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Can plant hormonomics be built on simple 
analysis? A review
Ondřej Vrobel1,2,3 and Petr Tarkowski2,3* 

Abstract 

The field of plant hormonomics focuses on the qualitative and quantitative analysis of the hormone complement 
in plant samples, akin to other omics sciences. Plant hormones, alongside primary and secondary metabolites, govern 
vital processes throughout a plant’s lifecycle. While active hormones have received significant attention, studying 
all related compounds provides valuable insights into internal processes. Conventional single-class plant hormone 
analysis employs thorough sample purification, short analysis and triple quadrupole tandem mass spectrometry. 
Conversely, comprehensive hormonomics analysis necessitates minimal purification, robust and efficient separation 
and better-performing mass spectrometry instruments. This review summarizes the current status of plant hormone 
analysis methods, focusing on sample preparation, advances in chromatographic separation and mass spectrometric 
detection, including a discussion on internal standard selection and the potential of derivatization. Moreover, current 
approaches for assessing the spatiotemporal distribution are evaluated. The review touches on the legitimacy 
of the term plant hormonomics by exploring the current status of methods and outlining possible future trends.

Keywords  Plant hormone, Omics, Metabolomics, Hormonomics, Liquid chromatography, Mass spectrometry, Solid 
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Background
Plant hormonomics, a term coined recently [1–4], 
shares a similar objective with other omics sciences: 
to provide comprehensive characterization of specific 
cellular complements. Well-established branches of 
omics include genomics, transcriptomics, proteomics 
and metabolomics [5, 6]. Systems biology combines 
and integrates these approaches [7]. However, the term 
‘omics’ extends beyond these fields. One example is 
phenomics [8], which is a key discipline of plant sciences 

that considers plant phenotypes, primarily using high-
throughput phenotyping. Another example is lipidomics, 
which is a distinct branch of metabolomics that deals 
with analysis of the lipidome. Furthermore, other fields 
based on the integration of several omics sciences have 
emerged, such as glycomics or foodomics [9–12]. Plant 
hormonomics, a subdivision of metabolomics, aims to 
achieve the qualitative or quantitative characterization of 
all plant hormones in a given sample.

Plant hormones are low molecular weight naturally 
occurring plant growth regulators. Interestingly, their 
production is not exclusive to plants as they are also 
found in microorganisms and fungi. These substances 
govern virtually all essential processes in a plant’s life-
cycle, including germination, plant development and 
growth, interaction with the biotic and abiotic environ-
ment, the reproductive phase and fruit development and 
seed formation [13–18]. However, it is difficult to clas-
sify plant hormones definitively. Although they are low 
molecular weight compounds, they cannot be classified 
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as either primary or specialized (secondary) metabolites. 
Primary and specialized metabolites also transfer signals; 
however, plant hormones are present at much lower lev-
els, and are not dispensable like specialized metabolites 
[19, 20], and thus remain a distinct group of metabolites. 
Currently, plant hormones can be categorized into nine 
major classes: (I) abscisic acid (ABA) and its metabolites 
(collectively abscisates—ABAs), (II) auxins (Aux), (III) 
brassinosteroids (BRs), (IV) cytokinins (CKs), (V) ethyl-
ene (ET), (VI) gibberellins (GBs), (VII) jasmonic acid (JA, 
jasmonates—JAs), (VIII) salicylic acid (SA, salicylates—
SAs) and (IX) strigolactones (SLs) [1, 13, 20]. Nonetheless, 
new sets of potent growth regulators that have hormone-
like effects are being (re)discovered and are attracting 
increasing attention, such as indoleamines (melatonin) 
[21, 22], numerous apocarotenoids (anchorene, blume-
nols, β-cyclocitral, β-ionone, loliolide, mycorradicins, 
zaxinone) [23], fairy compounds [24, 25] and karrikins of 
exogenous origin [26] (Fig. 1). Further research and test-
ing of these sets of compounds are necessary to unravel 
their function and mechanism of action.

Each class of plant hormones performs a different role 
and induces different responses and changes in plants. 
Previously, these groups were categorized into two main 
groups, namely growth and stress hormones. However, 
this categorization is invalid [27] as stress-related hor-
mones are also involved in growth and development 
and vice versa. Hormones engage in complex mutual 
crosstalk [14, 16, 28–30] as well as crosstalk with reac-
tive oxygen species [31] and other signaling compounds, 
resulting in moderately attenuated responses. Thus, 
methods capable of comprehensive plant hormone analy-
sis could help unravel such complex interactions.

Metabolomics utilizes different workflow designs of 
untargeted (semiquantitative) analyses and targeted 
(quantitative) analyses such as metabolic profiling, 
fingerprinting or footprinting [32]. Plant hormonomics 
is essentially targeted analysis that requires preexisting 
knowledge about analytes of interest and their biological 
significance. The difficulty of targeted analysis rapidly 
increases with each plant hormone class monitored, 
together with all related precursors, intermediates and 

catabolites, reaching higher hundreds maybe thousands 
of compounds [20, 33]. Furthermore, the majority of 
these compounds are present only in trace amounts 
in  vivo. Therefore, the method used must strike the 
right balance to enable a wide range of compounds to 
be detected but also high-throughput analysis of large 
numbers of samples [34]. Meeting such requirements 
may allow effective integration with other areas of plant 
sciences, e.g., high-throughput phenotyping (indoor and 
outdoor), a newly established and integral part of plant 
research [8, 35–41].

In this review, we summarize recent methodologies 
employed in multiple-class plant hormone analysis (with 
focus on target analysis of active hormones and few 
of their metabolites), explaining their possibilities and 
weaknesses. By revisiting the basic workflow of these 
methods, we discuss and suggest changes required for 
hormonomics and outline possible future trends in the 
field of plant hormone analysis. We aim to provide a 
nuanced perspective on the legitimacy of the term “plant 
hormonomics”.

Plant hormone significance and utility
The prominent role of plant hormones provides oppor-
tunities for a wide variety of uses and applications in 
research, agriculture and biotechnology. Identification 
of genes associated with biosynthesis, catabolism or per-
ception and their modification can enable the develop-
ment and improvement of crops with agronomically 
valuable traits (e.g., yield predictors, resistance to stresses 
and pathogens, morphology, chemical composition, nutri-
tional composition, sensory qualities, technological prop-
erties) [42, 43]. Crop domestication has involved many 
changes at the genetic level directly linked to plant hor-
mone action, such as reduced CK dehydrogenase activ-
ity, which increases the grain number in rice [44]. The 
use of semi-dwarf rice genotypes, caused by changes in 
the metabolism of GBs [45], is one of the key successes of 
the green revolution. Another agronomic achievement is 
the discovery of a gene providing resistance to long-term 
flooding, which is associated with the action of ET [46]. 
In the context of climate issues, stress-resilient crops that 

(See figure on next page.)
Fig. 1  Sets of selected plant hormones (ethylene, auxins, abscisic acid, brassinosteroids, cytokinins, gibberellins, jasmonic acid, strigolactones, 
and salicylic acid), their biosy nthetic precursor and catabolites (1–29) and selected plant hormone-like compounds (indoleamines, apocarotenoids, 
fairy compounds, karrikins) (30–40). (1) 1-aminocyclopropanecarboxylic acid (ACC); (2) malonyl-ACC; (3) indole-3-pyruvic acid; (4) indole-3-acetic 
acid; (5) 2-oxindole-3-acetic acid; (6) phenylpyruvic acid; (7) xanthoxin; (8) abscisic acid; (9) dihydrophaseic acid; (10) abscisic acid β-d-glucopyranosyl 
ester; (11) castasterone; (12) 24-epi-brassinolide; (13) 26-hydroxy-24-epi-brassinolide; (14) trans-zeatin riboside monophosphate; (15) trans-zeatin; 
(16) trans-zeatin-9-glucoside; (17) GA-12; (18) GA4; (19) GA34; (20) 12-oxo-phytodienoic acid; (21) jasmonic acid; (22) jasmonoyl-l-isoleucine; (23) 
carlactone; (24) 5-deoxystrigol; (25) orobanchol; (26) methyl carlactoate; (27) salicylic acid; (28) isochorismic acid; (29) salicylic acid glucoside; (30) 
tryptamine; (31) serotonin; (32) melatonin; (33) 3-hydroxymelatonin; (34) 2-aza-8-oxohypoxanthine; (35) 2-azahypoxanthine; (36) zaxinone (37) 
beta-ionone (38) mycorradicin; (39) karrikin 4; (40) karrikin 1
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maintain a high yield during conditions unfavorable for 
cultivation have gained increasing attention [41, 47–50]. 
Several works have investigated modification of plant hor-
mone-related genes to increase drought tolerance without 

penalizing growth [51] or changes to the plant archi-
tecture to improve water management strategy during 
drought [52]. Kudo et al. [53] focused on modifying genes 
associated with ABA and GBs metabolism to develop 

Fig. 1  (See legend on previous page.)
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drought-tolerant plants. Such knowledge can be used to 
develop and breed superior crop varieties at a fast pace 
in conjunction with molecular biology and genetic tools 
[54–57].

In addition, plant growth regulators (i.e., plant hor-
mones and their synthetic analogs) are used as chemi-
cals in industry or directly in agriculture. For example, in 
plant biotechnology, they have been used in plant in vitro 
manipulation and propagation [58, 59] or directly applied 
to influence seed germination, regulation of growth, 
flower and fruit set, regulation of senescence, abscission 
and fruit ripening or achieve post-harvest manipulation 
[60, 61].

Analysis of plant hormones
Understanding the complex interaction of hormonal 
crosstalk requires extensive information about as many 
as possible plant hormones in a given sample. Crosstalk 
between hormones can take different forms, such as regu-
lation of biosynthesis, inter-tissue transport, catabolism, 
signal perception and signal transduction of other hor-
mones [62]. Information about only active forms does not 
fully represent ongoing processes. Thus, determination of 
levels of biosynthetic precursors, transport forms, stor-
age forms and catabolites (also known as “hormone pro-
filing”) is important [1, 2, 63] (Fig. 1) and might provide 
supporting information or clues that are not deducible 
from just examining levels of active hormones.

The notion of broad-scale plant hormone analysis is 
hampered by the problematic selection of which hor-
mone metabolites should be included in the analysis as 
some prior knowledge is required. Good candidates are 
compounds unique to the pathway of interest that play a 
significant role or which are a part of a regulatory rate-
limiting step. CKs profiling serves as a suitable example. 
Methods for CKs analysis commonly include CK nucleo-
tides (biosynthetic precursors), nucleosides (transport 
forms), free bases (active hormones, transport forms) 
and glucosides (catabolites, possible storage forms [3, 
64–66]. However, some pathways are still not fully eluci-
dated as mapping them requires decades of research and 
is often a complicated task. Pathways can be character-
ized by physicochemical studies monitoring the turnover 
and flux of isotope-labeled (stable or radioactive) com-
pounds or molecular and genetic studies characterizing 
genes and enzymes involved [67–71]. Additionally, some 
pathways are known but the key compounds are not 
commercially available and require in-house synthesis or 
the precursors are involved in other pathways.

Such challenges can be exemplified by the SA, ET and 
Aux pathways. Major and minor SA biosynthetic path-
ways are known. The short major pathway includes three 
biosynthetic steps—the first committed step formation of 

isochorismic acid (IC) from chorismic acid, conjugation 
of IC with glutamate (IC-9-Glu) and subsequent hydroly-
sis to form SA. IC is not commercially available and IC-
9-Glu is unstable [72]. Therefore, inspection of SA major 
pathway is difficult. Meanwhile, the minor pathway and 
SA catabolism have not been fully explored, hampering 
the selection of analytes and scale of analysis. In the case 
of ET and Aux, the biosynthetic pathways begin with pre-
cursors that are shared intermediates of other pathways. 
1-aminocyclopropane-1-carboxylic acid (ACC), an ET 
precursor is generated by ACC synthase from S-adenosyl 
methionine (SAM). Consumed SAM is regenerated via 
the Yang cycle, which is also involved in polyamine and 
nicotianamine biosynthesis [73]. Similarly, tryptophan, a 
precursor of the major auxin, indole-3-acetic acid (IAA), 
is a common intermediate in pathways of specialized 
metabolites, protein biosynthesis and degradation [67, 
74, 75]. Thus, changes in levels of biosynthetic precursors 
cannot easily be attributed to a single pathway, especially 
when levels differ by orders of magnitude.

Notably, evolution of the ET and JA biosynthetic and 
signaling pathways in the plant kingdom has led to 
the formation of intriguing networks. These pathways 
are characterized by the presence of multiple active 
compounds in biosynthetic pathways, e.g., 1-amino-
cyclopropane-1-carboxylic acid (ACC) in the ET 
signaling pathway [76]. Biosynthesis of ACC has been 
confirmed in land plants, but only angiosperms and 
gymnosperms utilize ACC as a precursor for ethylene, 
whereas lower plants utilize different precursors. Further 
evidence that ACC is a standalone signaling compound 
has been gathered [76, 77]. Similarly, biosynthetic 
precursors of JA include 12-oxophytodienoic acid 
(OPDA) and dinor-12-oxophytodienoic acid (dnOPDA), 
which have regulatory functions distinct from JA itself 
[78]. These pathways present a challenge for isolating and 
understanding the specific roles of individual compounds 
and call for methods capable of comprehensive analysis.

Although plant hormone analysis targets a 
relatively small number of analytes, hormones and 
their metabolites (currently hundreds), compared to 
metabolomics (tens of thousands) [79–81], many of their 
problems are similar. The physicochemical properties 
(e.g., polarity, volatility, stability and solubility) of the 
nine plant hormone classes vary considerably, imposing 
different requirements for extraction and subsequent 
analysis. This issue is even more pronounced when 
considering hormones together with their metabolites.

Sample matrix
Currently, liquid chromatography–tandem mass 
spectrometry (LC–MS/MS) dominates as the method 
of choice for hormonal analysis [63, 82]. The main 
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difficulty in the analysis of these compounds is their low 
endogenous concentrations (apart from a few individual 
compounds). To overcome this, analyte enrichment is 
necessary to ensure that the amount of analyte injected 
is sufficient to detect its signal. All analyses of complex 
samples (e.g., plant extracts) utilizing MS detection are 
inherently prone to matrix effects (ME), i.e., the signal of 
an analyte is influenced by coeluting compounds present 
in the sample matrix, which can either suppress or (less 
often) enhance the ionization process of the analyte, 
resulting in lower or higher signals respectively [83]. 
The design of the entire analytical procedure is heavily 
modified to prevent the suppression of ionization. The 
magnitude of ME is influenced by a number of factors. 
Different sample matrices, such as different plant organs 
and tissues (leaves, roots, flowers, fruits, tubers,…), 
have contrasting chemical compositions, resulting in 
different patterns of coeluting compounds. On the other 
hand, sufficient sample purification reduces the number 
of coeluting compounds. Finally, the ME is influenced 
by the chromatographic separation (a high number of 
coeluting substances lowers ionization efficiency) and 
analyte properties [84–86].

The problem of ME is especially pronounced in plant 
hormone analysis because enrichment of sample extracts 
without sufficient purification also leads to enrichment of 
the matrix components. There are two possible ways to 
mitigate or eliminate ME. One way is to employ intensive 
sample purification (“Sample purification” section) prior 
to analysis, whereas the other approach is to improve 
the chromatographic separation (“Chromatographic 
separation” section) [83, 87, 88], but both approaches 
require the utilization of internal standards to determine 
the magnitude of matrix effects ("Selection of internal 
standards" section). Some protocols for the analysis 
of nearly crude extract have been published [89–92]. 
However, the majority of published and validated 
protocols employ various procedures for sample 
purification to prevent ME during MS analysis.

Sample extraction
The nature of the extraction solvent and extraction 
conditions determines which analytes are efficiently 
extracted from the sample matrix. So far, no analytical 
method provides a universal solution and each of them 
introduces bias. The nine plant hormone classes form a 
set of compounds with widely different physicochemical 
properties, stability and volatility. Common practice is 
to use aqueous mixtures with a high content of organic 
solvents, e.g. methanol (MeOH), acetonitrile (ACN) 
and isopropanol (IPA). Typical solvents utilized for 
the extraction of plant hormones are listed in Table  1. 
Organic solvents are capable of extracting a wide 

spectrum of small molecules [93] and precipitate proteins 
(ACN is more effective than MeOH) [94, 95]. In addition, 
in correct concentrations, they can substantially decrease 
enzymatic activity to prevent enzymatic changes during 
extraction—e.g. a strong inhibitory effect has been found 
when using 40–50% aqueous ACN, whereas at higher 
concentrations of ACN enzyme activity increases [96, 
97]. Appropriate sampling and metabolism quenching 
prevent undesirable chemical changes in sample 
composition. Additionally, mechanical intervention [98] 
and changes linked to circadian rhythms [66, 99] can 
alter plant hormone levels. Therefore, thorough planning 
and careful sampling should precede any analysis of plant 
material [100].

The most frequently used solvents include modified 
Bieleski solvent (15:4:1; MeOH:H2O:formic acid) and 
aqueos mixtures of MeOH or ACN (Table 1). Originally, 
Bieleski solvent was developed to prevent phosphatase 
activity during the sample extraction of CKs [101]. 
Modified Bieleski solvent avoids the use of chloroform 
in the extraction mixture and has been shown to provide 
the same or higher extraction efficiency as the original 
solvent [102]. In addition to CKs, this solvent has been 
used for the extraction of other plant hormone classes, 
e.g. acidic hormones ABAs, JAs, SAs, GBs, Aux [103–
107] and ACC [108]. MeOH and ACN can be used for 
extraction under milder conditions including analytes 
with a wide range of polarities such as CKs, GBs and BRs 
[4, 109–114].

Other solvents are primarily selected to accommodate 
the specific characteristics of certain compounds. The 
main constraint of Aux and SL analysis is the low stability 
of the analytes. In the case of Aux analysis, biosynthetic 
precursors exhibit limited stability and undergo changes 
during extraction, leading to overestimation of the IAA 
content. Artifact formation is pronounced when using 
aqueous buffers for extraction or under pH extremes, 
leading to hydrolysis of conjugated forms or chemical 
modifications [115–117]. The use of aqueous buffers for 
Aux extraction also raises concerns about possible enzy-
matic activity [118]. A mixture of IPA:imidazole buffers is 
a suitable option for Aux extraction [116]. Furthermore, 
overestimation of IAA due to the instability of Aux inter-
mediates can be handled by either adding antioxidants 
[115, 119] or derivatization, e.g. using methoxamine 
[120] or cysteamine [121, 122]. Regarding SL extrac-
tion, all SLs show limited stability dependent on the pH, 
presence of nucleophiles and solvent used for extraction 
[123–126]. Therefore, ethyl acetate is the most commonly 
used solvent for extraction of SLs in both plant tissues 
and media containing root exudates [127–129]. Other 
solvents used for multiple-class plant hormone analysis 
include IPA [130] and a methyl tert-butyl ether:methanol 
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(MTBE:MeOH) mixture used in untargeted plant metab-
olomics [131].

The variability of sample extraction means there is 
currently no universal and straightforward protocol 
that can be used for the analysis of all hormone classes. 
Despite this, some recently developed methods can be 
applied to the majority of plant hormones [4, 109, 132]. 
However, the stability of some compounds, typically SLs 
and some Aux intermediates [121, 125, 133], remains 
challenging. Therefore, it is crucial to select appropriate 
internal standards and minimize any enzymatic activity, 
hydrolysis or induced changes during the extraction to 
ensure a high signal intensity.

Sample purification
Sample purification is a crucial step in plant hormone 
analysis. As this topic has been covered recently by [82, 
134], it will not be discussed in detail here. Currently, 
solid phase extraction (SPE) and liquid:liquid extraction 
(LLE) and their miniaturized variants are the most 
utilized methods. Additionally, several other approaches 
have been developed but are used less often, e.g., 
methods involving magnetic nanoparticles [112, 135, 
136], dispersive SPE [110], electro-membranes [137] and 
supramolecular solvents [138]. The main aim of sample 
purification is the removal of matrix components while 
retaining analytes to generate cleaner samples and reduce 
ME.

Typically, purification exploits common features of 
the analytes to separate them from the matrix compo-
nents owing to different physicochemical properties, e.g., 
polarity. Such a case might involve retention of strongly 
lipophilic analytes on a SPE sorbent (e.g., C18 or HLB) 
or transfer of compounds from a polar solvent to a non-
polar solvent during LLE. As a result, polar and mid-polar 
compounds are removed from the sample. CK purifica-
tion exploits their basicity. Thus, ion exchange (or mixed 
mode) SPE allows a high degree of purification as neu-
tral, acidic, polar and non-polar compounds are removed, 
even though CK biosynthetic precursors and catabolites 
span across a wide range of polarities. Acidic hormones 
ABA, JA, GBs and Aux can be purified analogously [103, 
107, 113, 139]. Additionally, a few approaches have been 
developed that integrate plant hormone analysis with 
complex purification protocols and targeted [105] or non-
targeted [131] metabolomics. Schäfer et  al. [105] intro-
duced a procedure yielding 7 fractions that encompass 
100 compounds including plant hormones, amino acids, 
sugars, organic acids and phenolics. Similarly, Salem et al. 
[131] developed a procedure enabling analysis of plant 
hormones, metabolites, starch, proteins, lipids and cell 
wall material from a single sample. Such methods con-
nect plant hormone data with metabolic profiles and 

allow more information to be obtained about the ongoing 
processes in the monitored biological material. However, 
these protocols have limited use as they are often labori-
ous and time-consuming.

SPE also allows the use of highly selective sorbents to 
specifically retain analytes of interest. Immunoaffinity 
extraction essentially yields samples lacking any matrix 
components [119, 140]. However, immunoaffinity sorb-
ents typically only retain a single class of plant hormones, 
the procedure is time-consuming and their availability 
is limited. New approaches have explored the possibili-
ties of molecular imprinting. In this approach, sorbents 
are designed to strongly interact with certain molecular 
structures similar to immunoaffinity extraction. So far, 
CK and Aux imprinted sorbents have been developed 
[141–143]. Further applications of these sorbents are to 
be seen.

Recently developed methods have abandoned long, 
highly labor-intensive purification protocols and instead 
attempted to reduce preparation time and increase 
throughput, as well as include a broader spectrum of 
analytes. However, such methods often involve simpli-
fied and less specific sample purification steps [4, 89, 
112, 138, 139]. The trends in method design suggests 
that plant hormonomics would require little to no sam-
ple purification as it is based on the exclusion of matrix 
components with different chemical properties. How-
ever, given the diverse physico-chemical properties of all 
plant hormone classes, some analytes may be removed 
during purification (Fig. 2). This would lead to a schism 
in decision-making: prioritize simple purification to pre-
serve more possible analytes but risk undetectable signals 
or remove complex matrix components to prevent a pro-
nounced matrix effect?

Chromatographic separation
Liquid chromatography in reversed-phase mode (RP) is 
a fundamental part of every method mentioned so far 
(Table  1), [103, 113, 114, 127, 130, 144, 145]. RP offers 
several key advantages. Its dominant position is primarily 
due to its ease of use because it can retain and separate 
the majority of plant hormones and the retention is highly 
predictable, essentially governed by LogP/LogD and pKa 
of the analytes. Indeed, retention projection calculations 
have been developed that allow the successful prediction 
of retention times across instruments and laboratories 
[146, 147]. Moreover, a wide variety of analytical columns 
are commercially available with different bonded phases, 
column dimensions, particle sizes and particle types 
(e.g. fully porous, core–shell, monolithic), allowing a 
multitude of compounds to be separated.

Chemically bonded phases in RP system typically 
include alkyl-bonded silica, such as C18, C8, C4, C30, 
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Fig. 2  Representation of the reduction of sample content complexity during different solid phase extraction (SPE) procedures necessary for plant 
hormone analysis. The horizontal position represents different physicochemical properties of a metabolite (e.g., polarity, acidobasic properties, 
stability, volatility), whereas the vertical position and circle size represent the metabolite’s abundance in vivo. Crude extracts of plant material 
are complex and contain a large number of different chemical species—metabolites. The complexity of these extracts can be reduced using 
solid phase extraction (SPE), which retains or excludes certain metabolites with given physiochemical properties. SPE procedures can be simple 
or complex and time-consuming, resulting in a lower or higher degree of sample purification, respectively. LC–MS analysis of samples containing 
a wide spectrum of metabolites is hindered due to the presence of many abundant matrix components (represented by a yellow chromatogram). 
Complex and time-consuming SPE allows only a narrow spectrum of analytes to be preserved, but LC–MS analysis can than detect low abundant 
metabolites/plant hormones. Plant hormonomics aims for detection of a wide spectrum of metabolites. However, this may preclude complex SPE 
procedures, which are often essential for the successful analysis of plant hormones



Page 10 of 22Vrobel and Tarkowski ﻿Plant Methods          (2023) 19:107 

phenyl-hexyl, pentafluorophenyl, biphenyl, mixed mode 
phases and others. The workhorse in RP systems is the 
octadecyl C18 bonded phase, which has a high stabil-
ity and retention capacity. Phenyl- and aryl-bonded 
phases enable additional π–π interactions with aro-
matic analytes, thus providing different selectivity than 
alkyl-bonded phases (reviewed in [148]). In addition to 
the bonded moiety, the carbon load (amount of bonded 
phase), pore size and phase ratio further characterize the 
column performance. Therefore, columns with the same 
chemical modifications can produce different results 
and retention of analytes. The Atlantis T3 (C18) and 
Acquity BEH C18 columns (both utilized in multi-class 
hormone analysis as listed in Table  1) provide such an 
example. The specific pore size, carbon load and propri-
etary end-capping of T3 columns (information provided 
by the vendor) allow the use of a 100% aqueous mobile 
phase without phase collapse to promote the retention of 
polar compounds that are difficult to retain on other C18 
columns, such as several indole and kynurenine related 
compounds [149] On the other hand, the BEH C18 col-
umn provides better mechanical and chemical stability.

In contrast, alternative non-RP chromatographic 
systems are scarce in the field, with only two hydrophilic 
interaction chromatography (HILIC) based methods 
for CK analysis published to date [136, 150]. Despite 
this, HILIC offers several advantages: it provides 
an orthogonal separation mechanism to RP, allows 
separation of mid-polar and polar compounds (such 
as ACC) and typically provides lower detection limits 
[151], a crucial parameter for hormonal analysis. Analyte 
retention is achieved via analyte partitioning between 
the bulk mobile phase and a stagnant water-rich layer 
formed on the stationary phase, hydrogen bonding 
and electrostatic interactions. Available stationary 
phases include bare silica and bonded phases, such as 
amino, cyano, (cross-linked) diol, amide, zwitterionic, 
polyethylene glycol and other variants [152, 153] each 
providing unique selectivity based on the dominant 
retention mechanism of the particular phase. A better 
understanding of the fundamental principles of HILIC 
and a decade of technological progress may facilitate 
its use as a valuable complementary system to RP. 
Other chromatographic systems are also improving, 
such as ultra-high performance supercritical fluid 
chromatography, which combines advantages of both 
normal phase and RP chromatography [154].

As mentioned earlier, there are essentially two ways to 
mitigate ME: (I) sample purification, and (II) improved 
chromatographic separation [83, 87]. The already 
established complex SPE protocols provide one or more 
fractions of a single sample [103, 107]. Each fraction, of 
relatively high purity, undergoes a very short analytical 

run. This has allowed separate analyses of 4, [109, 155], 5 
[107] or up to 7 [105] fractions. While mostly successful, 
these protocols have disadvantages of being laborious, 
time-consuming and requiring multiple chromatographic 
runs. Methods attempting to capture a broad spectrum 
of analytes simultaneously must include efficient 
chromatographic separation [4, 110, 112, 132] as they 
are limited by the greatly simplified extraction procedure 
and lower degree of sample purification. Therefore, it is 
imperative to improve chromatographic separation to 
prevent the coelution of analytes with abundant matrix 
components (Fig. 2).

When analyzing complex matrices, chromatographic 
separation needs to strike a reasonable compromise 
based on the following considerations. (I) Sufficient 
selectivity between analytes must be maintained. High 
structural similarity between analytes could pose a 
problem. Structural similarity naturally arises from 
biosynthetic pathways as individual steps mostly lead to 
minor modifications. Baseline separation is required in 
cases when MS detection cannot effectively discriminate 
between analytes of interest. Such compounds may have 
identical MS fragmentation spectra (e.g., CK isomers) 
or a cross-signal contribution (e.g., in source decay of 
an ABA-glucose ester contributes to the signal of ABA). 
Such similarities are evident for Aux, GBs and BRs 
[67–69, 74]. (II) A high sensitivity is important as the 
majority of analytes of interest are present at only trace 
levels in plant tissues. The sensitivity can be increased 
by improving the chromatographic resolution, sharpness 
of peaks and ionization efficiency, which are strongly 
influenced by the mobile phase composition (pH, 
organic content) and flow rate. A fast flow rate leads to 
better peak compression and sharper peaks in general. 
However, it has a detrimental effect on sensitivity. Sheflin 
et  al. [91] employed a narrow-bore column (1  mm i.d.) 
and low flow rate of 120  μl·min−1, whereas Izumi et  al. 
[156] employed capillary LC (4  μl·min−1) and nanoflow 
LC (350  nl·min−1) to achieve lower detection limits. 
LC provides various options to explore, i.e., different 
chromatographic systems, a variety of chemically bonded 
stationary phases and column dimensions.

To tackle the challenge of analyzing complex matrices, 
sophisticated chromatographic approaches are available. 
These techniques offer better peak resolution and higher 
peak capacity, such as serial column coupling (e.g., 
RP + HILIC) [157, 158] or 2D LC. A number of 2D LC 
methods have been applied for analysis of plant hormones 
[159–161]. Technological advances are continuously 
helping to improve of separation techniques, including 
liquid chromatography [162–164]. Great benefits can be 
obtained from the use of new chemical modifications 
of stationary phases, diverse functional groups and 
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multi-modal phases, and new column designs. Packed 
bed columns remain the gold standard, outlasting even 
their supposed successors, monolithic sorbents. It is not 
yet clear whether new additive methods (3D printing) 
for column production [165, 166] or application of 
multidimensional LC [167] will contribute to a radical 
shift in separation technology. It will be interesting to 
see whether these technologies find wider application 
and dominance for the analysis of natural substances and 
plant hormones.

Mass spectrometry detection
The first step performed in MS detection is ionization, 
which takes place in the ion source. In the context of 
small molecule analysis, different types of ionization can 
be used, e.g., electrospray ionization (ESI), atmospheric 
pressure chemical ionization (APCI) and atmospheric 
photoionization (APPI). The efficiency of ionization 
is profoundly affected by coeluting compounds, 
contributing to ME. Among the different types of 
ionization, ESI is the most widely used but also the most 
prone to ME. The mechanism of ME in ESI is not entirely 
clear but likely involves competition among analytes 
co-occurring in the ion source for a charge, which is 
limited because the ESI source is in a sense an electrolytic 
cell operating at the same current [86, 168].

Other ionization techniques APCI and APPI are impor-
tant complements that are less prone to ME. The main 
reason is the different mechanisms of ionization. At the 
APCI interface, sample vapor is ionized in the reaction 
zone of the corona discharge needle, whereas at the APPI 
interface, ionization occurs when an 8–12  eV photon is 
absorbed by the molecule and an electron is ejected [169–
171]. The different ionization mechanisms also result in 
different selectivity. APCI allows more efficient ioniza-
tion of nonpolar compounds that are difficult to ionize 
using ESI, and for example, has been used for the analysis 
of oxylipins [172] BRs [173] and several acidic hormones 
after derivatization [174]. On the other hand, APPI favors 
ionization of larger molecules, reduces ionization of mol-
ecules of solvent, which generally have a high ionization 
potential, and overall generates cleaner spectra [169]. 
Despite the higher susceptibility to ME, ESI remains the 
most popular choice because it allows ionization of a 
wider spectrum of analytes.

Tandem MS (MS/MS) detection is frequently used as 
a routine method for plant hormone analysis as empha-
sis is placed on ensuring a sufficient selectivity as well 
as high measurement sensitivity. Triple quadrupole 
(QqQ) mass analyzers are favored for several reasons. 
An inherent feature of quadrupole mass analyzers is the 
quantitative data output. In addition, the multiple reac-
tion monitoring (MRM) mode provides the necessary 

selectivity and electron multiplier detectors ensure a high 
sensitivity [175, 176].

However, QqQ mass analyzers have some limitations, 
e.g., the acquisition speed of these instruments allows 
only a certain number of analytes (MRM transitions) to be 
monitored during the time-frame of a chromatographic 
run. Multiple transitions are monitored to provide addi-
tional confirmation of the identity of analytes. This is 
based on relative ratios of multiple signal intensities that 
are unique for each compound [177, 178]. Monitoring one 
MRM transition is sufficient for quantification. However, 
it does not provide sufficient selectivity and increases the 
risk of false identification and quantification of the tar-
geted analyte. While it is possible to decrease the num-
ber of monitored MRM transitions per analyte, this may 
be problematic when studying complex or previously 
uncharacterized matrices. On the other hand, monitor-
ing multiple MRM transitions is not always feasible since 
small molecules generate simple fragmentation spectra 
after collision-induced dissociation. A high signal inten-
sity is measurable for a single fragment, whereas addi-
tional transitions provide order(s)-of-magnitude lower 
signal intensities, often rendering them irrelevant for 
trace analysis, e.g., ACC ionization in positive mode with 
m/z 102 → 56, ionization in negative mode with SA m/z 
137 → 93 and JA m/z 209 → 59 [108, 179].

Rapidly developing high-resolution mass spectrometry 
(HRMS) has opened new possibilities for plant hormone 
research by facilitating analysis of high molecular weight 
targets of plant hormones, e.g., proteins of signaling 
pathways, leading to better characterization of protein 
interaction or post-translational modifications. This, in 
turn, improves the description of plant hormone signal 
cross-talk [180]. HRMS (based on quadrupole time-of-
flight and QExactive Orbitrap analyzers) offers numer-
ous advantages over MS/MS based on QqQ [181], such 
as better selectivity, a substantially higher number of 
acquired analytes/features, no requirement for standard 
compounds. Additionally, analyses of small molecules 
can take advantage of the comparable or higher sensitiv-
ity of Orbitrap mass analyzers [182–186]. Nevertheless, 
the adoption of HRMS in quantitative plant hormone 
analysis remains somewhat reserved. Several studies have 
employed HRMS for trace analysis of Aux, CKs or multi-
ple-class analyses [71, 92, 104, 120, 187, 188].

Selection of internal standards
The utilization of internal standards (IS) is common prac-
tice for the quantitative analysis of biological samples by 
MS. Appropriately selected ISs allow the correction of 
errors arising from sample extraction, handling and puri-
fication, collectively referred to as the recovery (RE). IS 
can also be used to evaluate errors caused by the ME. The 
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overall process efficiency (PE = RE·ME) can be used to 
correct the signal output of each analyte, allowing correct 
quantification [83, 87, 171, 189]. ISs are usually chosen 
to be structural analogs of the analytes, showing simi-
lar chromatographic behavior and, in the best case, ion-
izability. In the case of MS, stable isotope (2H, 13C, 15N) 
labeled (SIL) ISs are the most appropriate choice as they 
are easily distinguished from endogenous compounds 
[190–192]. The isotope dilution method involves the addi-
tion of a known amount of an analyte’s SIL analog to the 
sample. During sample preparation, losses occur, but the 
ratio between the IS and analyte remains identical. Thus, 
the signal intensity of the IS can be used for quantification 
with high analytical accuracy: (Signal_of_analyte/Signal_
of_IS) × Known_amount_of_IS [193].

Regarding SIL analogs, the field of plant hormone 
analysis is well-developed, as many SIL compounds are 
commercially available and offer great coverage of many 
possible substances [4, 109, 120, 121, 132]. An extensive 
in-lab library of SIL analogs is essential for plant hor-
mone analysis. On the other hand, the acquisition of 
large sets of SIL analogs is costly, which may be a limiting 
factor for many laboratories. In contrast, Hao et al. [194] 
and Yu et al. [144] adopted a judicious approach for the 
analysis of GBs and BRs, respectively, yby utilizing deri-
vatization to increase the sensitivity of the analysis. The 
samples were reacted with a “light” derivatization agent, 
i.e., N,N-dimethyl ethylenediamine (DMED) for GBs and 
4-phenylaminomethyl-benzeneboronic acid (4-PAMBA) 
for BRs, whereas the standards were derivatized using a 
deuterium-labeled reagent (2H4-DMED, 2H5-4-PAMBA, 
respectively). The resulting SIL GBs and BRs derivatives 
were added before analysis, eliminating the need for SIL 
analogs. Such an approach can only be used to correct 
for ME, whereas RE (and subsequently PE) cannot be 
assessed by this procedure.

Although SIL analogs are currently the best option, they 
are not a perfect solution, as several problems may occur. 
(I) Isotope profiles of heavier molecules have to be taken 
into account and the IS should have a sufficient m/z shift. 
This can be illustrated by the example of (−)-jasmonoyl-
l-isoleucine (JA-Ile, MW = 323.4). For this compound, 
two deuterium derivatives, 2H2- and 2H6-, are commer-
cially available. In the case of jasmonate signaling, sev-
eral orders of magnitude changes in the concentrations 
of active species have been observed [98, 195, 196], e.g., 
induced by mechanical wounding. In the isotopic spec-
trum of endogenous JA-Ile, M + 2 reaches 2.8% of the 
monoisotopic intensity. Elevated levels of JA-Ile thus 
lead to strong cross-signal contributions when 2H2-JA-
Ile is used as the IS. Consequently, the only possibility is 
the undesired use of large amounts of (often expensive) 
IS so that the cross-signal contribution leads to a lower 

mathematical error. The use of 2H2- and 2H3-derivatives 
is constrained but possible, as in some cases these are 
the only commercially available options. For instance, 
only 2H2- and 2H3-derivatives of GBs and BRs are avail-
able [4, 91, 107, 109, 110, 113, 132, 140, 144, 188, 197]. 
(II) As a rare occurrence, we have observed similar frag-
mentation spectra for two unrelated compounds (an SIL 
IS and a matrix component), leading to a cross-signal 
contribution. Coincidentally, D4-ACC and serine have 
similar chromatographic behavior and the same MRM 
transition (106 → 60) [109, 198] and cannot be selectively 
distinguished by QqQ. III) 2H labeled analogs have a dis-
advantage compared to 13C, 15N-labeled analogs. Extreme 
conditions might lead to 1H–2H exchange, changing the 
ratio of IS and analyte. Additionally, intramolecular rear-
rangement after collision-induced dissociation during 
MS/MS detection has been shown to lead to random loss 
of 2H in 2H5-IAA. Instead of a single transition 181 → 135, 
several transitions of lower intensity were observed 
(181 → 135, 181 → 134, 181 → 133) [119] substantially 
limiting the sensitivity of measurement and compromis-
ing its use. Finally, the presence of a high number of 2H 
atoms affects the chromatographic retention and leads to 
a forward shift in the RP system and a backward shift in 
the HILIC system. Although not a drastic shift, in occa-
sional cases, this may result in a significant error due to 
strong ME that are slightly different for the IS than for the 
analyte [199]. Consequently, the measurement reliability 
of the method and the trueness of the data may be com-
promised. Such phenomena of retention time shift, 1H-2H 
exchange and 2H loss during MS/MS are not observed for 
13C, 15N-labeled analogs, making these compounds the 
preferred choice for IS.

Wang et  al. [199] have highlighted another problem, 
namely the differences among matrices. It is common 
practice to develop a method on model Arabidopsis. 
However, interest in hormone analysis extends beyond an 
isolated system dedicated to Arabidopsis rosettes. Anal-
ysis of other plant species and organs is needed to fully 
evaluate the key roles of hormones in plants. For example, 
the chemical composition of leaves changes during their 
development [200]. Moreover, there is a need for analy-
ses of roots, flowers and various fruits and tubers. Stahnke 
et al. [201] have reported different ME profiles of various 
plant matrices and their extensive influence on pesticide 
analysis. Their work showed that at a given time, ME may 
differ significantly for different analytes and matrices, sug-
gesting that they are mainly affected by the matrix com-
ponents rather than the physicochemical properties of the 
analytes. Two recently developed methods have evaluated 
this by testing up to 5 [65] and 9 [202] different matrices, 
including various plant materials covering monocots, 
dicots, bryophyta and green algae [202].
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Although SIL analogs provide a nearly ideal solution, 
each matrix has to be tested in advance to ensure the 
required data quality. This is performed either by sepa-
rate pre-extraction and post-extraction addition of IS, 
or by post-column addition during the chromatographic 
run [171]. For complex methods aimed at analyzing sev-
eral or all plant hormone groups, a SIL standard library 
remains an integral and costly part of laboratory readi-
ness. However, even if a SIL IS is used for every analyte of 
interest, such a method cannot avoid further validations 
and testing when using other matrices. The risk of errors 
remains high when monitoring hundreds of analytes in 
complex (and concentrated) matrices. Validation using 
only Arabidopsis is insufficient, as other plants, primarily 
crops, are also of interest [1].

Derivatization
Not all plant hormones and related compounds have 
properties suited for MS detection. A poor ionization 
efficiency, thermal instability, low molecular weight, or 
their combination, can result in a low signal response and 
subsequent failure of detection or proper quantification 
of plant hormones in samples. In such cases, chemical 
derivatization could be used during sample preparation 
to introduce moieties that enhance ionization, increase 
the stability or molecular weight of the analytes, or 
improve the retention in a given chromatographic system 
[71, 82, 160, 203].

Derivatization is a necessary step when using gas 
chromatography (GC) as it requires volatile analytes. 

However, in plant hormones analyses GC–MS has mostly 
been displaced in favor of LC–MS (apart from analy-
ses of volatile hormones) [82, 114] and derivatization in 
LC–MS remains an option rather than a necessity. Sev-
eral plant hormone classes exhibit low sensitivity due to 
a poor ionization efficiency. In general, this applies to 
acidic plant hormones ionized in the negative mode at 
the low pH values of mobile phases used in RP systems or 
other classes, such as Aux, SA and BRs. Thus, the use of 
a derivatization step in sample preparation may be inevi-
table. However, in the context of plant hormonomics, the 
justification for a derivatization step is debatable for sev-
eral reasons. Firstly, the extreme conditions of derivatiza-
tion may lead to substantial changes in the profile of the 
compounds of interest. Secondly, it is already clear that 
it is not sufficient to just use one derivatization reagent 
[132]. The use of multiple reagents may be undesirable, 
require a more demanding protocol or generate hidden 
changes or artifacts.

Reagents typically employed for the analysis of plant 
hormones are listed in Table  2. Due to their extremely 
low endogenous concentrations and poor ionizability, 
BRs are often derivatized using analogs of phenylboronic 
acid targeting the vicinal diol moiety. The advantages of 
these reagents are selectivity and mild reaction condi-
tions. Various reagents have been utilized, e.g., such 
as 2-methyl-4-phenylaminomethyl-benzeneboronic 
acid [132], 4-phenylaminomethyl-benzeneboronic acid 
[144], 3-(dimethylamino)-phenylboronic acid [188] and 
2-methoxypyridine-5-boronic acid [197, 204]. Plant 

Table 2  Overview of derivatization reagents used in plant hormone analysis

Target analyte Reagent Reaction conditions Analysis type References

Carboxy group Diazomethane Room temp LC–MS, GC–MS [119, 155]

Carboxy group Bromocholine 80 °C, 130 min LC–MS [107]

BRs (vicinal diol) 3-(Dimethylamino)-phenylboronic acid (DMAPBA) 40 °C, 60 min LC–MS [188]

Carboxy group (GBs) N,N-Dimethyl ethylene diamine (DMED) and D4-DMED 40 °C, 60 min LC–MS [194]

BRs (vicinal diol) 4-Phenylaminomethyl-benzeneboronic acid (4-PAMBA) 
and D5-4-PAMBA

Room temp LC–MS [144]

BRs (vicinal diol) 2-Methyl-4-phenylaminomethyl-benzeneboronic acid 
(2-methyl-PAMBA)

40 °C,10 min LC–MS [132]

IAAld + IPyA Cysteamine Room temp, 15 min LC–MS [121, 122]

IAAld + IPyA Methoxyamine During extraction LC–MS [120]

BRs (vicinal diol) 2-Methoxypyridine-5-boronic acid (MpyBA) 40 °C, 60 min LC–MS [197, 204]

Carboxy group N,N-Diethyl ethylene diamine (DEED) 40 °C, 10 min LC–MS [132]

ACC​ Phenyl isothiocyanate (PITC) (1) room temp, (2) 20 min 40% 
TFA, 90 °C, 60 min

LC–MS [206]

ACC​ 9-Fluorenylmethyloxycarbonyl chloride Room temp, 5 min LC–MS [208, 209]

ACC​ Pentafluorobenzyl bromide 60 °C, 15 min GC–MS [207]

ACC​ Marfey’s reagent 37 °C 120 min LC–MS [210]

ACC​ Methoxyamine + N-methyl-Ntrimethylsilyl trifluoroacetamide (1) 90 °C 90 min, (2) 90 °C 60 min GC–MS [211]
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hormones containing carboxyl group, such as GBs, 
Aux, ABAs, JAs and SA, are also targets for derivatiza-
tion. Such reactions result in derivatives that are ioniz-
able in the positive mode which is more sensitive due 
to the common use of low pH mobile phases in RP. 
Ethereal diazomethane [116, 119], N,N-diethylethylen-
ediame [132], N,N-dimethylethylenediame [194] and 
bromocholine [107, 205] have been used for this pur-
pose. One example of derivatization being abandoned is 
in the development of the Aux profiling method. Initial 
work by [119] used methylation by diazomethane prior 
to analysis, whereas an updated method [121] utilizes 
cysteamine, which prevents the degradation of unstable 
aldehydes (indole-3-acetaldehyde) and α-oxo-carboxylic 
acids (indole-3-pyruvic acid) in the Aux biosynthetic 
pathway [115]. Likewise, methoxamine has been used 
[120]. Another inherently difficult plant hormone to ana-
lyze by LC–MS (and GC–MS) is ACC. To analyze ACC 
by RP-LC, derivatization is required to ensure retention 
on the RP phase and enhance the ionization efficiency, 
e.g., by using phenyl isothiocyanate [206], pentafluor-
obenzyl bromide [207], 9-fluorenylmethyloxycarbonyl 
chloride [208, 209], Marfey’s reagent [210] or trimethyl-
silylation [211]. Another viable option to quantify ACC 
is to use GC–MS to measure ET liberated from ACC 
and malonyl-ACC via oxidation [212, 213]. However, the 
need for ACC derivatization has become less important 
owing to the utilization of HILIC separation, as published 
by Wisznievska [108].

Nevertheless, the advantages of derivatization may be 
favorable in some cases, e.g., for analysis of sub-milligram 
samples to ensure the highest sensitivity possible [132], 
detailed studies of a single plant hormone class or using 
the approach described by Hao et  al. [194], Sun et  al. 
[205] and Yu et  al. [144] employing two derivatization 
agents (“light” and SIL) to trade-off the need for SIL 
analogs for compromised correction of RE. Therefore, 
although derivatization has some drawbacks, it remains 
relevant as its advantages may be significant in specific 
cases.

Evaluation of spatial distribution
Although increasingly powerful instruments, more 
sophisticated chromatographic systems and optimized 
sample preparation have enabled greater analyte 
coverage, the spatiotemporal arrangement and 
distribution at tissue and cellular levels of metabolites 
remain largely unknown. Circadian rhythms generate 
periodic changes in metabolite and plant hormone 
concentrations [66, 214, 215]. Additionally, due 
to the nature of destructive sample preparation, 
spatial information is often lost during the analytical 
procedure, and therefore it only provides a static 

picture at the time of sampling. All these aspects 
compromise the information that can be obtained 
and require extensive planning and adequate sample 
collection [216].

Efforts to address these challenges have led to the 
development of omics techniques capable of single-
cell analysis. However, analysis of the proteome and 
metabolome in a single cell cannot achieve results 
comparable to those obtained from transcriptome 
analysis. The amount of metabolites and proteins in a 
single cell are very low even for the best-performing 
instrument, and thus methods remain somewhat 
limited [217, 218]. This is even more troublesome in the 
case of metabolites at trace levels. However, Shimizu 
et al. [219] have been able to analyze ABA and JA-Ile in 
a single cell.

One way to investigate the spatial distribution is to 
use of MS imaging techniques. The output of these 
techniques is an individual mass spectrum for each 
point (pixel) in the plane of analysis (e.g., leaves). 
Thus, they provide information on the signal intensity 
of specific compounds in a spatial arrangement [220, 
221]. MS imaging has been performed of jasmonates 
by desorption electrospray ionization [222] and several 
plant hormone classes by nano-particle assisted 
desorption/ionization [223].

In addition to single-cell analysis and imaging 
techniques, several sample preparation procedures 
allow spatial discrimination and separation of different 
cell types or cell organelles. Sorting of cell types has 
been achieved by different GFP labeling and subsequent 
sorting of protoplasts by flow cytometry [224, 225]. 
Protocols for the separation of cell organelles have also 
been developed. Cells can be separated into plastids, 
cytoplasm, vacuoles and endoplasmic reticulum. 
Subsequent analysis then provides metabolite profiles 
in each organelle [226–229].

These unique protocols open further possibilities 
for destructive type analyses and offer an alternative 
to biosensor [2, 230], microscopic and molecular biol-
ogy methods for the study of processes occurring at the 
cellular level. However, such MS techniques have sig-
nificant drawbacks. Further applications of single-cell 
analysis and MS imaging are severely hindered by the 
trace levels of analytes present in samples. Flow cytom-
etry cell type sorting requires upfront GFP labeling 
unique for each cell type and protoplast preparation. 
Also, maintaining hormonal homeostasis and mini-
mizing changes during such sample preparation may 
be problematic. The main difficulty in the case of plant 
hormone analysis is the need to obtain enough material 
using these techniques for successful detection.
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Data analysis
Data analysis is an essential aspect of experiments involv-
ing instrumental analyses, capable of extracting valu-
able insights from the chemical information obtained. 
Preprocessing workflows differ for targeted and untar-
geted LC–MS analysis. Essentially, targeted analysis does 
not require extensive data preprocessing, unlike untar-
geted LC–MS studies. As the identities of compounds 
are known, the main aim is their accurate quantification. 
Therefore, little to no emphasis is placed on the identi-
fication of unknown compounds and data are normal-
ized using IS (“Selection of internal standards” section). 
Nonetheless, even targeted analysis may require data 
transformation. Plant hormones are often present at 
extremely low levels and provide signals near the limit of 
quantification or detection (recommendations for vali-
dation of chromatographic methods please see ref [231, 
232]). However, endogenous concentrations may vary by 
several orders of magnitude after stimulation. For multi-
order calibration and curve fitting, log–log transforma-
tion [log(normalized signal) plotted on the y-axis vs. 
log(concentration/molar amount) plotted on the x-axis] is 
preferable to linear regression without any transformation 
or weighting; log–log transformation improves curve fit-
ting, increases robustness and avoids massive leveraging 
effects by evenly spacing calibration points (1,3,10,30… 
or √1, √10, √100, √1000… concentration series) [233–235]. 
Therefore, data transformation should be considered.

The experimental design, whether descriptive or 
hypothesis-driven, and research objectives should guide 
the selection of statistical analyses. A crucial considera-
tion is the small sample size in plant hormone analysis, 
which is challenging to overcome. Limitations stem from 
the preparation of the plant material and the laborious-
ness of the analytical procedure. A large sample size is 
difficult to achieve when working with rare mutants, 
small plant organs, such as root tips, apical meristems 
and similar organs, or when monitoring dynamic changes 
with multiple time-point collections. Despite these prob-
lems, some biological questions may only require sim-
ple statistical comparison, e.g., differences in levels of 
relevant chemical species (hormones). For hypothesis 
testing, tools such as the t-test for two group compari-
son and ANOVA (including post hoc tests, e.g., Tukey’s 
range test) for three or more groups are essential. When 
a normal distribution of data cannot be assumed, the 
Mann–Whitney test U test and Kruskal–Wallis are non-
parametric alternatives to the t-test and ANOVA. How-
ever, normality tests (e.g., Shapiro–Wilk W test) have low 
power when performed on a small sample size (n < 30) 
and might lead to erroneous assumptions [236, 237]. To 
conduct statistical analysis, outlier rejection might be 
necessary. Dixon and Grubb’s tests are commonly used 

when dealing with small sample sizes or a robust median 
absolute deviation-based method could be considered 
to detect outliers before performing statistical analy-
sis [238]. These listed approaches represent just a small 
fraction of all tools available for outlier detection [239]. 
Given the high biological variability of metabolite levels 
and small sample size, outlier rejection has to be per-
formed cautiously.

Multivariate analysis plays a pivotal role when looking 
for insights within complex datasets. Instrumental anal-
yses allow the collection of large amounts of data, espe-
cially untargeted analyses. This also applies to large-scale 
targeted analyses. Thus, multivariate analysis may pro-
vide new insights into the data obtained. In this review, 
only principal component analysis (PCA) and clustering 
analysis will be briefly mentioned. As the volume of data 
increases, so does the difficulty of recognizing patterns. 
Large datasets often include variables (e.g., concentra-
tions of metabolites/hormones) that are correlated, mak-
ing some information redundant. PCA is frequently used 
to visualize 2D (or 3D) plots of datasets with large sets 
of variables for visual inspection and pattern recognition 
[238]. This is performed by finding the principal compo-
nents to reduce redundant information and retain the 
variance of uncorrelated variables. The first principal 
component (PC1), a combination of original variables, 
is oriented in the direction of maximum variation. The 
second principal component (PC2) is oriented in the 
direction of the next greatest variation, while remaining 
uncorrelated to PC1. In order to capture the majority of 
variance by PC1 and PC2, a dataset has to contain vari-
ables with high covariance, otherwise PCA is not suita-
ble. Cluster analysis again helps with identifying patterns 
and groups within a dataset. Hierarchical cluster analysis 
(HCA) is a simple and useful non-supervised clustering 
method. The iterative process of HCA sorts and links 
objects (samples) by their similarity, and as a result, a 
dendrogram is plotted that is straightforward and easy 
to understand. However, simplicity and elegance are not 
always possible when handling very complex datasets 
(either many samples or many variables) as the dendro-
gram becomes crowded and difficult to interpret. PCA 
and HCA just scratch the surface of multivariate statis-
tical analysis. The topic has been the subject of several 
reviews; for further reading, see [238, 240–242].

Summary
A new popular term has been coined—plant 
hormonomics. Similarly to other omics sciences, 
plant hormonomics aims to achieve qualitative and 
quantitative analysis of the hormone complement in 
a given sample. Hormones represent a standalone set 
(several hundred) of low molecular weight compounds 
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alongside primary and secondary metabolites. They 
possess high biological activity and govern all processes 
during a plant’s lifecycle, attracting the attention of 
many researchers. Not all related compounds exhibit 
high biological activity, but data on the biosynthetic 
precursors, transport forms, storage forms and 
catabolites of biologically active hormones provide 
additional and valuable information that can help to 
elucidate the internal processes.

In general, plant hormone analysis shares some 
common ground with metabolomics. The key differ-
ence is the several orders of magnitude lower endog-
enous levels of plant hormones in  vivo, in contrast to 
other metabolites. To counteract matrix effects hin-
dering correct signal responses, samples for hormonal 
analysis are typically purified to remove matrix com-
ponents and enriched to obtain the highest possible 
signal response. However, comprehensive hormonom-
ics analysis requires little or no purification, otherwise 
some analytes may be removed during sample purifica-
tion. Therefore, efficient and robust chromatographic 
separation is necessary to minimize matrix effects. 
Notably, current methods do not fully explore the pos-
sibilities available in the field of liquid chromatography, 
such as other chromatographic systems (hydrophilic 
interaction chromatography, supercritical fluid chro-
matography, multimodal), and generally incline toward 
extremely short analysis of highly purified samples. Fur-
thermore, technological improvements in HRMS have 
led to the development of instruments that offer equal 
or greater sensitivity compared to triple quadrupoles. 
At the same time, they offer the advantages associ-
ated with high resolution. However, the advent of these 
technologies has been so far reserved. Sample deri-
vatization could help when dealing with small sample 
sizes or low signal responses in general. The improved 
physicochemical properties of derivatized analytes are 
often unparalleled when compared to the native state. 
However, despite the increased hormonome coverage, 
complications may arise, such as artifact formation and 
degradation of analytes under harsh derivatization con-
ditions. Therefore, derivatization is mainly reserved for 
non-hormonomics applications.

Destructive plant hormone analysis remains an indis-
pensable tool in plant sciences. However, conventional 
single hormone class analysis employs a purification 
protocol that eliminates the majority of other matrix 
components, including other hormone classes. Compre-
hensive multiple/all-class plant hormonomics analysis 
cannot be achieved using a minimal purification proto-
col, fast chromatographic separation and triple quadru-
pole tandem mass spectrometry.
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m/z	� Mass to charge ratio
OPDA	� 12-Oxophytodienoic acid
PCA	� Principal component analysis
PE	� Process efficiency
QqQ	� Triple quadrupole mass analyzer
RE	� Recovery
RP	� Reversed phase (chromatography)
SA	� Salicylic acid
SAM	� S-Adenosyl methionine
SIL	� Stable isotope labelled
SLs	� Strigolactones
SPE	� Solid phase extraction

Acknowledgements
The authors are grateful to Sees-editing Ltd. (UK) for editing the manuscript.

Author contributions
OV conceptualization, original draft writing and editing; PT supervision, 
manuscript editing, funding acquisition.

Funding
This work was supported by the Internal Grant Agency of Palacky University 
in Olomouc (IGA_PrF_2020_013), an ERDF project entitled “Plants as a tool for 
sustainable global development” (CZ.02.1.01./0.0/0.0/16_019/0000827) and 
project no. RO0423 funded by the Ministry of Agriculture, Czechia.

Availability of the data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
Authors declare no competing financial interest.

Received: 9 August 2023   Accepted: 8 October 2023



Page 17 of 22Vrobel and Tarkowski ﻿Plant Methods          (2023) 19:107 	

References
	 1.	 Hirayama T, Mochida K. Plant hormonomics: a key tool for deep physi-

ological phenotyping to improve crop productivity. Plant Cell Physiol. 
2022;63(12):1826–39.

	 2.	 Novák O, Napier R, Ljung K. Zooming in on plant hormone analysis: tis-
sue- and cell-specific approaches. Annu Rev Plant Biol. 2017;68:323–48.

	 3.	 Raspor M, Motyka V, Ninković S, Dobrev PI, Malbeck J, Ćosić T, et al. 
Endogenous levels of cytokinins, indole-3-acetic acid and abscisic acid 
in in vitro grown potato: a contribution to potato hormonomics. Sci 
Rep. 2020;10(1):1–13.

	 4.	 Šimura J, Antoniadi I, Široká J, Tarkowská D, Strnad M, Ljung K, et al. 
Plant hormonomics: multiple phytohormone profiling by targeted 
metabolomics. Plant Physiol. 2018;177(2):476–89.

	 5.	 Oliver SG, Winson MK, Kell DB, Baganz F. Systematic functional analysis 
of the yeast genome. Trends Biotechnol. 1998;16(9):373–8.

	 6.	 Vailati-Riboni M, Palombo V, Loor JJ. What are omics sciences? In: 
Ametaj BN, editor. Periparturient diseases of dairy cows. Cham: Springer 
International Publishing; 2017. p. 1–7.

	 7.	 Fukushima A, Kusano M, Redestig H, Arita M, Saito K. Integrated 
omics approaches in plant systems biology. Curr Opin Chem Biol. 
2009;13(5–6):532–8.

	 8.	 Houle D, Govindaraju DR, Omholt S. Phenomics: the next challenge. Nat 
Rev Genet. 2010;11(12):855–66.

	 9.	 Balkir P, Kemahlioglu K, Yucel U. Foodomics: a new approach in food 
quality and safety. Trends Food Sci Technol. 2021;108:49–57.

	 10.	 Hart GW, Copeland RJ. Glycomics hits the big time. Cell. 
2010;143(5):672–6.

	 11.	 Herrero M, Simó C, García-Cañas V, Ibáñez E, Cifuentes A. Foodomics: 
MS-based strategies in modern food science and nutrition. Mass Spec-
trom Rev. 2012;31(1):49–69.

	 12.	 Li M, Yang L, Bai Y, Liu H. Analytical methods in lipidomics and their 
applications. Anal Chem. 2014;86(1):161–75.

	 13.	 Davies PJ. The plant hormones: their nature, occurrence, and functions. 
In: plant hormones. Dordrecht: Springer; 2010. p. 1–15.

	 14.	 Peleg Z, Blumwald E. Hormone balance and abiotic stress tolerance in 
crop plants. Curr Opin Plant Biol. 2011;14(3):290–5.

	 15.	 Rajjou L, Duval M, Gallardo K, Catusse J, Bally J, Job C, et al. Seed germi-
nation and vigor. Annu Rev Plant Biol. 2012;63:507–33.

	 16.	 Verma V, Ravindran P, Kumar PP. Plant hormone-mediated regulation of 
stress responses. BMC Plant Biol. 2016;16(1):1–10.

	 17.	 Schaller GE, Bishopp A, Kieber JJ. The yin-yang of hormones: 
cytokinin and auxin interactions in plant development. Plant Cell. 
2015;27(1):44–63.

	 18.	 Vanstraelen M, Benková E. Hormonal interactions in the regulation of 
plant development. Annu Rev Cell Dev Biol. 2012;28:463–87.

	 19.	 Erb M, Kliebenstein DJ. Plant secondary metabolites as defenses, 
regulators, and primary metabolites: the blurred functional trichotomy. 
Plant Physiol. 2020;184(1):39–52.

	 20.	 Fàbregas N, Fernie AR. The reliance of phytohormone biosynthesis on 
primary metabolite precursors. J Plant Physiol. 2022;268:153589.

	 21.	 Arnao MB, Cano A, Hernández-Ruiz J. Phytomelatonin: an unex-
pected molecule with amazing performances in plants. J Exp Bot. 
2022;73(17):5779–800.

	 22.	 Back K. Melatonin metabolism, signaling and possible roles in plants. 
Plant J. 2021;105(2):376–91.

	 23.	 Moreno JC, Mi J, Alagoz Y, Al-Babili S. Plant apocarotenoids: from 
retrograde signaling to interspecific communication. Plant J. 
2021;105(2):351–75.

	 24.	 Mitchinson A. Fairy chemicals. Nature. 2014;505(7483):298–298.
	 25.	 Kawagishi H. Fairy chemicals—a candidate for a new family of plant 

hormones and possibility of practical use in agriculture*. Biosci Biotech-
nol Biochem. 2018;82(5):752–8.

	 26.	 Flematti GR, Dixon KW, Smith SM. What are karrikins and how were they 
“discovered” by plants? BMC Biol. 2015;13(1):1–7.

	 27.	 Murphy A. Hormone crosstalk in plants. J Exp Bot. 2015;66(16):4853–4.
	 28.	 Aerts N, Pereira Mendes M, Van Wees SCM. Multiple levels of 

crosstalk in hormone networks regulating plant defense. Plant J. 
2021;105(2):489–504.

	 29.	 Salvi P, Manna M, Kaur H, Thakur T, Gandass N, Bhatt D, et al. Phytohor-
mone signaling and crosstalk in regulating drought stress response in 
plants. Plant Cell Rep. 2021;40(8):1305–29.

	 30.	 Zhu JK. Abiotic stress signaling and responses in plants. Cell. 
2016;167(2):313–24.

	 31.	 Devireddy AR, Zandalinas SI, Fichman Y, Mittler R. Integration of reactive 
oxygen species and hormone signaling during abiotic stress. Plant J. 
2021;105(2):459–76.

	 32.	 Klassen A, Faccio AT, Canuto GAB, da Cruz PLR, Ribeiro HC, Tavares MFM, 
et al. Metabolomics: definitions and significance in systems biology. In: 
Sussulini A, editor., et al., Metabolomics: From fundamentals to clinical 
applications, advances in experimental medicine and biology. Springer 
International Publishing; 2017. p. 3–17.

	 33.	 Alseekh S, Fernie AR. Expanding our coverage: strategies to detect a 
greater range of metabolites. Curr Opin Plant Biol. 2023;73: 102335.

	 34.	 Vervoort N, Goossens K, Baeten M, Chen Q. Recent advances in analyti-
cal techniques for high throughput experimentation. Anal Sci Adv. 
2021;2(3–4):109–27.

	 35.	 Araus JL, Cairns JE. Field high-throughput phenotyping: the new crop 
breeding frontier. Trends Plant Sci. 2014;19(1):52–61.

	 36.	 Berger B, Parent B, Tester M. High-throughput shoot imaging to study 
drought responses. J Exp Bot. 2010;61(13):3519–28.

	 37.	 Campbell ZC, Acosta-Gamboa LM, Nepal N, Lorence A. Engineer-
ing plants for tomorrow: how high-throughput phenotyping is 
contributing to the development of better crops. Phytochem Rev. 
2018;17(6):1329–43.

	 38.	 Fahlgren N, Gehan MA, Baxter I. Lights, camera, action: high-through-
put plant phenotyping is ready for a close-up. Curr Opin Plant Biol. 
2015;24:93–9.

	 39.	 Hall RD, D’Auria JC, Silva Ferreira AC, Gibon Y, Kruszka D, Mishra P, et al. 
High-throughput plant phenotyping: a role for metabolomics? Trends 
Plant Sci. 2022;27(6):549–63.

	 40.	 Humplík JF, Lazár D, Husičková A, Spíchal L. Automated phenotyping 
of plant shoots using imaging methods for analysis of plant stress 
responses—a review. Plant Methods. 2015;11(1):1–10.

	 41.	 Palit P, Kudapa H, Zougmore R, Kholova J, Whitbread A, Sharma M, 
et al. An integrated research framework combining genomics, systems 
biology, physiology, modelling and breeding for legume improvement 
in response to elevated CO2 under climate change scenario. Curr Plant 
Biol. 2020;22: 100149.

	 42.	 Fernandez O, Urrutia M, Bernillon S, Giauffret C, Tardieu F, Le Gouis J, 
et al. Fortune telling: metabolic markers of plant performance. Metabo-
lomics. 2016;12(10):1–14.

	 43.	 Fernandez O, Millet EJ, Rincent R, Prigent S, Pétriacq P, Gibon Y. Plant 
metabolomics and breeding. Adv Bot Res. 2021;98:207–35.

	 44.	 Ashikari M, Sakakibara H, Lin S, Yamamoto T, Takashi T, Nishimura A, 
et al. Plant science: cytokinin oxidase regulates rice grain production. 
Science (80-). 2005;309(5735):741–5.

	 45.	 Spielmeyer W, Ellis MH, Chandler PM. Semidwarf (sd-1), “green revolu-
tion” rice, contains a defective gibberellin 20-oxidase gene. Proc Natl 
Acad Sci U S A. 2002;99(13):9043–8.

	 46.	 Xu K, Xu X, Fukao T, Canlas P, Maghirang-Rodriguez R, Heuer S, et al. 
Sub1A is an ethylene-response-factor-like gene that confers submer-
gence tolerance to rice. Nature. 2006;442(7103):705–8.

	 47.	 Altman A, Fan L, Foyer C, Cowling W, Mittler R, Qaim M, et al. Past and 
future milestones of plant breeding. Trends Plant Sci. 2021;26(6):530–8.

	 48.	 FAO. High level expert forum—how to feed the world in 2050. Rome: 
Economic and Social Development Department, Food and Agriculture 
Organization of the United Nations; 2009.

	 49.	 UN DESA. The 2030 Agenda for sustainable development. UN DESA; 
2016. p. 12–4.

	 50.	 Von Wettberg EJB, Chang PL, Başdemir F, Carrasquila-Garcia N, Korbu 
LB, Moenga SM, et al. Ecology and genomics of an important crop 
wild relative as a prelude to agricultural innovation. Nat Commun. 
2018;9(1):649.

	 51.	 Fàbregas N, Lozano-Elena F, Blasco-Escámez D, Tohge T, Martínez-Andú-
jar C, Albacete A, et al. Overexpression of the vascular brassinosteroid 
receptor BRL3 confers drought resistance without penalizing plant 
growth. Nat Commun. 2018;9(1):1–13.

	 52.	 Ramireddy E, Hosseini SA, Eggert K, Gillandt S, Gnad H, von Wirén N, 
et al. Root engineering in barley: increasing cytokinin degradation 
produces a larger root system, mineral enrichment in the shoot and 
improved drought tolerance. Plant Physiol. 2018;177(3):1078–95.



Page 18 of 22Vrobel and Tarkowski ﻿Plant Methods          (2023) 19:107 

	 53.	 Kudo M, Kidokoro S, Yoshida T, Mizoi J, Kojima M, Takebayashi Y, et al. A 
gene-stacking approach to overcome the trade-off between drought 
stress tolerance and growth in Arabidopsis. Plant J. 2019;97(2):240–56.

	 54.	 Hickey LT, Hafeez NA, Robinson H, Jackson SA, Leal-Bertioli SCM, 
Tester M, et al. Breeding crops to feed 10 billion. Nat Biotechnol. 
2019;37(7):744–54.

	 55.	 Langridge P, Fleury D. Making the most of “omics” for crop breeding. 
Trends Biotechnol. 2011;29(1):33–40.

	 56.	 Sadras V, Alston J, Aphalo P, Connor D, Denison RF, Fischer T, et al. Mak-
ing science more effective for agriculture. Adv Agron. 2020;163:153–77.

	 57.	 Steinwand MA, Ronald PC. Crop biotechnology and the future of food. 
Nat Food. 2020;1(5):273–83.

	 58.	 Jiménez VM. Involvement of plant hormones and plant growth 
regulators on in vitro somatic embryogenesis. Plant Growth Regul. 
2005;47(2–3):91–110.

	 59.	 Loberant B, Altman A. Micropropagation of plants. In: Encyclopedia of 
industrial biotechnology. Hoboken: John Wiley & Sons, Inc.; 2010. p. 
329–46.

	 60.	 Rademacher W. Plant growth regulators: backgrounds and uses in plant 
production. J Plant Growth Regul. 2015;34(4):845–72.

	 61.	 Rademacher W. Chemical regulators of gibberellin status and their 
application in plant production. In: Hedden P, Thomas SG, editors. 
Annual plant reviews, Volume 49: Gibberellins. John Wiley & Sons, Inc. 
2016. p. 359–404.

	 62.	 Cutler SR, Nelson DC. Plant hormones. In: eLS. New York: Wiley; 2017. p. 
1–11.

	 63.	 Tarkowská D, Novák O, Floková K, Tarkowski P, Turečková V, Grúz J, et al. 
Quo vadis plant hormone analysis? Planta. 2014;240(1):55–76.

	 64.	 Holubová K, Hensel G, Vojta P, Tarkowski P, Bergougnoux V, Galuszka 
P. Modification of barley plant productivity through regulation of 
cytokinin content by reverse-genetics approaches. Front Plant Sci. 
2018;871:1–18.

	 65.	 Kisiala A, Kambhampati S, Stock NL, Aoki M, Emery RJN. Quantifica-
tion of cytokinins using high-resolution accurate-mass Orbitrap mass 
spectrometry and parallel reaction monitoring (PRM). Anal Chem. 
2019;91(23):15049–56.

	 66.	 Dobrev PI, Vankova R. Quantification of abscisic acid, cytokinin, 
and auxin content in salt-stressed plant tissues. Methods Mol Biol. 
2012;913:251–61.

	 67.	 Tivendale ND, Ross JJ, Cohen JD. The shifting paradigms of auxin bio-
synthesis. Trends Plant Sci. 2014;19(1):44–51.

	 68.	 Hedden P. The current status of research on gibberellin biosynthesis. 
Plant Cell Physiol. 2020;61(11):1832–49.

	 69.	 Bajguz A, Chmur M, Gruszka D. Comprehensive overview of the brassi-
nosteroid biosynthesis pathways: substrates, products, inhibitors, and 
connections. Front Plant Sci. 2020;11:1–9.

	 70.	 Frébort I, Kowalska M, Hluska T, Frébortová J, Galuszka P. Evolution of 
cytokinin biosynthesis and degradation. J Exp Bot. 2011;62(8):2431–52.

	 71.	 Tillmann M, Tang Q, Gardner G, Cohen JD. Complexity of the auxin 
biosynthetic network in Arabidopsis hypocotyls is revealed by multiple 
stable-labeled precursors. Phytochemistry. 2022;200: 113219.

	 72.	 Ding P, Ding Y. Stories of salicylic acid: a plant defense hormone. Trends 
Plant Sci. 2020;25(6):549–65.

	 73.	 Pommerrenig B, Feussner K, Zierer W, Rabinovych V, Klebl F, Feussner I, 
et al. Phloem-specific expression of Yang cycle genes and identification 
of novel Yang cycle enzymes in Plantago and Arabidopsis. Plant Cell. 
2011;23(5):1904–19.

	 74.	 Mashiguchi K, Tanaka K, Sakai T, Sugawara S, Kawaide H, Natsume M, 
et al. The main auxin biosynthesis pathway in Arabidopsis. Proc Natl 
Acad Sci U S A. 2011;108(45):18512–7.

	 75.	 Hildebrandt TM, Nunes Nesi A, Araújo WL, Braun HP. Amino acid 
catabolism in plants. Mol Plant. 2015;8(11):1563–79.

	 76.	 Li D, Mou W, Van de Poel B, Chang C. Something old, something 
new: conservation of the ethylene precursor 1-amino-cyclopropane-
1-carboxylic acid as a signaling molecule. Curr Opin Plant Biol. 2022;65: 
102116.

	 77.	 Mou W, Kao YT, Michard E, Simon AA, Li D, Wudick MM, et al. Ethylene-
independent signaling by the ethylene precursor ACC in Arabidopsis 
ovular pollen tube attraction. Nat Commun. 2020;11(1):1–11.

	 78.	 Jimenez Aleman GH, Thirumalaikumar VP, Jander G, Fernie AR, Skirycz A. 
OPDA, more than just a jasmonate precursor. Phytochemistry. 2022;204: 
113432.

	 79.	 Da Silva RR, Dorrestein PC, Quinn RA. Illuminating the dark matter in 
metabolomics. Proc Natl Acad Sci U S A. 2015;112(41):12549–50.

	 80.	 Dixon RA, Strack D. Phytochemistry meets genome analysis, and 
beyond. Phytochemistry. 2003;62(6):815–6.

	 81.	 Saito K, Matsuda F. Metabolomics for functional genomics, systems 
biology, and biotechnology. Annu Rev Plant Biol. 2010;61:463–89.

	 82.	 Wang L, Zou Y, Kaw HY, Wang G, Sun H, Cai L, et al. Recent develop-
ments and emerging trends of mass spectrometric methods in plant 
hormone analysis: a review. Plant Methods. 2020;16(1):1–17.

	 83.	 Gosetti F, Mazzucco E, Zampieri D, Gennaro MC. Signal suppression/
enhancement in high-performance liquid chromatography tandem 
mass spectrometry. J Chromatogr A. 2010;1217(25):3929–37.

	 84.	 Bonfiglio R, King RC, Olah TV, Merkle K. The effects of sample prepara-
tion methods on the variability of the electrospray ionization response 
for model drug compounds. Rapid Commun Mass Spectrom. 
1999;13(12):1175–85.

	 85.	 Periat A, Kohler I, Thomas A, Nicoli R, Boccard J, Veuthey JL, et al. 
Systematic evaluation of matrix effects in hydrophilic interaction chro-
matography versus reversed phase liquid chromatography coupled to 
mass spectrometry. J Chromatogr A. 2016;1439:42–53.

	 86.	 Konermann L, Ahadi E, Rodriguez AD, Vahidi S. Unraveling the mecha-
nism of electrospray ionization. Anal Chem. 2013;85(1):2–9.

	 87.	 Taylor PJ. Matrix effects: The Achilles heel of quantitative high-perfor-
mance liquid chromatography-electrospray-tandem mass spectrom-
etry. Clin Biochem. 2005;38(4):328–34.

	 88.	 Avery MJ. Quantitative characterization of differential ion suppres-
sion on liquid chromatography/atmospheric pressure ionization mass 
spectrometric bioanalytical methods. Rapid Commun Mass Spectrom. 
2003;17(3):197–201.

	 89.	 Delatorre C, Rodríguez A, Rodríguez L, Majada JP, Ordás RJ, Feito I. 
Hormonal profiling: development of a simple method to extract and 
quantify phytohormones in complex matrices by UHPLC–MS/MS. J 
Chromatogr B Anal Technol Biomed Life Sci. 2017;1040:239–49.

	 90.	 Pan X, Welti R, Wang X. Quantitative analysis of major plant hormones 
in crude plant extracts by high-performance liquid chromatography-
mass spectrometry. Nat Protoc. 2010;5(6):986–92.

	 91.	 Sheflin AM, Kirkwood JS, Wolfe LM, Jahn CE, Broeckling CD, Schacht-
man DP, et al. High-throughput quantitative analysis of phytohormones 
in sorghum leaf and root tissue by ultra-performance liquid chromatog-
raphy-mass spectrometry. Anal Bioanal Chem. 2019;411(19):4839–48.

	 92.	 Van Meulebroek L, Vanden Bussche J, Steppe K, Vanhaecke L. Ultra-
high performance liquid chromatography coupled to high resolu-
tion Orbitrap mass spectrometry for metabolomic profiling of the 
endogenous phytohormonal status of the tomato plant. J Chromatogr 
A. 2012;1260:67–80.

	 93.	 Martin AC, Pawlus AD, Jewett EM, Wyse DL, Angerhofer CK, Hege-
man AD. Evaluating solvent extraction systems using metabolomics 
approaches. RSC Adv. 2014;4(50):26325–34.

	 94.	 Chin JT, Wheeler SL, Klibanov AM. On protein solubility in organic 
solvent. Biotechnol Bioeng. 1994;44(1):140–5.

	 95.	 Alzweiri M, Watson DG, Robertson C, Sills GJ, Parkinson JA. Comparison 
of different water-miscible solvents for the preparation of plasma and 
urine samples in metabolic profiling studies. Talanta. 2008;74(4):1060–5.

	 96.	 Partridge J, Moore BD, Halling PJ. α-Chymotrypsin stability in aqueous-
acetonitrile mixtures: is the native enzyme thermodynamically or 
kinetically stable under low water conditions? J Mol Catal B Enzym. 
1999;6(1–2):11–20.

	 97.	 Sirotkin VA, Kuchierskaya AA. Lysozyme in water-acetonitrile mixtures: 
preferential solvation at the inner edge of excess hydration. J Chem 
Phys. 2017;146(21):215101.

	 98.	 Heyer M, Reichelt M, Mithöfer A. A holistic approach to analyze systemic 
jasmonate accumulation in individual leaves of Arabidopsis rosettes 
upon wounding. Front Plant Sci. 2018;871:1–13.

	 99.	 Covington MF, Harmer SL. The circadian clock regulates auxin signaling 
and responses in Arabidopsis. PLoS Biol. 2007;5(8):1773–84.

	100.	 Kim HK, Verpoorte R. Sample preparation for plant metabolomics. 
Phytochem Anal. 2010;21(1):4–13.



Page 19 of 22Vrobel and Tarkowski ﻿Plant Methods          (2023) 19:107 	

	101.	 Bieleski RL. The problem of halting enzyme action when extracting 
plant tissues. Anal Biochem. 1964;9(4):431–42.

	102.	 Hoyerová K, Gaudinová A, Malbeck J, Dobrev PI, Kocábek T, Šolcová B, 
et al. Efficiency of different methods of extraction and purification of 
cytokinins. Phytochemistry. 2006;67(11):1151–9.

	103.	 Dobrev PI, Kamínek M. Fast and efficient separation of cytokinins from 
auxin and abscisic acid and their purification using mixed-mode solid-
phase extraction. J Chromatogr A. 2002;950(1–2):21–9.

	104.	 Haeck A, Van Langenhove H, Harinck L, Kyndt T, Gheysen G, Höfte M, 
et al. Trace analysis of multi-class phytohormones in Oryza sativa using 
different scan modes in high-resolution Orbitrap mass spectrometry: 
method validation, concentration levels, and screening in multiple 
accessions. Anal Bioanal Chem. 2018;410(18):4527–39.

	105.	 Schäfer M, Brütting C, Baldwin IT, Kallenbach M. High-throughput 
quantification of more than 100 primary- and secondary-metabolites, 
and phytohormones by a single solid-phase extraction based sample 
preparation with analysis by UHPLC-HESI-MS/MS. Plant Methods. 
2016;12(1):1–18.

	106.	 Novák O, Tarkowski P, Tarkowská D, Doležal K, Lenobel R, Strnad 
M. Quantitative analysis of cytokinins in plants by liquid chroma-
tography-single-quadrupole mass spectrometry. Anal Chim Acta. 
2003;480(2):207–18.

	107.	 Kojima M, Kamada-Nobusada T, Komatsu H, Takei K, Kuroha T, Mizutani 
M, et al. Highly sensitive and high-throughput analysis of plant hor-
mones using MS-probe modification and liquid chromatographytan-
dem mass spectrometry: an application for hormone profiling in Oryza 
sativa. Plant Cell Physiol. 2009;50(7):1201–14.

	108.	 Wiszniewska A, Koźmińska A, Hanus-Fajerska E, Dziurka M, Dziurka K. 
Insight into mechanisms of multiple stresses tolerance in a halophyte 
Aster tripolium subjected to salinity and heavy metal stress. Ecotoxicol 
Environ Saf. 2019;180:12–22.

	109.	 Xin P, Guo Q, Li B, Cheng S, Yan J, Chu J. A tailored high-efficiency sam-
ple pretreatment method for simultaneous quantification of 10 classes 
of known endogenous phytohormones. Plant Commun. 2020;1:1–10.

	110.	 Cai WJ, Ye TT, Wang Q, Cai BD, Feng YQ. A rapid approach to investigate 
spatiotemporal distribution of phytohormones in rice. Plant Methods. 
2016;12(1):1–10.

	111.	 Hirayama T, Saisho D, Matsuura T, Okada S, Takahagi K, Kanatani A, et al. 
Life-course monitoring of endogenous phytohormone levels under 
field conditions reveals diversity of physiological states among barley 
accessions. Plant Cell Physiol. 2020;61(8):1438–48.

	112.	 Luo XT, Cai BD, Chen X, Feng YQ. Improved methodology for analysis 
of multiple phytohormones using sequential magnetic solid-phase 
extraction coupled with liquid chromatography-tandem mass spec-
trometry. Anal Chim Acta. 2017;983:112–20.

	113.	 Urbanová T, Tarkowská D, Novák O, Hedden P, Strnad M. Analysis of 
gibberellins as free acids by ultra performance liquid chromatography-
tandem mass spectrometry. Talanta. 2013;112:85–94.

	114.	 Tarkowská D, Novák O, Oklestkova J, Strnad M. The determination of 22 
natural brassinosteroids in a minute sample of plant tissue by UHPLC–
ESI–MS/MS. Anal Bioanal Chem. 2016;408(24):6799–812.

	115.	 Gélinas-Marion A, Nichols DS, Ross JJ. Conversion of unstable com-
pounds can contribute to the auxin pool during sample preparation. 
Plant Physiol. 2020;183(4):1432–4.

	116.	 Barkawi LS, Tam YY, Tillman JA, Normanly J, Cohen JD. A high-
throughput method for the quantitative analysis of auxins. Nat Protoc. 
2010;5(10):1609–18.

	117.	 Yu P, Lor P, Ludwig-Müller J, Hegeman AD, Cohen JD. Quantitative 
evaluation of IAA conjugate pools in Arabidopsis thaliana. Planta. 
2015;241(2):539–48.

	118.	 Liang Y, Zhu X, Wu T, Zhao M, Liu H. Rapid and sensitive detection of 
auxins and flavonoids in plant samples by high-performance liquid 
chromatography coupled with tandem mass spectrometry. J Sep Sci. 
2012;35(19):2559–66.

	119.	 Pěnčík A, Rolčík J, Novák O, Magnus V, Barták P, Buchtík R, et al. Isolation 
of novel indole-3-acetic acid conjugates by immunoaffinity extraction. 
Talanta. 2009;80(2):651–5.

	120.	 Tillmann M, Tang Q, Cohen JD. Protocol: analytical methods for visual-
izing the indolic precursor network leading to auxin biosynthesis. Plant 
Methods. 2021;17(1):63.

	121.	 Pěnčík A, Casanova-Sáez R, Pilařová V, Žukauskaite A, Pinto R, Micol JL, 
et al. Ultra-rapid auxin metabolite profiling for high-throughput mutant 
screening in Arabidopsis. J Exp Bot. 2018;69(10):2569–79.

	122.	 Novák O, Hényková E, Sairanen I, Kowalczyk M, Pospíšil T, Ljung K. 
Tissue-specific profiling of the Arabidopsis thaliana auxin metabolome. 
Plant J. 2012;72(3):523–36.

	123.	 Boyer FD, de Saint Germain A, Pillot JP, Pouvreau JB, Chen VX, Ramos 
S, et al. Structure-activity relationship studies of strigolactone-related 
molecules for branching inhibition in garden pea: molecule design for 
shoot branching. Plant Physiol. 2012;159(4):1524–44.

	124.	 Floková K, Shimels M, Andreo Jimenez B, Bardaro N, Strnad M, Novák 
O, et al. An improved strategy to analyse strigolactones in complex 
sample matrices using UHPLC-MS/MS. Plant Methods. 2020;16(1):1–17.

	125.	 Halouzka R, Tarkowski P, Zwanenburg B, Ćavar ZS. Stability of 
strigolactone analog GR24 toward nucleophiles. Pest Manag Sci. 
2018;74(4):896–904.

	126.	 Halouzka R, Zeljković SĆ, Klejdus B, Tarkowski P. Analytical methods in 
strigolactone research. Plant Methods. 2020;16(1):1–13.

	127.	 Boutet-Mercey S, Perreau F, Roux A, Clavé G, Pillot JP, Schmitz-Afonso 
I, et al. Validated method for strigolactone quantification by ultra 
high-performance liquid chromatography—electrospray ionisation 
tandem mass spectrometry using novel deuterium labelled standards. 
Phytochem Anal. 2018;29(1):59–68.

	128.	 Rial C, Varela RM, Molinillo JMG, López-Ráez JA, Macías FA. A new 
UHPLC-MS/MS method for the direct determination of strigolactones in 
root exudates and extracts. Phytochem Anal. 2019;30(1):110–6.

	129.	 Yoneyama K, Arakawa R, Ishimoto K, Kim HI, Kisugi T, Xie X, et al. Dif-
ference in striga-susceptibility is reflected in strigolactone secretion 
profile, but not in compatibility and host preference in arbuscular myc-
orrhizal symbiosis in two maize cultivars. N Phytol. 2015;206(3):983–9.

	130.	 Chiwocha SDS, Abrams SR, Ambrose SJ, Cutler AJ, Loewen M, Ross ARS, 
et al. A method for profiling classes of plant hormones and their metab-
olites using liquid chromatography-electrospray ionization tandem 
mass spectrometry: an analysis of hormone regulation of thermodor-
mancy of lettuce (Lactuca sativa L.) seeds. Plant J. 2003;35(3):405–17.

	131.	 Salem MA, Yoshida T, Perez de Souza L, Alseekh S, Bajdzienko K, Fernie 
AR, et al. An improved extraction method enables the comprehen-
sive analysis of lipids, proteins, metabolites and phytohormones 
from a single sample of leaf tissue under water-deficit stress. Plant J. 
2020;103(4):1614–32.

	132.	 Cai WJ, Yu L, Wang W, Sun MX, Feng YQ. Simultaneous determination of 
multiclass phytohormones in submilligram plant samples by one-pot 
multifunctional derivatization-assisted liquid chromatography-tandem 
mass spectrometry. Anal Chem. 2019;91(5):3492–9.

	133.	 Bentley JA, Farrar KR, Housley S, Smith GF, Taylor WC. Some chemi-
cal and physiological properties of 3-indolylpyruvic acid. Biochem J. 
1956;64(1):44–9.

	134.	 Liu Y, Fang X, Chen G, Ye Y, Xu J, Ouyang G, et al. Recent development in 
sample preparation techniques for plant hormone analysis. TrAC Trends 
Anal Chem. 2019;113:224–33.

	135.	 Ding J, Mao LJ, Guo N, Yu L, Feng YQ. Determination of endogenous 
brassinosteroids using sequential magnetic solid phase extraction 
followed by in situ derivatization/desorption method coupled with 
liquid chromatography-tandem mass spectrometry. J Chromatogr A. 
2016;1446:103–13.

	136.	 Liu Z, Cai BD, Feng YQ. Rapid determination of endogenous cytokinins 
in plant samples by combination of magnetic solid phase extraction 
with hydrophilic interaction chromatography-tandem mass spectrom-
etry. J Chromatogr B Anal Technol Biomed Life Sci. 2012;891–892:27–35.

	137.	 Suh JH, Han SB, Wang Y. Development of an improved sample prepara-
tion platform for acidic endogenous hormones in plant tissues using 
electromembrane extraction. J Chromatogr A. 2018;1535:1–8.

	138.	 Yonny ME, Ballesteros-Gómez A, Toscano Adamo ML, Torresi AR, Naza-
reno MA, Rubio S. Supramolecular solvent-based high-throughput sam-
ple treatment for monitoring phytohormones in plant tissues. Talanta. 
2020;219: 121249.



Page 20 of 22Vrobel and Tarkowski ﻿Plant Methods          (2023) 19:107 

	139.	 Floková K, Tarkowská D, Miersch O, Strnad M, Wasternack C, Novák 
O. UHPLC-MS/MS based target profiling of stress-induced phytohor-
mones. Phytochemistry. 2014;105:147–57.

	140.	 Oklestkova J, Tarkowská D, Eyer L, Elbert T, Marek A, Smržová Z, et al. 
Immunoaffinity chromatography combined with tandem mass 
spectrometry: a new tool for the selective capture and analysis of 
brassinosteroid plant hormones. Talanta. 2017;170:432–40.

	141.	 Chen C, Chen Y, Zhou J, Wu C. A 9-vinyladenine-based molecu-
larly imprinted polymeric membrane for the efficient recogni-
tion of plant hormone 1H-indole-3-acetic acid. Anal Chim Acta. 
2006;569(1–2):58–65.

	142.	 Yan H, Wang F, Han D, Yang G. Simultaneous determination of four 
plant hormones in bananas by molecularly imprinted solid-phase 
extraction coupled with high performance liquid chromatography. 
Analyst. 2012;137(12):2884–90.

	143.	 Wang M, Liang S, Bai L, Qiao F, Yan H. Green protocol for the prepara-
tion of hydrophilic molecularly imprinted resin in water for the efficient 
selective extraction and determination of plant hormones from bean 
sprouts. Anal Chim Acta. 2019;1064:47–55.

	144.	 Yu L, Ding J, Wang YL, Liu P, Feng YQ. 4-Phenylaminomethyl-benzene-
boric acid modified tip extraction for determination of brassinosteroids 
in plant tissues by stable isotope labeling-liquid chromatography-mass 
spectrometry. Anal Chem. 2016;88(2):1286–93.

	145.	 Müller M, Munné-Bosch S. Rapid and sensitive hormonal profiling 
of complex plant samples by liquid chromatography coupled to 
electrospray ionization tandem mass spectrometry. Plant Methods. 
2011;7(1):1–11.

	146.	 Boswell PG, Schellenberg JR, Carr PW, Cohen JD, Hegeman AD. A study 
on retention “projection” as a supplementary means for compound 
identification by liquid chromatography–mass spectrometry capable 
of predicting retention with different gradients, flow rates, and instru-
ments. J Chromatogr A. 2011;1218(38):6732–41.

	147.	 Abate-Pella D, Freund DM, Ma Y, Simón-Manso Y, Hollender J, Broeckling 
CD, et al. Retention projection enables accurate calculation of liquid 
chromatographic retention times across labs and methods. J Chroma-
togr A. 2015;1412:43–51.

	148.	 Žuvela P, Skoczylas M, Jay Liu J, Ba̧czek T, Kaliszan R, Wong MW, et al. 
Column characterization and selection systems in reversed-phase high-
performance liquid chromatography. Chem Rev. 2019;119(6):3674–729.

	149.	 Hényková E, Vránová HP, Amakorová P, Pospíšil T, Žukauskaite A, 
Vlčková M, et al. Stable isotope dilution ultra-high performance liquid 
chromatography-tandem mass spectrometry quantitative profiling 
of tryptophan-related neuroactive substances in human serum and 
cerebrospinal fluid. J Chromatogr A. 2016;1437:145–57.

	150.	 Liu Z, Wei F, Feng YQ. Determination of cytokinins in plant samples by 
polymer monolith microextraction coupled with hydrophilic interac-
tion chromatography-tandem mass spectrometry. Anal Methods. 
2010;2(11):1676–85.

	151.	 Periat A, Boccard J, Veuthey JL, Rudaz S, Guillarme D. Systematic com-
parison of sensitivity between hydrophilic interaction liquid chroma-
tography and reversed phase liquid chromatography coupled with 
mass spectrometry. J Chromatogr A. 2013;1312:49–57.

	152.	 Jandera P. Stationary and mobile phases in hydrophilic interaction 
chromatography: a review. Anal Chim Acta. 2011;692(1–2):1–25.

	153.	 Jandera P, Janás P. Recent advances in stationary phases and under-
standing of retention in hydrophilic interaction chromatography. A 
review. Anal Chim Acta. 2017;967:12–32.

	154.	 Losacco GL, Veuthey JL, Guillarme D. Metamorphosis of supercritical 
fluid chromatography: a viable tool for the analysis of polar com-
pounds? TrAC Trends Anal Chem. 2021;141: 116304.

	155.	 Liu X, Hegeman AD, Gardner G, Cohen JD. Protocol: high-throughput 
and quantitative assays of auxin and auxin precursors from minute 
tissue samples. Plant Methods. 2012;8(1):1–17.

	156.	 Izumi Y, Okazawa A, Bamba T, Kobayashi A, Fukusaki E. Development 
of a method for comprehensive and quantitative analysis of plant 
hormones by highly sensitive nanoflow liquid chromatography-
electrospray ionization-ion trap mass spectrometry. Anal Chim Acta. 
2009;648(2):215–25.

	157.	 Haggarty J, Oppermann M, Dalby MJ, Burchmore RJ, Cook K, Weidt S, 
et al. Serially coupling hydrophobic interaction and reversed-phase 

chromatography with simultaneous gradients provides greater cover-
age of the metabolome. Metabolomics. 2015;11(5):1465–70.

	158.	 Yan Y, Song Q, Chen X, Li J, Li P, Wang Y, et al. Simultaneous deter-
mination of components with wide polarity and content ranges in 
Cistanche tubulosa using serially coupled reverse phase-hydrophilic 
interaction chromatography-tandem mass spectrometry. J Chromatogr 
A. 2017;1501:39–50.

	159.	 Porter SEG, Stoll DR, Rutan SC, Carr PW, Cohen JD. Analysis of four-way 
two-dimensional liquid chromatography-diode array data: application 
to metabolomics. Anal Chem. 2006;78(15):5559–69.

	160.	 Dobrev PI, Havlíček L, Vágner M, Malbeck J, Kamínek M. Purification 
and determination of plant hormones auxin and abscisic acid using 
solid phase extraction and two-dimensional high performance liquid 
chromatography. J Chromatogr A. 2005;1075(1–2):159–66.

	161.	 Chen ML, Fu XM, Liu JQ, Ye TT, Hou SY, Huang YQ, et al. Highly sensitive 
and quantitative profiling of acidic phytohormones using derivatization 
approach coupled with nano-LC–ESI-Q-TOF-MS analysis. J Chromatogr 
B. 2012;905:67–74.

	162.	 Gika H, Virgiliou C, Theodoridis G, Plumb RS, Wilson ID. Untargeted LC/
MS-based metabolic phenotyping (metabonomics/metabolomics): 
the state of the art. J Chromatogr B Anal Technol Biomed Life Sci. 
2019;1117:136–47.

	163.	 Jorge TF, Rodrigues JA, Caldana C, Schmidt R, van Dongen JT, Thomas-
Oates J, et al. Mass spectrometry-based plant metabolomics: metabo-
lite responses to abiotic stress. Mass Spectrom Rev. 2016;35(5):620–49.

	164.	 Villate A, San Nicolas M, Gallastegi M, Aulas PA, Olivares M, Usobiaga A, 
et al. Review: metabolomics as a prediction tool for plants performance 
under environmental stress. Plant Sci. 2021;303: 110789.

	165.	 Broeckhoven K, Desmet G. Advances and innovations in liquid chroma-
tography stationary phase supports. Anal Chem. 2021;93(1):257–72.

	166.	 Wu Y, Zhang N, Luo K, Liu Y, Bai Z, Tang S. Recent advances of innovative 
and high-efficiency stationary phases for chromatographic separations. 
TrAC Trends Anal Chem. 2022;153: 116647.

	167.	 Patel DC, Wahab MF, O’Haver TC, Armstrong DW. Separations at the 
speed of sensors. Anal Chem. 2018;90(5):3349–56.

	168.	 Kebarle P, Verkerk UH. On the mechanism of electrospray mass spec-
trometry. In: Cole RB (editors) Electrospray and MALDI Mass Spec-
trometry: Fundamentals, Instrumentation, Practicalities, and Biological 
Applications. John Wiley & Sons, Inc. 2010;3–63.

	169.	 Hanold KA, Fischer SM, Cormia PH, Miller CE, Syage JA. Atmospheric 
pressure photoionization. 1. General properties for LC/MS. Anal Chem. 
2004;76(10):2842–51.

	170.	 Nasiri A, Jahani R, Mokhtari S, Yazdanpanah H, Daraei B, Faizi M, et al. 
Overview, consequences, and strategies for overcoming matrix effects 
in LC-MS analysis: a critical review. Analyst. 2021;146(20):6049–63.

	171.	 Trufelli H, Palma P, Famiglini G, Cappiello A. An overview of matrix 
effects in liquid chromatography-mass spectrometry. Mass Spectrom 
Rev. 2011;30(3):491–509.

	172.	 Thiocone A, Farmer EE, Wolfender JL. Screening for wound-induced 
oxylipins in Arabidopsis thaliana by differential HPLC-APCI/MS profiling 
of crude leaf extracts and subsequent characterisation by capillary-
scale NMR. Phytochem Anal. 2008;19(3):198–205.

	173.	 Gamoh K, Abe H, Shimada K, Takatsuto S. Liquid chromatography/mass 
spectrometry with atmospheric pressure chemical ionization of free 
brassinosteroids. Rapid Commun Mass Spectrom. 1996;10(8):903–6.

	174.	 Li G, Lu S, Wu H, Chen G, Liu S, Kong X, et al. Determination of multiple 
phytohormones in fruits by high-performance liquid chromatography 
with fluorescence detection using dispersive liquid-liquid micro-
extraction followed by precolumn fluorescent labeling. J Sep Sci. 
2015;38(2):187–96.

	175.	 Batey JH. The physics and technology of quadrupole mass spectrom-
eters. Vacuum. 2014;101:410–5.

	176.	 Koppenaal DW, Barinaga CJ, Denton MB, Sperline RP, Hieftje GM, Schil-
ling GD, et al. MS detectors. Anal Chem. 2005;77(21):418A-427A.

	177.	 Wei R, Li G, Seymour AB. High-throughput and multiplexed LC/
MS/MRM method for targeted metabolomics. Anal Chem. 
2010;82(13):5527–33.

	178.	 Tsugawa H, Arita M, Kanazawa M, Ogiwara A, Bamba T, Fukusaki E. 
MRMPROBS: a data assessment and metabolite identification tool 
for large-scale multiple reaction monitoring based widely targeted 
metabolomics. Anal Chem. 2013;85(10):5191–9.



Page 21 of 22Vrobel and Tarkowski ﻿Plant Methods          (2023) 19:107 	

	179.	 Segarra G, Jáuregui O, Casanova E, Trillas I. Simultaneous quantita-
tive LC–ESI-MS/MS analyses of salicylic acid and jasmonic acid in 
crude extracts of Cucumis sativus under biotic stress. Phytochemistry. 
2006;67(4):395–401.

	180.	 Chen Y, Wang Y, Liang X, Zhang Y, Fernie AR. Mass spectrometric explo-
ration of phytohormone profiles and signaling networks. Trends Plant 
Sci. 2023;28(4):399–414.

	181.	 Kaufmann A, Butcher P, Maden K, Walker S, Widmer M. Comprehen-
sive comparison of liquid chromatography selectivity as provided by 
two types of liquid chromatography detectors (high resolution mass 
spectrometry and tandem mass spectrometry): “Where is the crossover 
point?” Anal Chim Acta. 2010;673(1):60–72.

	182.	 Herrero P, Cortés-Francisco N, Borrull F, Caixach J, Pocurull E, Marcé RM. 
Comparison of triple quadrupole mass spectrometry and Orbitrap 
high-resolution mass spectrometry in ultrahigh performance liquid 
chromatography for the determination of veterinary drugs in sewage: 
benefits and drawbacks. J Mass Spectrom. 2014;49(7):585–96.

	183.	 Belarbi S, Vivier M, Zaghouani W, De Sloovere A, Agasse-Peulon V, 
Cardinael P. Comparison of new approach of GC-HRMS (Q-Orbitrap) to 
GC–MS/MS (triple-quadrupole) in analyzing the pesticide residues and 
contaminants in complex food matrices. Food Chem. 2021;359:129932.

	184.	 Grund B, Marvin L, Rochat B. Quantitative performance of a quadru-
pole-Orbitrap-MS in targeted LC-MS determinations of small molecules. 
J Pharm Biomed Anal. 2016;124:48–56.

	185.	 Sugimoto H, Iguchi M, Jinno F. Bioanalysis of farnesyl pyrophosphate in 
human plasma by high-performance liquid chromatography coupled 
to triple quadrupole tandem mass spectrometry and hybrid quadru-
pole Orbitrap high-resolution mass spectrometry. Anal Bioanal Chem. 
2017;409(14):3551–60.

	186.	 Chen W, Huang H, Chen CE, Qi S, Price OR, Zhang H, et al. Simultaneous 
determination of 20 trace organic chemicals in waters by solid-phase 
extraction (SPE) with triple-quadrupole mass spectrometer (QqQ-MS) 
and hybrid quadrupole Orbitrap high resolution MS (Q-Orbitrap-HRMS). 
Chemosphere. 2016;163:99–107.

	187.	 Ordaz-Ortiz JJ, Foukaraki S, Terry LA. Assessing temporal flux of plant 
hormones in stored processing potatoes using high definition accurate 
mass spectrometry. Hortic Res. 2015;2:15002.

	188.	 Xin P, Yan J, Fan J, Chu J, Yan C. An improved simplified high-sensitivity 
quantification method for determining brassinosteroids in different 
tissues of rice and Arabidopsis. Plant Physiol. 2013;162(4):2056–66.

	189.	 Matuszewski BK, Constanzer ML, Chavez-Eng CM. Strategies for the 
assessment of matrix effect in quantitative bioanalytical methods based 
on HPLC-MS/MS. Anal Chem. 2003;75(13):3019–30.

	190.	 Arrivault S, Guenther M, Fry SC, Fuenfgeld MMFF, Veyel D, Mettler-
Altmann T, et al. Synthesis and use of stable-isotope-labeled internal 
standards for quantification of phosphorylated metabolites by LC-MS/
MS. Anal Chem. 2015;87(13):6896–904.

	191.	 Stokvis E, Rosing H, Beijnen JH. Stable isotopically labeled internal 
standards in quantitative bioanalysis using liquid chromatography/
mass spectrometry: necessity or not? Rapid Commun Mass Spectrom. 
2005;19(3):401–7.

	192.	 Tan A, Lévesque IA, Lévesque IM, Viel F, Boudreau N, Lévesque A. 
Analyte and internal standard cross signal contributions and their 
impact on quantitation in LC–MS based bioanalysis. J Chromatogr B. 
2011;879(21):1954–60.

	193.	 Ljung K, Sandberg G, Moritz T. Methods of plant hormone analysis. In: 
Davies PJ, editor. Plant hormones: biosynthesis, signal transduction, 
action! Dordrecht: Springer; 2010. p. 717–40.

	194.	 Hao YH, Zhang Z, Wang L, Liu C, Lei AW, Yuan BF, et al. Stable isotope 
labeling assisted liquid chromatography-electrospray tandem mass 
spectrometry for quantitative analysis of endogenous gibberellins. 
Talanta. 2015;144:341–8.

	195.	 Jakšová J, Libiaková M, Bokor B, Petřík I, Novák O, Pavlovič A. Taste 
for protein: chemical signal from prey stimulates enzyme secretion 
through jasmonate signalling in the carnivorous plant Venus flytrap. 
Plant Physiol Biochem. 2020;146:90–7.

	196.	 Myers RJ Jr, Fichman Y, Zandalinas SI, Mittler R. Jasmonic acid and sali-
cylic acid modulate systemic reactive oxygen species signaling during 
stress responses. Plant Physiol. 2022;191:1–12.

	197.	 Xin P, Li B, Yan J, Chu J. Pursuing extreme sensitivity for determination 
of endogenous brassinosteroids through direct fishing from plant 

matrices and eliminating most interferences with boronate affinity 
magnetic nanoparticles. Anal Bioanal Chem. 2018;410(4):1363–74.

	198.	 Le A, Ng A, Kwan T, Cusmano-Ozog K, Cowan TM. A rapid, sensitive 
method for quantitative analysis of underivatized amino acids by liquid 
chromatography-tandem mass spectrometry (LC-MS/MS). J Chroma-
togr B Anal Technol Biomed Life Sci. 2014;944:166–74.

	199.	 Wang S, Cyronak M, Yang E. Does a stable isotopically labeled internal 
standard always correct analyte response?. A matrix effect study on a 
LC/MS/MS method for the determination of carvedilol enantiomers in 
human plasma. J Pharm Biomed Anal. 2007;43(2):701–7.

	200.	 Watanabe M, Balazadeh S, Tohge T, Erban A, Giavalisco P, Kopka J, 
et al. Comprehensive dissection of spatiotemporal metabolic shifts 
in primary, secondary, and lipid metabolism during developmental 
senescence in Arabidopsis. Plant Physiol. 2013;162(3):1290–310.

	201.	 Stahnke H, Reemtsma T, Alder L. Compensation of matrix effects by 
postcolumn infusion of a monitor substance in multiresidue analysis 
with LC-MS/MS. Anal Chem. 2009;81(6):2185–92.

	202.	 Široká J, Brunoni F, Pěnčík A, Mik V, Žukauskaitė A, Strnad M, et al. 
High-throughput interspecies profiling of acidic plant hormones using 
miniaturised sample processing. Plant Methods. 2022;18(1):1–15.

	203.	 Qi BL, Liu P, Wang QY, Cai WJ, Yuan BF, Feng YQ. Derivatization for 
liquid chromatography-mass spectrometry. TrAC Trends Anal Chem. 
2014;59:121–32.

	204.	 Xin P, Yan J, Fan J, Chu J, Yan C. A dual role of boronate affinity in high-
sensitivity detection of vicinal diol brassinosteroids from sub-gram 
plant tissues via UPLC-MS/MS. Analyst. 2013;138(5):1342–5.

	205.	 Sun X, Ouyang Y, Chu J, Yan J, Yu Y, Li X, et al. An in-advance stable 
isotope labeling strategy for relative analysis of multiple acidic plant 
hormones in sub-milligram Arabidopsis thaliana seedling and a single 
seed. J Chromatogr A. 2014;1338:67–76.

	206.	 Chauvaux N, Van Dongen W, Esmans EL, Van Onckelen HA. Liquid chro-
matographic-mass spectrometric determination of 1-aminocyclopro-
pane-1-carboxylic acid in tobacco. J Chromatogr A. 1993;657(2):337–43.

	207.	 Smets R, Claes V, Van Onckelen HA, Prinsen E. Extraction and quantita-
tive analysis of 1-aminocyclopropane-1-carboxylic acid in plant tissue 
by gas chromatography coupled to mass spectrometry. J Chromatogr 
A. 2003;993(1–2):79–87.

	208.	 Ziegler J, Qwegwer J, Schubert M, Erickson JL, Schattat M, Bürsten-
binder K, et al. Simultaneous analysis of apolar phytohormones and 
1-aminocyclopropan-1-carboxylic acid by high performance liquid 
chromatography/electrospray negative ion tandem mass spectrometry 
via 9-fluorenylmethoxycarbonyl chloride derivatization. J Chromatogr 
A. 2014;1362:102–9.

	209.	 Laborda P, Ling J, Chen X, Liu F. ACC deaminase from Lysobacter gum-
mosus OH17 can promote root growth in Oryza sativa nipponbare 
plants. J Agric Food Chem. 2018;66(14):3675–82.

	210.	 Laborda P, Chen X, Wu G, Wang S, Lu X, Ling J, et al. Lysobacter gummo-
sus OH17 induces systemic resistance in Oryza sativa ‘Nipponbare.’ Plant 
Pathol. 2020;69(5):838–48.

	211.	 Svoboda T, Parich A, Güldener U, Schöfbeck D, Twaruschek K, Václavík-
ová M, et al. Biochemical characterization of the Fusarium graminearum 
candidate ACC-deaminases and virulence testing of knockout mutant 
strains. Front Plant Sci. 2019;10:1–17.

	212.	 Concepcion M, Lizada C, Yang SF. A simple and sensitive assay 
for 1-aminocyclopropane-1-carboxylic acid. Anal Biochem. 
1979;100(1):140–5.

	213.	 Bulens I, Van de Poel B, Hertog MLATM, De Proft MP, Geeraerd AH, 
Nicolaï BM. Protocol: an updated integrated methodology for analysis 
of metabolites and enzyme activities of ethylene biosynthesis. Plant 
Methods. 2011;7(1):1–10.

	214.	 Espinoza C, Degenkolbe T, Caldana C, Zuther E, Leisse A, Willmitzer 
L, et al. Interaction with diurnal and circadian regulation results in 
dynamic metabolic and transcriptional changes during cold acclima-
tion in Arabidopsis. PLoS ONE. 2010;5(11): e14101.

	215.	 Fujita Y, Fujita M, Shinozaki K, Yamaguchi-Shinozaki K. ABA-mediated 
transcriptional regulation in response to osmotic stress in plants. J Plant 
Res. 2011;124(4):509–25.

	216.	 Hall RD. Plant metabolomics: from holistic hope, to hype, to hot topic. N 
Phytol. 2006;169(3):453–68.

	217.	 Stuart T, Satija R. Integrative single-cell analysis. Nat Rev Genet. 
2019;20(5):257–72.



Page 22 of 22Vrobel and Tarkowski ﻿Plant Methods          (2023) 19:107 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	218.	 Wang D, Bodovitz S. Single cell analysis: the new frontier in “omics.” 
Trends Biotechnol. 2010;28(6):281–90.

	219.	 Shimizu T, Miyakawa S, Esaki T, Mizuno H, Masujima T, Koshiba T, et al. 
Live single-cell plant hormone analysis by video-mass spectrometry. 
Plant Cell Physiol. 2015;56(7):1287–96.

	220.	 Bjarnholt N, Li B, D’Alvise J, Janfelt C. Mass spectrometry imag-
ing of plant metabolites-principles and possibilities. Nat Prod Rep. 
2014;31(6):818–37.

	221.	 Boughton BA, Thinagaran D, Sarabia D, Bacic A, Roessner U. Mass 
spectrometry imaging for plant biology: a review. Phytochem Rev. 
2016;15(3):445–88.

	222.	 Zhang C, Žukauskaitė A, Petřík I, Pěnčík A, Hönig M, Grúz J, et al. In situ 
characterisation of phytohormones from wounded Arabidopsis leaves 
using desorption electrospray ionisation mass spectrometry imaging. 
Analyst. 2021;146(8):2653–63.

	223.	 Shiono K, Taira S. Imaging of multiple plant hormones in roots of rice 
(Oryza sativa) using nanoparticle-assisted laser desorption/ionization 
mass spectrometry. J Agric Food Chem. 2020;68(24):6770–5.

	224.	 Moussaieff A, Rogachev I, Brodsky L, Malitsky S, Toal TW, Belcher H, et al. 
High-resolution metabolic mapping of cell types in plant roots. Proc 
Natl Acad Sci U S A. 2013;110(13):949–65.

	225.	 Petersson SV, Lindén P, Moritz T, Ljung K. Cell-type specific metabolic 
profiling of Arabidopsis thaliana protoplasts as a tool for plant systems 
biology. Metabolomics. 2015;11(6):1679–89.

	226.	 Fürtauer L, Weckwerth W, Nägele T. A benchtop fractionation proce-
dure for subcellular analysis of the plant metabolome. Front Plant Sci. 
2016;7:1–14.

	227.	 Kueger S, Steinhauser D, Willmitzer L, Giavalisco P. High-resolution 
plant metabolomics: from mass spectral features to metabolites and 
from whole-cell analysis to subcellular metabolite distributions. Plant J. 
2012;70(1):39–50.

	228.	 Medeiros D, Arrivault S, Alpers J, Fernie A, Arabi F. Non-aqueous frac-
tionation (NAF) for metabolite analysis in subcellular compartments of 
Arabidopsis leaf tissues. Bio-Protoc. 2019;9(20): e3399.

	229.	 Včelařová L, Skalický V, Chamrád I, Lenobel R, Kubeš MF, Pěnčík A, 
et al. Auxin metabolome profiling in the Arabidopsis endoplasmic 
reticulum using an optimised organelle isolation protocol. Int J Mol Sci. 
2021;22(17):9370.

	230.	 Isoda R, Yoshinari A, Ishikawa Y, Sadoine M, Simon R, Frommer WB, et al. 
Sensors for the quantification, localization and analysis of the dynamics 
of plant hormones. Plant J. 2021;105(2):542–57.

	231.	 FDA. Guidance for Industry, Bioanalytical Method Validation, U.S. 
Department of Health and Human Services, Food and Drug Admin-
istration, Center for Drug Evaluation and Research (CDER), Center for 
Veterinary Medicine (CMV), 2018. Document available at https://​www.​
fda.​gov/​downl​oads/​drugs/​guida​nces/​ucm07​0107.​pdf

	232.	 ICH Harmonized Guideline. ICH guideline M10 on bioanalytical method 
validation and study sample analysis. Geneva.

	233.	 Jurado JM, Alcázar A, Muñiz-Valencia R, Ceballos-Magaña SG, Raposo 
F. Some practical considerations for linearity assessment of calibration 
curves as function of concentration levels according to the fitness-for-
purpose approach. Talanta. 2017;172:221–9.

	234.	 Singtoroj T, Tarning J, Annerberg A, Ashton M, Bergqvist Y, White NJ, 
et al. A new approach to evaluate regression models during validation 
of bioanalytical assays. J Pharm Biomed Anal. 2006;41(1):219–27.

	235.	 Miller-Ihli NJ, O’Haver TC, Harnly JM. Calibration and curve fitting 
for extended range AAS. Spectrochim Acta Part B At Spectrosc. 
1984;39(12):1603–14.

	236.	 de Souza RR, Toebe M, Mello AC, Bittencourt KC. Sample size and 
Shapiro-Wilk test: an analysis for soybean grain yield. Eur J Agron. 
2023;142(1000): 126666.

	237.	 Le Boedec K. Sensitivity and specificity of normality tests and 
consequences on reference interval accuracy at small sample size: a 
computer-simulation study. Vet Clin Pathol. 2016;45(4):648–56.

	238.	 Miller JN, Miller JC. Statistics and chemometrics for analytical chemistry. 
6th ed. Harlow: Pearson Education Limited; 2010.

	239.	 Ben-Gal I. Outlier detection. In: Maimon O, Rokach L, editors. Data min-
ing and knowledge discovery handbook. New York: Springer; 2013. p. 
131–46.

	240.	 Gorrochategui E, Jaumot J, Lacorte S, Tauler R. Data analysis strategies 
for targeted and untargeted LC-MS metabolomic studies: overview and 
workflow. TrAC Trends Anal Chem. 2016;82:425–42.

	241.	 Hendriks MM, van Eeuwijk FA, Jellema RH, Westerhuis JA, Reijmers TH, 
Hoefsloot HCJ, et al. Data-processing strategies for metabolomics stud-
ies. TrAC Trends Anal Chem. 2011;30(10):1685–98.

	242.	 Pinto RC. Chemometrics methods and strategies in metabolomics. 
In: Sussulini A. (editors) Metabolomics: From Fundamentals to Clinical 
Applications. Springer Cham. 2017. p. 163–190.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://www.fda.gov/downloads/drugs/guidances/ucm070107.pdf
https://www.fda.gov/downloads/drugs/guidances/ucm070107.pdf

	Can plant hormonomics be built on simple analysis? A review
	Abstract 
	Background
	Plant hormone significance and utility
	Analysis of plant hormones
	Sample matrix
	Sample extraction
	Sample purification
	Chromatographic separation
	Mass spectrometry detection
	Selection of internal standards
	Derivatization

	Evaluation of spatial distribution
	Data analysis
	Summary
	Acknowledgements
	References


