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Agriculture is particularly vulnerable to climate change.
To cope with the risks posed by climate-related stressors
to agricultural production, global population growth, and
changes in food preferences, it is imperative to develop new
climate-smart crop varieties with increased yield and envi-
ronmental resilience. Molecular genetics and genomic anal-
yses have revealed that allelic variations in genes involved
in phytohormone-mediated growth regulation have greatly
improved productivity in major crops. Plant science has
remarkably advanced our understanding of the molec-
ular basis of various phytohormone-mediated events in
plant life. These findings provide essential information for
improving the productivity of crops growing in changing cli-
mates. In this review, we highlight the recent advances in
plant hormonomics (multiple phytohormone profiling) and
discuss its application to crop improvement. We present
plant hormonomics as a key tool for deep physiological
phenotyping, focusing on representative plant growth reg-
ulators associated with the improvement of crop produc-
tivity. Specifically, we review advanced methodologies in
plant hormonomics, highlighting mass spectrometry- and
nanosensor-based plant hormone profiling techniques. We
also discuss the applications of plant hormonomics in crop
improvement through breeding and agricultural manage-
ment practices.

Keywords: Biosensor e Biostimulant e Breeding @ Mass
spectrometry ® Phytohormone

Introduction

Agriculture is particularly vulnerable to climate change. Accord-
ing to a recent Intergovernmental Panel on Climate Change
report, climate change has already negatively affected agri-
cultural food production through climate-related factors such

as rising temperatures, changing precipitation patterns and
an increase in the frequency and severity of extreme weather
events (Van Meijl et al. 2018, Zandalinas et al. 2021). Moreover,
non-climate stressors such as global population growth, rapid
urbanization and the associated lifestyle changes have led to
changes in food consumption patterns, placing further pressure
on sustainable food security (Seto and Ramankutty 2016, Pros-
ekov and Ivanova 2018, FAO 2019, FAO, IFAD, UNICEF, WFP
and WHO 2020). To cope with the combined risks of climate-
and non-climate-related stressors to agricultural production,
there is a need to develop new climate-smart crop varieties with
increased environmental resilience and improved yield.

Plants endogenously produce small organic molecules—
known as phytohormones or plant hormones—that function
as signaling molecules and regulate almost all known biologi-
cal phenomena in plants, including growth and developmental
processes and responses to various biotic and abiotic environ-
mental stresses. To the best of our knowledge, there are nine
groups of plant hormones: auxins (AUXs), cytokinins (CKs),
gibberellins (GAs), brassinosteroids (BRs), abscisic acid (ABA),
jasmonates (JAs), salicylicacid (SA), ethylene (ET) and strigolac-
tones (SLs) (Santner et al. 2009, Waters et al. 2017). The physio-
logical functions of these plant hormones have been extensively
studied. In short, AUX is primarily implicated in cell differentia-
tion and elongation (Woodward and Bartel 2005), CK regulates
cell differentiation and the progression of the cell division cycle
(Kieber and Schaller 2018), GA is involved in cell expansion and
differentiation (Hedden and Sponsel 2015), BR is required for
cell and tissue growth (Clouse and Sasse 1998), SL modulates
developmental processes (Waters et al. 2017), ABA isimplicated
in bud and seed dormancy and abiotic stress responses (Cutler
et al. 2010), JA plays a pivotal role in injury response and abiotic
stress responses (Schilmiller and Howe 2005, Dar et al. 2015), ET
is required for low-oxygen stress response (Bakshi et al. 2015)
and SA is involved in plant defense responses to pathogens
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(Vlot et al. 2009). Although these plant hormones share cer-
tain physiological functions, they generally have distinct roles
(Nemhauser et al. 2006). Moreover, these hormones constitute
a complex response network (see below) as they exhibit both
positive and negative interactions. Plants make use of and are
dependent on these hormones to orchestrate their biological
activities in order to adapt to environmental fluctuations.
Following remarkable advances in the molecular genetics
and genomics of crop plants, studies have highlighted the role
of plant hormones in various agronomically important traits
during crop breeding. A prominent example is the emergence
of semi-dwarf varieties of major crops due to defective GA
biosynthesis, which contributed to the Green Revolution in the
1960s. Over the 30 years following the Green Revolution, the
major genes responsible for reduced plant height were identi-
fied in wheat and rice (Spielmeyer et al. 2002). In ‘usu’ varieties
of barley, a mutation in the gene encoding the BR receptor
can produce a semi-dwarf mutant. This occurs independently
of GA-related mutations and results in a BR-insensitive phe-
notype (Chono et al. 2003), which is often observed in crop
landraces in East Asian countries (Saisho et al. 2004). In rice,
the genes responsible for flooding tolerance—the Snorkel genes
and Submergence-1A—encode ET-responsive factor-type tran-
scription factors that regulate the escape strategy for deep-
water tolerance and the quiescence strategy for flash flood-
ing tolerance by promoting and inhibiting the GA-mediated
internode elongation, respectively (Singh et al. 2017). These
examples demonstrate that allelic variations in genes that par-
ticipate in phytohormone-mediated growth and regulation can
contribute to improved productivity in major crops.
Molecular genetics has advanced our understanding of
the molecular basis of various phytohormone-mediated life
events in plants. Numerous studies have illustrated the cross
talk networks among multiple phytohormones in various cir-
cumstances, including growth, development and biotic and
abiotic stress responses in plants (Santner and Estelle 2009,
Jaillais and Chory 2010, Peleg and Blumwald 2011, Ross et al.
2011, Vanstraelen and Benkova 2012). Recent studies have
also demonstrated that many plant hormones participate in
the systemic regulation of responses to ambient conditions,
which maximizes plant fitness through long-distance transport
and signaling networks across plant organs (Ruffel 2018). In
addition to classical phytohormones, various small peptides
that function as signaling molecules (peptide hormones) have
received increased attention, as they are involved in the sys-
temic regulation of stress adaptation and development through
long-distance signaling (Andrews and Rothnagel 2014, Oh et al.
2018, J. S. Kim et al. 2021, M.-). Kim et al, 2021). Studies
on plant-microbe interactions have also revealed that several
phytohormones produced by plants and/or plant-associated
microbes are vital components for plant—-microbe communica-
tion; these findings may help develop new strategies for regulat-
ing plant growth by manipulating plant microbiota (Gao et al.
2019, Fitzpatrick et al. 2020, Eichmann et al. 2021). Therefore,
phytohormones could function as a useful set of biomarkers

indicating the physiological state of crops, which would facili-
tate crop breeding and management and help to improve the
resilience of agricultural production.

In this mini review, we highlight the recent advances in plant
hormonomics and their applications for crop improvement.
Following our brief review of recent advances in plant hormone
research, we showcase advanced methodologies and emerging
approaches in plant hormonomics, including mass spectrom-
etry (MS)-based hormone analysis and bio-nanosensor-based
plant hormone profiling. Moreover, we discuss plant hormo-
nomics and its application in crop improvement through selec-
tive breeding and agricultural management practices.

Plant Hormone Levels Are Associated with
the Developmental and Physiological Status
of Plants

Plants systematically regulate the levels of plant hormones
through de novo synthesis and degradation or inactivation, thus
ensuring the optimal functioning of phytohormones according
to the internal or external environment (see below). Although
plant hormones seem to exist ubiquitously in plant bodies,
their concentrations are spatiotemporally regulated in various
tissues and differentiated cell types. For example, plant hor-
mones involved in developmental processes—such as indole
acetic acid (IAA), CK, GA and BR—are localized in specific tis-
sues (Novak et al. 2017). Moreover, all plant hormones have
shown to be implicated in either the positive or the negative
regulation of photosynthesis, which is crucial for plant growth
(Gururani et al. 2015). Therefore, the quantification of plant
hormone levels across tissues and developmental stages can
offer insights into the functions of tissues during the various
developmental stages.

The biosynthesis and degradation pathways of plant hor-
mones are largely understood, and the genes responsible for the
critical steps of these metabolic and catabolic pathways have
been described (Vlot et al. 2009, Wasternack and Song 2017,
Mostofa et al. 2018, Wei and Li 2020, Casanova-Saez et al. 2021,
Pattyn et al. 2021, Vukasinovic et al. 2021). For example, CK
levels are strictly regulated during development. CK refers to a
group of chemicals, including isopentenyl adenine (iP), trans-
zeatin (tZ), cis-zeatin and dihydrozeatin. In plants, these CKs
are produced from adenosine monophosphate or transfer RNA
and differ only in the side-chain structure at the N6 position
of the adenine ring (Kamada-Nobusada and Sakakibara 2009,
Kieber and Schaller 2018). A cytochrome P450 monooxygenase,
CYP735A, which converts iP to tZ, is required for shoot growth
in Arabidopsis, indicating a strong link between structural
conversion and developmental regulation (Kiba et al. 2013).
The genes for LONELYGUY (LOG)—a phosphoribohydrolase
that catalyzes the final step of CK synthesis (Kurakawa et al.
2007)—are strictly regulated during development in Arabidop-
sis (Kuroha et al. 2009). CKs are reversibly inactivated through
glucosylation (Bajguz and Piotrowska 2009) or irreversibly inac-
tivated by cytokinin oxidase (CKX) (Werner et al. 2006). In
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Arabidopsis, seven CKX genes are controlled by developmen-
tal cues and environmental stimuli, supporting the notion that
hormone levels can be useful biomarkers for the physiologi-
cal state of plants (Schmiilling et al. 2003, Werner et al. 2003,
Nishiyama et al. 2011).

As aforementioned, ABA, JA, ET and SA are all involved in
environmental stress responses in plants (Bailey-Serres et al.
2009, Vlot et al. 2009, Cutler et al. 2010, Dar et al. 2015, Kazan
2015). For example, ABA (an isoprenoid) plays a vital role in
developmental processes, such as seed development and dor-
mancy, as well as adaptive responses to abiotic environmental
stresses, such as dehydration, cold and salinity. The bottleneck
of the ABA synthetic pathway is the cleavage of violaxan-
thin and neoxanthin to xanthoxin by nine-cis-epoxycartenoid-
dioxygenese (NCED) (Nambara and Marion-Poll 2005). Among
the five NCED genes implicated in ABA synthesis in Arabidopsis,
NCED3 responds to abiotic stresses and plays a pivotal role in
ABA biosynthesis under conditions of abiotic stress (Nambara
and Marion-Poll 2005). The CYP707A-catalyzed hydroxylation
of ABA is a critical step in the irreversible inactivation of ABA.
The balance between NCED and CYP707A activities is impor-
tant; for example, ABA levels under drought stress were main-
tained through the upregulation of both NCED3 and CYP707A
(Kushiro et al. 2004). Upon watering, NCED3 was downregu-
lated, whereas the CYP707A genes were further activated to
reduce ABA levels to basal levels.

In addition to the regulation of biosynthesis and degrada-
tion pathways, plants have developed sophisticated systems to
control the functions of plant hormones as signaling molecules.
The actions of plant hormones are regulated through their
translocation by specific transporters (Park et al. 2017). Trans-
porters for IAA, a major AUX, have been studied extensively,
and are known to contribute to the polar accumulation of IAA
(Adamowski and Friml 2015, Geisler et al. 2017, Park et al. 2017).
Recent studies have shown that other plant hormones are spa-
tially controlled by specific transporters. Plants have several
different types of CK transporters, whereby some regulate CK
traffic at the intracellular levels while others are implicated in
intercellular or long-distant translocation (Gillissen et al. 2000,
Bernard etal. 2011, Ko et al. 2014, K. Zhang et al. 2014, Kang et al.
2017, Liuetal.2019). ABA is transported across cells or tissues by
several transporters to regulate physiological responses such as
stomata movement, stress responses of distal organs and seed
germination (Kang et al. 2010, Kuromori et al. 2010, Kanno et al.
2012, H. Zhang et al. 2014, Kang et al. 2015, Kuromori et al.
2018). The ET precursor, 1-aminocyclopropane-1-carboxylic
acid (ACC), is transported by an amino acid transporter (Shin
et al. 2015, Choi et al. 2019). GAs are transported across the cell
membrane by a nitrate transporter 1/peptide transporter family
(NPF) and by sugar transporter-like transporters to regulate the
spatial distribution of these hormones (Saito et al. 2015, Kanno
et al. 2016, Tal et al. 2016). The tissue or intracellular distribu-
tion of JA is also regulated by transporters of the JA precursors,
12-oxophytodienoic acid and JA/JA-lle (Footitt et al. 2007, Li
etal.2017). An ATP Binding Casette (ABC) transporter has been

shown to regulate the tissue specific distribution and the exu-
dation of this hormone to rhizophores (Kretzschmar et al. 2012,
Sasse et al. 2015). Collectively, plant hormones are actively,
spatiotemporally regulated to orchestrate the developmental
processes and physiological states of the whole plant.

Plant hormones can be stored in inactive forms after con-
jugation with various metabolites, such as sugars and amino
acids. When required, the hormones are detached from the
conjugated form and activated. For example, ABA-glucose con-
jugates are stored in vacuoles (Dietz et al. 2000, Lee et al.
2006, Xu et al. 2012). It should be noted that in the case
of JA signaling, JA-lle is an endogenous signaling molecule
that is recognized by the JA receptor complex (Fonseca et al.
2009). Collectively, hormonomics—an approach in which mul-
tiple spatiotemporally regulated plant hormones are monitored
simultaneously—offers a great opportunity to obtain crucial
data on the physiological and developmental conditions of
plant cells, tissues and organs. Moreover, this approach can
help identify useful biomarkers that can monitor the devel-
opmental and physiological states of plants under fluctuating
conditions.

Importance of Simultaneous Profiling of
Multiple Plant Hormones

As aforementioned, each phytohormone has specific physiolog-
ical roles, established from numerous physiological and molecu-
lar studies. However, it is now known that individual hormones
cannot manage most suggested biological processes. There is
intense and intricate cross talk among plant hormones (Santner
and Estelle 2009, Jaillais and Chory 2010, Peleg and Blumwald
2011, Ross et al. 2011), which regulates biological phenomenain
plants. Plant hormones can act synergistically and antagonisti-
cally in a unidirectional or bidirectional manner. Moreover, they
affect biosynthesis, signaling and output processes at multiple
levels, including that of gene expression (Altmann et al. 2020,
Aerts et al. 2021). A prominent and extensively investigated
cross talk comprises the relationship between plant hormones
involved in defense responses. Plants typically use SA and JA/ET
to combat biotrophic and necrotrophic pathogens, respectively
(Glazebrook 2005, Pieterse et al. 2009, Vlot et al. 2009). Due to
their mutually antagonistic interactions, SA and JA/ET signal-
ing pathways exhibit a negative regulatory relationship (Pieterse
et al. 2012, Thaler et al. 2012, Caarls et al. 2015). In Ara-
bidopsis, SA treatment reduces the JA-dependent expression of
the plant defensin encoding gene, PDF1.2, upon infection with
necrotrophic pathogens (Koornneef et al. 2008). In contrast, the
phytotoxin coronatine—a JA analog produced by Pseudomonas
syringae—inhibits SA synthesis through the JA signaling path-
way and JA-dependent gene expression (Zheng et al. 2012).
Moreover, these hormones interact with other plant hormones
such as IAA, CK and ABA, suggesting that SA and JA also
affect growth and abiotic stress response (Bari and Jones 2008,
Robert-Seilaniantz et al. 2011, Shigenaga and Argueso 2016,
Verma et al. 2016, Cortleven et al. 2019, Yang et al. 2019).
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Presumably, the evolution of this broad spectrum of
hormonal cross talk has allowed plants to increase their
environmental fitness by maintaining a balanced trade-off
between energetically expensive processes, such as growth and
defense responses (Pieterse et al. 2012, Denance et al. 2013,
Lozano-Duran and Zipfel 2015, Vos et al. 2015, Berens et al. 2017,
Shigenaga et al. 2017, van Butselaar and Van den Ackerveken
2020). Consistent with this notion, there is evidence for hor-
monal cross talk among various biological activities in plants,
including growth (Depuydt and Hardtke 2011, Su et al. 2011,
El-Showk et al. 2013) and abiotic stress responses (Fahad et al.
2015, Blicker-Neto et al. 2017, Yu et al. 2020). Moreover, hor-
monal cross talk may help optimize competing biological func-
tions mediated by antagonistic hormones in plants. As such,
the simultaneous profiling of plant hormones—that is, hor-
monome analysis—is important for elucidating hormonal cross
talk in plants.

Plant Hormones in Plant-Microbe
Communications

The rhizosphere microbiota, including endophytes, strongly
affect the growth and physiological state of the host plant, as
exemplified by the relationship between legumes and N-fixing
Rhizobium (Hayat et al. 2010, Berendsen et al. 2012, Santoyo
et al. 2016, Trivedi et al. 2020, Vries et al. 2020). Beneficial
rhizosphere microorganisms enhance plant growth by supply-
ing nutrition and increasing tolerance to abiotic stress. More-
over, these microorganisms strengthen the immune response
of plants by activating or priming the defense response of the
host plant or by inhibiting the growth of pathogens in the rhi-
zosphere. Metagenomic analyses have revealed that a flavobac-
terium found in the rhizosphere of a disease-resistant tomato
accession conferred enhanced resistance to susceptible acces-
sions (Kwak et al. 2018). The interaction between plants and
the rhizosphere microbiota largely depends on the organic com-
pounds produced by and exchanged between them. Microor-
ganisms in the rhizosphere utilize organic chemicals found in
plant exudates, such as sugars, amino acids and siderophores.
By controlling root metabolites, plants may actively regulate
the microbial composition of the rhizosphere so as to retain
beneficial microorganisms, such as plant growth-promoting rhi-
zobacteria (PGPR; Gao et al. 2019, Fitzpatrick et al. 2020, Lyu
et al. 2021). Plant hormones play a pivotal role in this process
(Tsukanova et al. 2017, Rosier et al. 2018, Eichmann et al. 2021).
For instance, SLs released from roots induce hyphal branching
and plant colonization in arbuscular mycorrhizal fungi, which
enhance nutrient uptake by host plants (Akiyama et al. 2010,
Lanfranco et al. 2018). Certain PGPR produce plant hormones
and/or modulate hormone production in plants (Yang et al.
2009, Dodd et al. 2010, Chanclud and Morel 2016). It is pre-
sumed that the upregulation of endogenous phytohormone
levels enhances plant growth ability or improves the physiolog-
ical state of plants under conditions of stress. IAA produced
by fungi requires a plant host (Chanclud and Morel 2016).

Several rhizobacteria can synthesize and release ABA into the
rhizosphere (Tsukanova et al. 2017, Eichmann et al. 2021).
When the rhizobacterium, Azospirillum brasilense, was inoc-
ulated in the roots of Arabidopsis, increases in endogenous
ABA levels and drought tolerance of the host plant were exhib-
ited (Cohen et al. 2015). PGPR produce ACC deaminase, which
catabolizes the ET precursor ACC and improves the abiotic
stress tolerance of plants (Gamalero and Glick 2015). Therefore,
the examination and/or manipulation of plant hormones in the
rhizosphere could be an effective approach for improving plant
growth (Zhang et al. 2015, Dessaux et al. 2016, Lu et al. 2021).

Hormone-Like Peptides

Over the preceding decade, small peptides secreted into
extracellular spaces have been recognized as crucial signal-
ing molecules among developmental regulation and stress
responses in plants. Many hormone-like peptides participate
in developmental processes, such as the regulation of cell dif-
ferentiation in the shoot or root meristem (Katsir et al. 2011,
Oh et al. 2018, Jeon et al. 2021) and stomata (Torii 2012).
Remarkably, the reproductive process involves several signaling
peptides that establish cell-to-cell communications (Kim et al.
2021b). A most famous example of which can be seen in Ara-
bidopsis through CLAVATA3 (CLV3), which participates in the
maintenance of the shoot apical meristem (Clark et al. 1995).
CLV3 is a 96-aa peptide comprising a potential signal peptide
used for secretions into the extracellular space (Fletcher et al.
1999). CLV3 is perceived by the receptor complex composed
of CLAVATA1 and CLAVATA?2, repressing WUSHEL encoding, a
mobile homeodomain transcription factor that positively reg-
ulates CLV3, constituting a feedback loop that maintains the
shoot apical meristem (Brand et al. 2000, Schoof et al. 2000).
Moreover, hormone-like peptides have also been implicated
in the systemic responses of plants to environmental condi-
tions, which ensue nutrient deficiencies (Ohkubo et al. 2017,
Gautrat et al. 2021), to drought stress (Takahashi et al. 2018,
Takahashi and Shinozaki 2019), to salinity stress (Nakaminami
et al. 2018) and to pathogen attacks (Huffaker 2015). The
CLV3/EMBRYO-SURROUNDING REGION-RELATED?25 peptide
produced in Arabidopsis roots under drought stress conditions
transmits the dehydration signal to shoots and activates the
ABA biosynthetic genes via the cellular signaling pathway, which
utilizes a minimum number of meristem receptors (Takahashi
et al. 2018). Comprehensive peptide and genome analyses of
putative signaling peptides or their genes have revealed sev-
eral undescribed secretory hormone-like peptides in plants
(Hanada et al. 2013, Hsu and Benfey 2018, S. Wang et al. 2020).
In addition to these putative secretory peptide hormones, many
novel short ORF genes have also been identified. Among these,
several genes have been shown to have vital physiological func-
tions (Narita et al. 2004, Hirayama et al. 2018, Grillet and
Schmidt 2019). Further studies on these putative signaling pep-
tides should improve our understanding of plant behavior at
the molecular level.
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Field Hormonomics for Monitoring
Physiological Dynamics in Plants under
Fluctuating Conditions

Plant hormones are known to play pivotal roles in the regulation
of growth and environmental stress responses. This suggests
that investigating the modulation of plant hormone levels or
functions would be an efficient approach for improving the
growth and productivity of crops (Cramer et al. 2011, Peleg
and Blumwald 2011, Atkinson and Urwin 2012, Wilkinson et al.
2012, Wani et al. 2016, Asami and Nakagawa 2018, Vaidya
et al. 2019, Chesterfield et al. 2020). The plant hormone-based
intervention could potentially improve crop performance and
resilience even under unfavorable field conditions. However,
its effectiveness under field conditions has not yet been inves-
tigated. Indeed, plant hormones interact in a complex man-
ner; therefore, changes in the functions of a plant hormone
may positively or negatively affect the functions of other plant
hormones. Long-term observations are needed to determine
how plant hormone levels fluctuate and how these changes
may affect other hormones in crops under field conditions,
which may help to maximize the impact of these interven-
tions (Mochida et al. 2015). A life-course hormonomic analysis
of field-grown barley accessions revealed significant changes in
endogenous hormone levels (Hirayama et al. 2020). Interest-
ingly, the levels of plant hormones that have been implicated
in developmental regulation—such as IAA and CKs—fluctuate
vigorously, suggesting that environmental factors have a signif-
icant impact on crop growth via modulating phytohormone
levels. Long-term phenomic analyses are a powerful tool for
obtaining data that can be utilized to elucidate the interactions
between genetic and environmental factors, which is necessary
for crop improvement and design. Moreover, such analyses can
be used to investigate the effects of intervention techniques
based on the knowledge accumulated through interdisciplinary
efforts in plant science.

Advances in Plant Hormonomic Methodology

Several methods have been developed to accurately mea-
sure plant hormones, which exhibit diverse structures and
endogenous levels. During the initial period of plant hormone
research, plant hormones were concentrated using various
chromatography techniques and were detected or measured
by various physical, chemical or biological detection meth-
ods such as ultraviolet light, fluorescence or immune assays
(Weiler 1984, Hedden 1993, Dobrev et al. 2005, Zhao et al.
2006). However, these techniques are limited in their accu-
racy and specificity. MS has high detection performance in
the analysis of any type of chemical compound (Glassbrook
et al. 2000). The utilization of stable isotope-labeled com-
pounds as internal standards for experimental steps includ-
ing hormone extraction and ionization in the MS analysis
can provide a highly accurate quantification of endogenous
plant hormones in MS-based methods. Therefore, MS-based

measurements have been implemented in recent decades to
detect various plant hormones, as reviewed by Novak et al.
(2017).

Gas chromatography equipped with tandem MS
(GC-MS/MS) shows significantly improved performance in the
identification and quantification of volatile plant hormones
such as JA, SA and ET, among others (Engelberth et al. 2003,
Schmelz et al. 2003). However, the GC-MS/MS analysis requires
chemical derivatization. High-performance liquid chromatog-
raphy (LC) equipped with tandem MS (LC-MS/MS) also pro-
vides highly sensitive, specific and accurate quantitative detec-
tion of plant hormones. At present, all plant hormones—
except gaseous ET—can be measured by LC-MS/MS (Kojima
et al. 2009, Pan et al. 2010). In addition, more than 100
phytohormone-related compounds, including phytohormone
derivatives, such as the ET precursor, ACC, can also be detected
using this technique (Simura et al. 2018). The advanced
methodologies of plant hormonomics with LC-MS have been
summarized in recent reviews (Novak et al. 2017, L. Wang et al.
2020). As a result of continuous improvements in the exper-
imental methodology and the technology utilized for these
techniques, plant samples weighing less than 10 mg are suffi-
cient for the analysis of most plant hormones (Cao et al. 2020).
Such enhanced techniques allow for the life-course hormo-
nomic analysis of various crop accessions under field conditions.
Tiny tissue samples obtained by the laser micro-dissection of
cryosections can also be analyzed by LC-MS, which increases
the spatial resolution of hormonomics (Yamada et al. 2021).
Moreover, the levels of ABA and JA in a single cell of Vicia
faba leaves can be measured using these techniques (Shimizu
et al. 2015). Furthermore, nanoparticle-assisted laser desorp-
tion/ionization MS now enables the determination of the distri-
bution and the concentration of multiple hormones simultane-
ously from sections. Shiono and Taira (2020) recently reported
on the successful detection of IAA, BR, ABA, tZ, iP, JA, SA and
ACC in rice root sections using the latter technique.

Real-Time Monitoring of Plant Hormones
with Biosensors

Various hormone sensors developed using state-of-the-art
technologies can be used to monitor endogenous plant hor-
mones in a non-invasive manner (Okumoto et al. 2012, Novak
et al. 2017, Isoda et al. 2021). Although MS-based hormo-
nomics enables highly sensitive and the accurate quantifica-
tion of plant hormones, this approach is destructive, labor
intensive and time consuming. Therefore, hormone sensors
could provide new opportunities for the real-time monitoring
of the physiological states of plants under fluctuating condi-
tions. For example, real-time monitoring sensors for ABA would
allow for observing physiological conditions related to water
in plants more precisely and for more effective water manage-
ment. Real-time monitoring of JA, SA or ET would provide a
great opportunity to protect plants from infectious diseases and
herbivory.
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One approach for implementing biosensors is to construct
genetically engineered biosensors based on native hormone
receptors using Forster resonance energy transfer (FRET) tech-
nology, which allows for real-time quantitative analysis by
measuring fluorescence. All the genes encoding plant hor-
mone receptors have been identified, and their 3D struc-
tures at the atomic level are currently available. FRET-based
biosensors using native hormone receptors for ABA and GA
have been used to detect hormone levels in vivo (Jones et al.
2014, Waadt et al. 2014, 2020, Rizza et al. 2017). It is expected
that direct biosensors can be developed using similar sensor
design strategies for other plant hormones. Biosensors for IAA
have been developed recently using bacterial proteins. Based
on the tertiary structure, Herud-Sikimic et al. (2021) modified
the tryptophan sensor of E. coli to recognize IAA. Using this IAA
sensor, the latter authors successfully visualized the dynamics
of IAA at the cellular level in Arabidopsis roots. Additionally,
there are several indirect biosensing systems in which hormone
levels in the cell or tissue are converted to other detectable
biomarkers, such as protein or gene expression levels. Such
indirect biosensors have been reported for most plant hor-
mones (Novak et al. 2017, Isoda et al. 2021). Thus, capturing
the dynamics of plant hormones in real time and continuously
using these direct or indirect biosensors should improve our
understanding of the complex functions of plant hormones.
However, using these genetically engineered biosensors requires
the development of transgenic plants containing the genes for
these biosensors or biosensor systems. In addition, the stable
introduction of foreign genetic materials is difficult in some
plant species, and growing transgenic plants in the field is either
restricted or regulated in most countries.

Sensors using nanomaterials, such as carbon nanotubes
(CNTs), for monitoring biomolecules have recently received
increased attention (Kwak et al. 2017, Giraldo et al. 2019, Anzar
et al. 2020, Lew et al. 2020b). Nanomaterials emit fluores-
cence in the near-infrared region, where the autofluorescence
from chlorophyll does not interfere. The fluorescence-emitting
property of CNTs is affected by physical and chemical con-
ditions (Barone et al. 2005). Thus, covalent or non-covalent
modification of the CNT surface confers sensor properties by
changing the sensitivity and selectivity of the ligand (Kruss
et al. 2013, Yang et al. 2015). CNTs occur at a size of less
than 100 nm and can be easily introduced into plant tissues
irrespective of species. CNT nano-biosensors, non-covalently
modified with DNA, have been shown to detect H, O, in injured
leaves (Wu et al. 2020, Lew et al. 2020a). Using a similar
approach, endogenous glucose levels have been detected using
a nanoparticle-based sensor (Li et al. 2018). Recently, an artifi-
cial metalloenzyme (ArM) biosensor for ET has been developed
(Vongetal, 2019). In the presence of ET, the ArM biosensor cat-
alyzes a compound intrinsically captured in ArM and produces
fluorescence. Using this ET biosensor, the authors successfully
detected ET production during the ripening of various fruits,
such as apples, kiwifruit, Asian pears and grapes, and upon
infection of pathogenic bacteria (Vong et al.,, 2019). This study

offers a sound example for the usage of biosensors for plant
hormones.

Although these nano- or ArM-biosensor technologies have
opened new avenues for plant science, the detection of fluo-
rescence by these sensors is challenging under field conditions.
Thus, the development of other optical devices is required
for the practical application of these sensors in agriculture.
As an alternative, wearable devices have been developed
using these nanomaterial sensors. Nanosensors equipped with
fluorescence-detecting devices on flexible sheets can detect
volatile organic compounds or moisture levels when mounted
on plant organs (Lee et al. 2014, Lu et al. 2020, Li et al. 2021).
Therefore, the combination of various advanced technologies
in nanomaterial science and engineering should empower the
development of nano-biosensors for real-time monitoring of
the dynamics of key biochemical substances, including plant
hormones.

Hormonomics for Crop Improvement

Twenty years after the first genome sequencing of a higher
order plant (Arabidopsis), the genome data of several other
crops have become available through revolutionary advances in
DNA sequencing technologies in recent decades (Purugganan
and Jackson 2021). Datasets of genome-scale polymorphism
of diverse varieties, combined with datasets on phenotypes,
have allowed researchers to explore a range of factors associated
with agronomically important traits in crops. Key genetic fac-
tors associated with the agronomically important traits of crops
under field conditions have been addressed using the quanti-
tative trait locus analysis and genome-wide association studies.
These findings may help to develop new crop varieties with
higher yields and enhanced stress tolerance through improved
breeding methods (such as genomic selection and speed breed-
ing) and advanced genome editing-based strategies (including
base editing and prime editing) (Mickelbart et al. 2015, Bevan
et al. 2017, Varshney et al. 2020). Thus, genomic analyses can
help to accelerate crop improvement.

Plant hormonomics is expected to facilitate the genetic
manipulation of targeted genes and alleles in crop breeding
from two major aspects. Plant hormonomics may be a fine
addition to multi-omics approaches that facilitate gene dis-
covery and allele mining by mapping intermediate phenotypes
(Varshney et al. 2020) and thus allow us to dissect the com-
plex terminal phenotypes of agronomic traits. In this regard,
hormonome-based phenotypes may provide useful informa-
tion to illustrate the diversity of developmental and physio-
logical states across germplasm collections. However, precise
genetic manipulation requires an in-depth understanding of
traits. To design crop varieties that can cope with changing
climates, it is essential to decode the genotype—environment
interaction (G x E) in order to reverse engineer the agronomic
traits of crops grown under fluctuating conditions. In this
regard, hormonomics would play a key role in directly illustrat-
ing the profiles of signaling molecules that mediate physiolog-
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Fig. 1 Crop breeding and management through hormonomics-based physiological phenotyping. In crop breeding, high-throughput analytical
systems for plant hormonomics offer the simultaneous quantification of molecular species of plant hormones, which facilitate the monitoring
of spatial-temporal dynamics of hormone profiles throughout the crop lifecycle as well as their diversity among crop varieties (A). Since plant
hormones regulate and coordinate various biological phenomena that influence agronomic traits in crops, highly sensitive and high-throughput
methods for plant hormone profiling may enable us to monitor the physiological state of crops through the simultaneous quantification of
endogenous plant hormone levels that fluctuate in response to internal and environmental conditions. Profiles of endogenous ABA levels mea-
sured in four barley accessions (J064, H602, J247, )647, Hirayama et al. 2020) are represented throughout their life course as a heatmap (blue
high, gray low). The hormone profiles from mapping populations (e.g. diverse panel, nested association mapping population, recombinant
inbreed lines and chromosome segment substitution lines) could represent a kind of chemical phenotype that can be used to explore their
genotype—phenotype association. The exploration of phenotypic association between hormone levels and agronomic traits (even across different
developmental stages) may enable us to identify useful hormone-based biomarkers that prevision terminal phenotypes. For crop management,
plant hormone profiling provides convenient avenues to monitor the physiological state of crops in response to various stressors (B). In this
context, plant hormone profiling may facilitate the monitoring of the efficiency of agricultural management, including the application of biostimu-
lants with the aim to enhance crop growth and tolerance. Moreover, various studies that aim to develop non-invasive plant hormone monitoring
such as nanomaterial-based hormone sensors may provide new avenues for real-time plant hormone profiling. Such nanosensor-based crop
physiological state monitoring may serve to alleviate costs for crop management.

ical responses to environmental stimuli in plants. Combined
with hormonome-based phenotype mapping, the causal loci
of environmental fitness can provide the genetic factors in
genotype-to-phenotype modeling in crops. Thus, these anal-
yses can facilitate the prioritization of target genes that can
be engineered to improve the environmental fitness of plants

(Fig. 1).

Hormonomics for Crop Management

The exogenous application of chemical and biological sub-
stances often enhances the resource use efficiency, stress tol-
erance and quality of plants, thus potentially improving crop

productivity. Plant biostimulants are usually defined as any sub-
stance or microorganism that enhances plant growth and toler-
ance to various stresses (Rouphael and Colla 2020). Biostimu-
lants are roughly categorized as humic and fulvic acids, protein
hydrolysates, seaweed extracts, chitosan and other biopoly-
mers, inorganic compounds and microorganisms such as fungi
or bacteria (du Jardin 2015). Some biostimulants can activate
or prime the defense response of plants to pathogenic agents
(Martinez-Medina et al. 2016, Vargas-Hernandez et al. 2017,
Shukla et al. 2019, Nephali et al. 2020, Ali et al. 2021). For exam-
ple, the exogenous application of L-histidine inhibits wilt disease
in tomato and Arabidopsis and upregulates genes related to ET
biosynthesis and signaling (Seo et al. 2016). Biostimulants are
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also effective in enhancing tolerance to abiotic stresses such
as high temperatures and drought (Van Oosten et al, 2017,
Drobek et al,, 2019, Kerchev et al, 2020, Nephali et al. 2020,
Ali et al. 2021). For example, the exogenous application of
acetic acid enhances drought tolerance in Arabidopsis and a
wide range of crop species, also promoting JA signaling and
histone acetylation (Kim et al. 2017). These examples indicate
that some biostimulants enhance stress tolerance through the
activation of specific hormone-signaling networks; therefore,
hormonomics can allow researchers to examine the physiolog-
ical function of biostimulants, which would help to improve
their function and efficiency in crop management. However,
apart from the accumulated evidence for the remarkable effects
of a few stimulants in improving crop productivity, the molec-
ular mechanisms of biostimulants that enhance growth and
stress tolerance remain largely elusive. Biostimulants derived
from seaweed or microorganisms often contain various plant
hormones or hormone-like substances (du Jardin 2015); how-
ever, their physiological activities have not been fully eluci-
dated. Therefore, exploring these bioactive components and
elucidating their molecular functions are important prereqg-
uisites for formulating biostimulant-based agricultural materi-
als and for optimizing their efficiency of utilization in various
crops.

Deep Phenotyping of Plants and Crops

To build accurate crop models that can be used to design crops
with high yield and stress tolerance and to understand the
molecular basis of biostimulant action, it is necessary to collect
data regarding the information relay from genes to phenotypes.
Comprehensive genetic data—including reference genome data
and data regarding genetic variation among accessions—can
be used to deduce gene performance and are available for
mathematical or computational usage. What about phenotypic
data?

In biology, the term ‘phenotype’ refers to the observable
traits of organisms (including morphology and physiology) at
various levels of biological organization, including the cell, organ
and whole body. In plant science, phenotyping has generally
been used to describe mutants, environmental cues and dis-
ease symptoms that have considerable effects on plant growth
or morphology. However, these phenotypic descriptions are
occasionally inaccurate and lack direct links to biological phe-
nomena. Owing to these limitations, these data are less valuable
for the elucidation of connections between genes and pheno-
types. In addition, the phenotypic data of organisms usually
contain large amounts of noise (Raser and O’Shea 2005). Several
researchers have reported that genetically identical individu-
als can have different phenotypes. Obtaining quantitative data
on the phenotypes or traits of crops is important for under-
standing gene-to-phenotype linkages. However, to overcome
the various problems associated with obtaining these data, it
is important to establish a feasible and accurate methodology
for assessing phenotypic traits.

Recent studies have made outstanding progress in analytical
technologies, which allowed us to obtain various omics data for
the elucidation of the biological system of any given organism,
ranging from bacteria to humans. Transcriptome analyses using
RNA sequencing or microarray techniques provide comprehen-
sive data on the expression (usage) of each gene (Morozova et al.
2009, Tang et al. 2009). Further, metabolomic analysis, which
involves LC-MS, GC, NMR, or capillary electrophoresis, provides
comprehensive information regarding the metabolite compo-
sition and level of each metabolite (Zhang et al. 2012, Johnson
etal. 2016). These data can reflect cellular biochemical activities
such as respiration, photosynthesis and various other biologi-
cal processes. All organisms require various ions or minerals for
nutrition. Accordingly, ionomic analysis using inductively cou-
pled plasma—MS can measure the levels of over 50 ions in bio-
logical samples and offer crucial information on the correlation
of physiological status with ion usage and distribution (Salt et al.
2008). Proteomics allows for the comprehensive assessment of
proteins produced in cells and of the levels of post-translational
modifications and also provides valuable information on the
cellular functions of proteins (Cox and Mann 2011, Larance
and Lamond 2015). All these omics data provide valuable infor-
mation on the developmental and physiological status of the
cells, tissues and organs of plants. Moreover, omics data at
various levels of biological organization offer important clues
regarding the connections between genes and phenotypes. A
combined analysis of these multi-dimensional biological data
using advanced data science tools (aided by artificial intelli-
gence and statistical models) can allow us to visualize a network
comprising genes, metabolites, proteins and visible symptoms
or morphological phenotypes. Such multi-dimensional pheno-
typing or ‘phenomics’ enables us to capture the phenotype
more precisely and to a greater degree (in other words, ‘deep
phenotyping’).

Deep phenotyping has been used to describe health condi-
tions in humans, including disease and pre-disease conditions
(Tracy 2008, Robinson 2012, Delude 2015). The concept of
deep phenotyping has been applied widely in basic life sci-
ences, including plant science (Houle et al. 2010). In addition to
the biochemical or biophysical multi-omics analyses described
above, the non-invasive phenotyping of crops under field con-
ditions using computer vision technology has accelerated the
practical application of deep phenotyping in crops and plants
(Taghavi Namin et al. 2018, Harfouche et al. 2019, Mochida et al.
2019, Lirig et al. 2021). Computer vision technology fueled by
deep learning can extract crucial information from RGB and
hyperspectral images, including not only morphological data
but also information on physiological marks, such as nutritional
conditions or disease symptoms. The combination of the multi-
disciplinary data obtained by various analytical technologies
and by computer vision technology and analysis using artifi-
cial intelligence could offer the key discoveries on the linkages
between the biological processes at different hierarchal levels
that enable a comprehensive understanding of plant biologi-
cal phenomena. Under the implementation of such monitoring

1833



1834

T. Hirayama and K. Mochida | Plant hormonomics

strategies, data and outcomes, plant phenomics is expected to
have a profound impact on plant sciences and agriculture. The
deep phenotyping of crops in the field will also improve our
mechanistic understanding of gene-to-phenotype connections
in plants. Among the various biochemical phenotyping meth-
ods (such as metabolomics and ionomics), plant hormone pro-
filing (or hormonomics) has received more attention in recent
decades. This approach offers the most critical information on
the developmental and physiological states of plants, which is
indispensable for describing their growth processes.

Conclusion and Future Perspectives

Plant science is expected to provide techniques for enhanc-
ing crop production to meet the demands of an increasing
population and should also present solutions to counteract
decreasing crop yields due to global climate change. More-
over, research in this field is expected to increase crop yields
with lower input and to improve plant tolerance to abiotic and
biotic stresses. Researchers have conducted extensive studies to
understand the mechanisms underlying these traits and have
accumulated considerable knowledge on the functional char-
acteristics of genes. However, the application of this knowledge
to crops in the field faces some difficulties, indicating the limits
of the aforementioned reductionistic approaches. Over the pre-
ceding decades, rapid advances in high-throughput and multi-
omics methodologies, along with the development of data
handling techniques and mathematical modeling, have opened
new avenues for life science research. We now have access to
high-quality genome data of crop species and the variations
among accessions. Thus, we can describe the physiological sta-
tus of plants more precisely using high-dimensional phenomics.
Among the various molecular or biochemical phenotyping
methodologies, hormonomics provides additional information
regarding the developmental and physiological states of plants
or crops. However, measuring endogenous plant hormones
requires destructive, labor-intensive and time-consuming sam-
ple preparations and specialized analytical equipment. There-
fore, hormonomics might not be an easily accessible methodol-
ogy at present. In addition, the physiological function of plant
hormones is not yet fully elucidated. To overcome these issues,
various sensors have been developed to monitor plant hormone
dynamics in real time. The long-term or life-course monitor-
ing of plant hormones or other key biomarkers in field crops
should provide data that can advance our understanding of
the complex gene—phenotype—environment interactions and
the roles of plant hormones in this domain. Data collected and
deduced from these monitoring endeavors are crucial for crop
design and for improving agricultural technology, including
the development of biostimulants.
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