plants researched 
in the earlier studies were often exposed to extreme and often 
a single condition such as full sulfate starvation, and limited 
by technical issues such as, for example, the incompleteness 
of arrays. For most pertinent approaches, one should bear in 
mind that growth methods, though highly practical, are usu-
ally quite artificial and intentionally ‘uni-dimensional’, as they 
have been designed to alter only one condition in order to 
reduce complexity. Sulfate is highly water soluble and hence 
mobile in soil. In effect, the plant response to nutrient and 
water deprivation is complex and multi-dimensional. Targeted 
analyses, though fundamental, will only reveal parts of the dy-
namic pleiotropic responses, while multi-omics approaches will 
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provide the integrated response of the plant at various levels as 
a readout (see Box 1). Targeted analyses are nonetheless indis-
pensable to substantiate ’omics-driven hypotheses. Yet, ’omics 
approaches usually aim at detecting differences between states 
which will, for example, miss allosteric changes in enzyme ac-
tivity, for which indications could be obtained by systematic 
flux analyses—fluxomics. To fully explore the regulatory inter-
actions, multi-omics approaches must be adopted that quan-
tify the stages surrounding translation, in addition to protein 
and mRNA abundance. A growing field is the analysis of the 
translatome, plant proteome, and of post-translational changes 
(Aroca et al., 2017; Martí et al., 2020; Wang and Chu, 2020). 
Novel, system-wide translation methods in conjunction with 
mRNA and protein quantification are starting to uncover the 
complex interplay across the ’omic scales (Kage et al., 2020). 
Puromycin-associated nascent chain proteomics (PUNCH-P) 
is one of these latest techniques (Aviner et  al., 2013; Aviner, 
2020). It leads to a snapshot of the translatome by globally 
labeling newly synthesized proteins that can be quantified 
using MS analyses, versus the more familiar ribosome profiling 
technique, Ribo-Seq, which arrests translation and sequences 
protected mRNA fragments (Choudhary et al., 2020; Fremin 
et al., 2020). By accounting for post-translational modifications 
by using both mRNA and translation abundance, this pro-
vides powerful data for statistical prediction of protein abun-
dance. Ribosome profiling technologies will revolutionize our 
ability to understand translational control of gene expression. 
The outcome of this is that translation rates have significantly 
higher predictive power for protein abundance than transcript 
levels alone, as has been shown by Parkes and Niranjan (2019). 
Although this approach underestimates protein modification 
and overestimates protein degradation, it highlights the oppor-
tunities for modeling translatomics by essentially providing a 
flux analysis of the proteome.

Multi-omics analyses were recently performed on sim-
pler systems such as algae in, for example, a combined tran-
scriptome, proteome, and metabolome investigation of the 
reaction of the diatom Phaeodactylum tricornutum to nitrogen 
starvation with the aim to understand the complex responses 
and provide tools to improve yields (Remmers et al., 2018). 
Nitrogen starvation elevates triacylglycerol contents and 
carbohydrates as bioenergy precursors but with a trade-off on 
yield. The analysis of the complex intertwined responses of 
multiple pathways, initially triggered by nitrogen depletion-
induced ROS (reactive oxygen species), now provides know-
ledge and hence possibilities for engineering improved strains 
for effective bi-molecule production. Another multi-omics 
study employing transcriptomics, metabolomics, and analysis 
of protein modifications and physiological parameters of the 
desert algae Chlorella ohadii which was aimed at understanding 
photosynthesis and performance under conditions of inten-
sive irradiance succeeded in shedding new light on photo-
synthetic processes and resistance mechanism to photodamage 

(Treves et  al., 2020). More and more multi-omics studies of 
higher plants are being performed. Duruflé et al. (2020) com-
bined phenomics, metabolomics, cell wall proteomics, and 
transcriptomics to explore natural variations within a popula-
tion of Arabidopsis adapted to diverse environments along ele-
vation gradients and focused on cell wall features. The authors 
claim that only through the combination of the multi-omics 
data could they identify novel genes involved in adaptation to 
suboptimal growth conditions. A metabolomics, proteomics, 
and transcriptomics study on Arabidopsis exposed to sulfate, 
nitrate, and phosphate starvation (Luo et al., 2020) corrobor-
ated previous studies (Scheible et al., 2004; Morcuende et al., 
2007; Bielecka et  al., 2015) but also provided new insights 
of the regulatory mechanisms involved. In general, Luo et al. 
(2020) concluded that the main transcriptomic changes re-
lated to low nitogen indicated enhancement of plant defense 
and immunity mechanisms, while transcriptomic changes 
under low sulfate indicated down-regulation of cell division 
and the stimulation of autophagy. Already in this study, dif-
ferences from other investigations were, broadly speaking, 
assigned to different growth and experimental conditions. 
When comparing the transcriptome of a recent study by 
Dietzen et al. (2020) with that of Luo et al. (2020), several of 
the highlighted transcript changes do not coincide. On the 
one hand, this was described as a major challenge for com-
parability of multi-omics data (Watanabe and Hoefgen, 2019), 
but shows, on the other hand, the enormous flexibility of 
plant metabolism in response to its environment. Plants even 
adapt to the extreme microgravity conditions on the ISS space 
station (Kruse et  al., 2020). The transcriptomics, proteomics, 
and phosphoproteomics study in comparison with ‘earth’-
grown plants identified cell wall-related processes linked to 
growth, ROS responses, and auxin regulation as main effects. 
A  striking difference between the transcriptome and the 
proteome is mentioned in this study, and also in a recent study 
investigating the dynamic response of the root transcriptome 
and metabolome to auxin and ethylene (Hildreth et al., 2020). 
Essentially, the transcriptome did not allow prediction of the 
metabolome. Kruse et al. (2020) claim that this is not a dis-
advantage, but rather indicates an as yet incomplete under-
standing of the regulatory landscape (see Box 1).

A common hallmark of stresses is the production of ROS. 
ROS are Janus-faced molecules and might act as a signal or as 
a threat to cell integrity (Choudhury et al., 2017). The main 
question is how these processes are co-regulated and how gen-
eral and specific responses are intertwined. Henriet et al. (2021) 
suggest a link between S starvation and drought responses, with 
ROS production as the prevalent result. Drought stress, as well 
as sulfur deprivation, causes metabolic imbalances leading to 
oxidative stress. ROS accumulation during sulfur deprivation 
stimulates peroxidation of biomolecules and reduced synthesis 
of sulfur-containing compounds. Considering the involve-
ment of glutathione (GSH) in ROS detoxification pathways, 
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Box 1.  Overview of multi-omics approaches

The increase in potential complexity when moving from phase to phase of the canonical information 
flow from genome to phenotype is huge. The four-nucleotide codes of DNA and mRNA are translated 
into a much more complex 20 amino acid code, with primary sequence polypeptides of varying 
lengths that can be folded into one of an exceptionally large number of possible conformations and 
chemical modifications to produce a final functional protein that can have multiple isoforms for the 
same protein, be derived from alternative splicing, and be modified post-translationally. Furthermore, 
we do not completely understand the biological role of all detectable metabolites. All the above 
are highly plastic and can be shaped at the level of a single cell, and may span developmental 
time or cellular phases to form a functional part of an ecosystem together with a plethora of other 
organisms. Therefore, it is imperative to understand the principles by using bioinformatics tools to 
sensibly choose the most suitable one(s) to progress our understanding on the individual ’omics 
platforms and to integrate across ’omics platforms. Techniques are still in development to analyse 
the phenotype of cells in a high-throughput fashion, correlating changes in the genome and the 
proteome to cellular phenotypes; that is, cell-omics. Finally, a major challenge to fully complete the 
picture is represented by environmental factors which critically influence all levels. New approaches 
such as Mendelian randomization analysis in which variations in genes of known function (genetic 
markers) are used as decoys for environmental factors to be studied in association with traits are 
taking flight. We give credit to Mark Stitt, of Max Planck Institute of Molecular Plant Physiology, who 
in his many presentations shaped the idea of transcriptomics being what plants think, proteomics 
what they do, and metabolomics displaying the result of these processes. Illustration of vegetative 
Arabidopsis plant is courtesy of Frédéric Bouché (https://doi.org/10.6084/m9.figshare.7159934.v1).
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it is not surprising that application of sulfate fertilizer increases 
the activities of the respective enzymes (Usmani et al., 2020). 
Furthermore, sulfate application maintains the photosynthetic 
capacity under drought stress and promotes the photosynthetic 
assimilation of sulfate to produce Cys, which in turn may be 
used to synthesize Met or to form GSH.

Calling for multi-omics

Plants are highly complex organisms that not only show highly 
specific developmental programs but also adapt in a quick and 
flexible manner to environmental cues. The enormous flexi-
bility of plant metabolism, which increases from level to level, 
namely from DNA to phenotype, has to be considered. One 
example is the plethora of post-translational modifications and 
effects on enzyme activities at the protein level (see Box 1). 
To name only a few, phosphoproteomics, advanced proteomics 
tools such as as PUNCH-P, or protein–ligand interaction 
studies at high throughput scale (Luzarowski and Skirycz, 2019) 
might help to reveal regulatory activity changes not detectable 
in differential proteomics. As multi-omics studies become in-
creasingly financially and technically attainable, and growing 
sets of methodologies and tools are readably available, choosing 
which multivariate method can generate the most insights into 
information locked up in complementary multi-omics data 
sets is of paramount importance. Just as the grand unified field 
theory in particle physics, the future might hold promise of 
one grand unified theory of ’omics: a technology that would 
embrace an entire life cycle and how all processes during this 
life cycle are shaped by perturbations and environmental fac-
tors. Acceleration of artificial intelligence from smart algo-
rithms is the mainspring of complexomics. For this, we need 
a further accumulation of ’omics data, preferably multi-omics 
studies applied on one experimental set-up and repetitions of 
previous experiments with novel technologies, to broaden the 
database for meta-bioinformatics studies and to produce stable 
testable hypotheses. Given the observed discrepancies between 
studies, detailed descriptions of experimental procedures such 
as growth conditions and harvest regimes are crucial to re-
solve this problem and achieve comparability (Watanabe and 
Hoefgen, 2019). Further, a move towards analyzing organs or 
tissues is necessary to improve the predictive power. To this end, 
Henriet et al. (2019, 2021) provided an informative showcase 
as the experimental conditions for plant growth are described 
in detail and focus on plant seeds, eventually aiming at ex-
ploiting these data for plant breeding. Complexity might fur-
ther increase when considering biotic and abiotic ecosystem 
effects. The integration of metadata and particular parameters 
such as humidity or light spectra should be used for data inte-
gration and for building prediction models. Given the vast and 
growing amount of data, bioinformatics will be necessary at all 
levels to extract processes and interconnectivities underlying 

metabolism and physiology, to separate the wheat from the 
chaff, and to achieve a systems biology understanding.
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