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Abstract: Qualitative and quantitative hormone analyses have been essential for understanding
the metabolic, physiological, and morphological processes that are influenced by plant hormones.
Auxins are key hormones in the control of many aspects of plant growth and development and their
endogenous levels are considered critical in the process of adventitious root induction. Exogenous
auxins are used extensively in the clonal propagation of tree species by cuttings or tissue culture.
Understanding of auxin effects has advanced with the development of increasingly accurate methods
for auxin quantification. However, auxin analysis has been challenging because auxins typically
occur at low concentrations, while compounds that interfere with their detection often occur at
high concentrations, in plant tissues. Interference from other compounds has been addressed by
extensive purification of plant extracts prior to auxin analysis, although this means that quantification
methods have been limited by their expense. This review explores the extraction, purification, and
quantification of auxins and the application of these techniques in developing improved methods for
the clonal propagation of forestry trees.

Keywords: adventitious rooting; auxin; cloning; cuttings; indole-3-acetic acid; indole-3-butyric acid;
indolyl-3-acetic acid

1. Introduction

Plant hormones regulate all stages of growth and development from embryogenesis to
senescence [1,2]. Plant hormones include auxins, gibberellins, cytokinins, abscisic acid, ethylene,
jasmonates, brassinosteroids, salicylates, and strigolactones [3,4]. Knowledge of the structure and
activity of the first identified group of plant hormones, the auxins, arose in the early-20th century from
isolation of one of the predominant endogenous auxins, indole-3-acetic acid (IAA), and measurement
of the curvature and elongation of seedling shoots and roots in simple biological experiments [5–9].
Analysis methods evolved during the mid-20th century to include more-complex bioassays that
allowed quasi-quantification of auxin levels [9–11]. More-accurate and more-precise information
on plant hormone concentrations was long considered a requirement for clearly establishing the
connections between auxins and their physiological effects [12,13]. This requirement was met with the
development of instrumental techniques that provided definitive auxin identification and accurate
quantification. These methods helped to demonstrate the active forms of auxin that are involved in
plant development, and to show that auxins often act through their effects on cell division or the
orientation of cell expansion [10,14–18].
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The concentrations of endogenous auxins in plants depend on their rates of biosynthesis, transport,
conjugation, and catabolism [19]. Indole-3-acetic acid (IAA) is one of the main endogenous auxins,
but it is relatively labile [20]. Other endogenous auxins, such as indole-3-butyric acid (IBA), are more
stable and travel more efficiently by polar transport [20,21]. Polar transport down the stem is the main
mechanism of transport of auxins that are synthesized in apical meristems [2,13,14]. Auxins are now
considered important regulators of, for example, embryo development, meristem organization, apical
dominance, and lateral root formation [1,2,14,16,22].

Auxins are also critical regulators of adventitious root induction (i.e., the formation of roots from
non-root tissues) [23,24]. Adventitious root formation consists of three phases: root induction, root
initiation, and root emergence [25,26]. The induction phase is the period during which biochemical
changes occur prior to the first cell division; initiation refers to the cell divisions that lead to the
formation of root primordia; emergence refers to the growth of adventitious roots through the cortex
and out of the epidermis. Endogenous IAA levels often increase temporarily during the induction
phase while, simultaneously, the plant tissue possesses increased sensitivity to auxin signals [27]. Auxin
levels decline during the initiation phase [26,28]. Auxins are directly involved in root induction [29],
but they can exert inhibitory effects during the initiation and emergence phases [30,31]. However, the
endogenous production of auxins in apical meristems is not always adequate to induce adventitious
roots in stem tissues [32].

Exogenous auxins, in particular indole-3-butyric acid (IBA) and 1-naphthaleneacetic acid (NAA),
are commonly used to induce adventitious rooting during clonal propagation from cuttings or tissue
cultured shoots [33–36]. Auxin application often increases the percentage of shoots that forms roots
and the number of adventitious roots that are formed in each shoot [36–39]. However, many woody
plant species are difficult to propagate from cuttings or tissue culture, especially when the shoots have
been sourced from mature trees [40–43]. The ability to isolate and accurately quantify auxins and their
metabolites is likely to be fundamental in identifying markers for tree maturation and developing
improved methods for clonal propagation [41,43–45].

Auxin quantification has traditionally been difficult because of the trace levels of auxins in
plant tissues and the high concentrations of compounds that interfere with auxin detection and
quantification [3,46,47]. Extensive sample purification [48,49], the addition of isotopically-labelled
hormone molecules as internal standards [11,50,51], high-performance instrumental techniques [9],
and new developments in laboratory automation [52,53] have all raised the capacity to isolate and
quantify auxins. This paper reviews techniques for identifying and quantifying auxins with an
emphasis on forest tree species, and it compares the advantages, limitations, and applications of these
techniques for improving forestry tree production.

2. Techniques for Auxin Quantification

2.1. Bioassays

The first endogenous auxin quantification was performed by simple bioassays in the early 20th
century [5,12,54]. Bioassays were generally based on the diffusion of sample auxin, captured in agar
blocks, into the coleoptiles of Avena sativa L. seedlings. The degree of ensuing coleoptile curvature was
related to the auxin concentration in the original sample. One extraction method, described as a simple
diffusion method, was based on auxin diffusion from the plant tissue into the agar blocks. This method
was most suited to determining auxin production and movement from small samples such as apical
meristems [55,56]. The method allowed auxin to diffuse through overlapping agar blocks, and each
block was then applied to an A. sativa coleoptile to measure its curvature. The auxin content of the
original sample could be calculated based on theoretically- and experimentally-derived diffusion tables
that accounted for the diffusion duration and temperature [57,58]. Another extraction method used
solvents to extract auxin from the plant tissue, followed by quantification using A. sativa coleoptiles.
Quantification was improved greatly by gradually optimizing the extraction solvents. The first auxin
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extraction method used chloroform and hydrochloric acid as solvents [54]. Subsequent studies used
alcohol [59], ether and acetic acid [6], or ether and hydrochloric acid [60]. Ether extraction was more
effective than extraction with chloroform, ethanol, and ethanol in sequence, although the process took
several months [61]. Extraction using ethanol, chloroform, and water subsequently allowed estimates
of auxin content with just a 15-min extraction period [62]. Auxin could also be extracted rapidly by
freezing intact tissue in dry ice and using ether as a solvent in two to three stages of 30 min each at
room temperature [63]. Four consecutive 30-min extractions using ether were also effective for auxin
extraction at room temperature [64]. However, bioassay methods gradually became obsolete because
of their low specificity for auxin, imprecise results, and the long durations required for bioassay plant
preparation [65–69].

2.2. Immunoassays

The advent of immunocytochemistry led to immunoassay techniques for quantifying auxins and
other plant hormones [70,71]. Immunoassays are based on the production of proteins (antibodies)
that recognize and connect to specific compounds (i.e., antigens) [72,73]. Antibodies are raised, for
example, by conjugating IAA to bovine serum albumin, injecting the conjugated IAA into rabbits,
collecting a blood sample from the animals, and testing the antisera for their affinity and specificity to
auxin compounds [74,75]. The effectiveness of immunoassays for plant hormone quantification was
improved greatly with radioimmunoassay (RIA) and enzyme immunoassay (EIA) techniques [76,77].
Radioimmunoassay (RIA) is a sensitive method used to measure the concentrations of compounds
based on competition at antibody binding sites between an antigen (e.g., sample IAA) and a
radiolabeled analog (e.g., tritiated IAA) [78]. Enzyme immunoassay (EIA) consists of a series of
reactions between antibodies and antigens that result in binding of an enzyme-labeled antibody to a
solid phase [79]. EIA typically requires less expensive equipment and may provide greater sensitivity in
detecting plant hormones than RIA [80]. The requirements of RIA for radioactively-labelled hormones
and a scintillation counter also make this technique impractical in some laboratories [80].

Enzyme-linked immunosorbent assay (ELISA) improved the reliability of endogenous auxin
quantification [77,81]. ELISA methods include indirect competitive ELISA (icELISA) and direct
competitive ELISA (dcELISA) methods [82]. The icELISA is an immobilized antigen assay, based on
competition between an immobilized antigen and an unknown amount of analyte for a small fixed
amount of antibody, with the activity of immobilized antigen bound to the antibody being determined
using a second antibody labeled with the enzyme. The dcELISA is an immobilized antibody specific
assay, based on competition between a constant amount of hapten-enzyme and the analyte for a
fixed amount of antibody [82,83]. ELISA methods have enabled precise quantification of free and
conjugated endogenous auxin levels during seed development of Douglas fir [84]. A solid-phase
enzyme immunoassay using specific anti-hormone antibodies has been used for the quantification of
IAA, abscisic acid (ABA), and zeatin plus zeatin riboside (Z + ZR) in cuttings of Lycopersicon esculentum
Mill. during the first five days of adventitious rooting [85]. Free and conjugated IAA in Picea abies
(L.) H.Karst. and Pinus radiata D.Don needles have also been quantified using ELISA in the solid
phase [44,86,87]. The availability of commercial kits contributed to the popularity of ELISA for the
quantification of plant hormones [77,78,81,88]. These kits allowed the analysis of multiple samples
in microtiter plates [89–92]. Immunoenzymatic techniques are considered to have high specificity
for plant hormones, but the long periods required for antibody preparation [69], the cross reactivity
of antibodies with multiple compounds from the same hormone class [93–95], and the possibility of
interference from other compounds [88,96] have been major limitations.

2.3. Chromatography and Mass Spectrometry

Physicochemical techniques, such as high performance liquid chromatography (HPLC) and gas
chromatography—mass spectrometry (GC-MS), have enabled the quantification of hormones and their
metabolites with much greater precision, sensitivity, and speed [1,9,97,98]. Chromatographic methods
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for auxin quantification date from the mid-20th century [99–102] including early use on forestry
trees such as Salix × fragilis L. [103], Picea abies [104], and Populus tremula L. [105]. Chromatographic
methods can provide excellent hormone separation and, when coupled with mass spectrometry (MS),
allow quantification of compounds from multiple hormone classes in the same sample [69,106]. These
methods have greatly improved endogenous auxin identification in forestry species [107–110].

HPLC has been one of the most widely used separation techniques in auxin analysis [111].
HPLC has been used for extract purification both in herbaceous species [112] and forest species (e.g.,
Populus tremula × P. tremuloides Michx.) [113]. HPLC with diode-array ultra-violet (UV) detection was
used to quantify seasonal variation in IAA and ABA concentrations in Eucommia ulmoides Oliv. trees,
demonstrating an abrupt reduction in IAA concentrations and an increase in ABA concentrations
in cold periods, and confirming an interaction between IAA and ABA in cambial dormancy [114].
However, UV or fluorescence detectors may provide inaccurate results because other compounds in
the same HPLC fractions may have similar UV absorbance or fluorescence spectra [9]. HPLC-MS has
been used to quantify IAA in Pinus radiata needles and determine auxin effects on the plasticity of
resistance to water stress in different climatic regions [115]. Provenances that were less tolerant to
water stress displayed an increase of more than 10× the concentrations of IAA by the end of the dry
period, when compared with control provenances.

HPLC has been considered more efficient since the introduction of second dimension HPLC
(2D-HPLC), in which all the molecules of all sample components (or a large, constant aliquot of them)
migrate along the columns used in the two dimensions of the separation and are eluted from the
second column [116]. This is an effective purification technique when the number of substances to
be purified is limited. Features contributing to the popularity of 2D-HPLC are its high purification
potential, reproducibility, robustness, high throughput, and unattended operation [96]. Another
method for effective quantitative analysis of auxins is liquid chromatography coupled to tandem
mass spectrometry with electrospray ionization (HPLC-ESI-MS/MS) [117]. This technique has been
used to simultaneously determine the levels of different plant hormones, including IAA. The addition
of labelled deuterium before extraction improves the technique precision, significantly reducing
the time required for sample preparation and hormone analysis [118]. Capillary electrophoresis
(CE) is another technique that has been used for auxin purification. CE allows rapid and efficient
separation of charged components present in small sample volumes. The separations are based on
the differences in mobility of ions in electrophoretic media inside small capillaries [119,120]. Capillary
electrophoresis-electrochemiluminescence (CE-ECL) has been applied for IAA and ABA quantification
in Acacia sp. young leaves and buds and in Vigna radiata (L.) R.Wilczek sprouts [121]. CE-ECL is
considered a promising technique because it provides high resolving power, sensitivity, and low
sample consumption. However, the requirement for high extract purity has been a major limitation of
the CE technique [96].

Mass spectrometry was originally adapted for IAA quantification from samples of herbaceous
species [112] and GC-MS was used increasingly for IAA purification and quantification. The advent
of capillary columns in the 1980s greatly improved both the resolving power and the sensitivity
of GC-MS [9]. The use of GC-MS for auxin analysis in forest species commenced with
research on Pseudotsuga menziesii (Mirb.) Franco [122–124]. GC-MS was later applied to assess
seasonal variation in IAA concentrations in Pinus sylvestris Thunb. seedlings [125] and to
investigate the influence of IAA concentration and distribution on xylem development in transgenic
Populus tremula × P. tremuloides [113]. GC-MS has also been used to quantify free IAA levels in vascular
tissues of Populus × tomentosa Carrière [126], to show that the highest IAA oxidase activity in
Ginkgo biloba L. leaves occurs in environments with high CO2 and C concentrations [127], and to
demonstrate that IAA contents are correlated with IAA oxidase activity in Pinus tabuliformis Carrière
needles exposed previously to high CO2 concentrations [128]. Recently, GC-MS has been used to
measure IAA concentrations and identify their relationships with rooting capacity in Corymbia torelliana
(F.Muell.) K.D.Hill & L.A.S.Johnson × C. citriodora (Hook.) K.D.Hill & L.A.S.Johnson cuttings [110,129].
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Mass spectrometry requires a high degree of sample purification and derivatization [96].
Derivatization, with the objective of increasing volatility and sensitivity to distinguish methyl esters
from free acids, is a critical step in obtaining adequate purification by GC [130]. Whole-plant
organ-distribution maps for indole-3-acetic acid, abscisic acid, jasmonic acid, 12-oxo-phytodienoic
acid, and salicylic acid have been generated for Arabidopsis thaliana (L.) Heynh. using GC-MS/MS
preceded by sample purification in one or two solid-phase-extraction (SPE) columns [131]. Liquid
chromatography coupled with mass spectrometry (LC-MS) [117,132–135] has become much more
widely used because of its high capacity to separate and detect plant hormones without derivatization
but with high sensitivity and efficiency [71]. Ultra-high performance liquid chromatography coupled
with tandem mass spectrometry (UPLC-MS/MS) is now one of the most common approaches for
quantification of auxins and their conjugates [136–140], often employing triple quadrupole mass
spectrometers that improve specificity and reduce detection limits [136–139]. Recent improvements
in GC-MS/MS and LC-MS/MS techniques for auxin analysis have been the focus of comprehensive
reviews [9,135].

Conjugation of IAA may be a mechanism used by plants to, in effect, regulate IAA levels by storing
IAA and protecting it against degradation [14]. The conjugation of free IAA with some amino acids
results in more-hydrolysable, biologically-inactive compounds, such as IAA-alanine (IAA-Ala) and
IAA-aspartate (IAA-Asp) [13]. Shifts in the equilibrium between IAA conjugation and deconjugation
can affect rooting of plant tissues [141]. Quantification of conjugated IAA involves a more elaborate
process than quantification of free IAA, especially because of the significantly lower concentrations of
the conjugates often present in tissues [73]. Prior enrichment of auxin conjugates has been used during
extract purification in association with various methods of quantification, such as immunoaffinity
for Helleborus niger L. [73] or coupled with spectrometry of single-quad mass in seedlings of
Pinus radiata [142]. Solid phase extraction (SPE) followed by methylation and separation by
HPLC has been a simple and efficient protocol for purifying IAA and some of its conjugates in
Arabidopsis thaliana [143]. SPE prior to HPLC-MS/MS analysis, without previous derivatization,
allowed quantification of IAA conjugated with Ala, Asp, and Glu in samples of Oryza sativa L. [117].

Two promising techniques for identifying the cellular and subcellular locations of endogenous
auxins are matrix-assisted laser desorption/ionization mass spectrometric imaging (MALDI-MSI)
and secondary ion mass spectrometric imaging (SIMS-MSI). These techniques provide simultaneous
high-resolution identification and imaging of compounds to visualize their distribution in plant
tissue [144–147]. They have been applied extensively to study the distribution of drugs and their
metabolites in human and animal tissues [145,148]. MALDI-MS has been used recently to visualize
the tissue-specific locations of 48 metabolites during germination of Hordeum vulgare L. seed [149]
and to identify taxanes from Taxus canadensis Marshall needles [150] and monolignol glucosides in
Chamaecyparis obtusa (Siebold and Zucc.) Endl. and Cryptomeria japonica (Thunb. Ex L.f.) D.Don
wood [151]. These approaches have great potential for visualizing the distribution of endogenous and
exogenous auxins, and their conjugates, in plant tissues.

3. Auxin Dynamics during Vegetative Propagation

Quantitative analysis of endogenous auxin levels has contributed greatly to understanding and
improving vegetative propagation [45]. The production of synthetic auxins in the 20th century also
led to research into their effects on adventitious root induction [152,153]. Much of this research has
focused on determining the appropriate combinations of auxin concentration, application formulation,
and application method that result in the highest percentages of shoots forming roots [109,154,155].
Auxins are used primarily to increase plant production by improving rooting percentages, but they
can also improve plant quality parameters such as adventitious root number, root system symmetry,
and root:shoot ratio [37,38,155,156]. These parameters can have important impacts on tree stability,
tree survival, and trunk volume in the nursery and the plantation. For example, raising the number of
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adventitious roots from one to five increases nursery survival by 11% [157], tree height after two years
by 23% [158], and trunk diameter after five years by 12% [159] in various Pinus species.

Auxin concentrations in stem cuttings depend directly on the speed of their oxidation and
conjugation [31,160], and auxin action may be influenced by phenolic compounds that inhibit or
promote rooting [24,161]. Free IAA is quickly metabolized by peroxidase [3,26] whereas, in its
conjugated forms such as IAA-Asp, auxin is partially protected against oxidation [49]. Conjugation
prevents free-IAA accumulation in tissues [28], and conjugated IBA may be an even-more stable source
of auxin in plant tissues because of its greater resistance to enzymatic degradation [20,162]. Peroxidase
activity in Phoenix dactylifera L. cuttings is at a minimum on the sixth day and at a maximum on the
twelfth day after treatment with auxin [163]. Changes in IAA oxidase activity follow a similar pattern,
while phenolic contents and auxin protector (enzyme inhibitor) levels show a reverse trend. Auxin
concentrations often remain stable even when auxin is applied to P. dactylifera cuttings. However,
there may be significant differences in the rooting capacity of the auxin-treated and untreated cuttings,
suggesting the need for adequate amounts of IAA during the initial root induction phase [163].

Auxin concentrations in cuttings are often highest soon after severance of cuttings from the
mother plant. Endogenous IAA concentrations increase during the first 24 h and then decrease over
the next 24 h during adventitious root formation in Vigna radiata hypocotyl cuttings [26]. Application
of auxins to the base of cuttings has, therefore, been recommended to mitigate the effects caused by
rapid oxidation of endogenous IAA [3]. IAA or IBA application to Pisum sativum cuttings increases
internal IAA levels within the first day of application [49]. However, IAA levels return to control levels
after 48 hours following IAA application, whereas 70% of applied IBA is still present in the cuttings.
Endogenous levels of IAA and IAA-Asp are higher in Castanea sativa Mill. × C. crenata Siebold and
Zucc. cuttings treated with IBA than in control cuttings, with the peak IAA concentration at the base
of cuttings occurring on the second day after treatment, after which there is a gradual decrease [164].
Similarly, application of IBA to rootstock of ‘Gisela 5’ cherry increases endogenous IAA levels within
the first day after application [27].

Rooting capacity decreases concomitantly with a reduction in free IAA endogenous concentrations
at the base of Forsythia × intermedia Zabel cuttings [165]. IAA levels are the same in easy-to-root
and difficult-to-root clones of Eucalyptus globulus Labill., but IAA-Asp levels are higher in the
difficult-to-root genotype, suggesting that IAA conjugation plays an important role in determining
adventitious rooting capacity in this species [45]. IAA levels in the cutting base and apex remained
constant and were similar to those in intact seedlings, indicating that root initiation can occur without
an increase in the IAA levels in the root regeneration zone [45]. Differences in auxin transport capacity
may contribute directly to success in the rhizogenesis process [108], with applied auxin possibly being
transported more rapidly in easy-to-root plants [141].

IBA typically has greater capacity than IAA in inducing adventitious roots [20,29,31]. This capacity
can be attributed to its greater stability and lower sensitivity to oxidation [49,162,166]. IBA has been the
most widely applied auxin for root induction in woody species because of this high stability compared
with IAA and its lower toxicity compared with NAA [33,155,167]. Endogenous IAA levels are higher
than endogenous IBA levels in most plant species [21]. However, the relative effectiveness of the two
auxins in adventitious root induction depends directly on the stability of their conjugates [166].

Greater propagation success is usually obtained with juvenile, compared with mature, plant
material [109,168–170], and auxin concentrations have been postulated as potential biochemical
markers of juvenility in tree species [41,42,110,129]. However, IAA concentrations tend to be similar
at the base of Prunus sp. cuttings derived from mature (40-year-old), semi-mature (5-year-old), and
juvenile (in vitro) trees, even following IBA application [109]. Despite having similar endogenous
IAA concentrations, the rooting of juvenile Prunus cuttings tended to be higher than the rooting
of semi-mature and mature cuttings, which could suggest different auxin transport mechanisms in
cuttings from the different-aged trees [109]. IAA concentrations are also similar between nodes
of Corymbia torelliana × C. citriodora seedlings that differ in rooting capacity, and also between
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cuttings from C. torelliana × C. citriodora stock plants of different heights that differ in rooting
capacity [110,129,171]. The rooting response of a tissue can be regulated by many factors other
than auxins, including the sensitivity of cells to the auxin signal [165], the concentrations of rooting
inhibitors in the base of cuttings [165], the levels of minerals and carbohydrates [172–178], and the
degree of lignification or sclerification of the stem [33,110,179,180].

4. Conclusions

Low auxin concentrations in plants and the presence of compounds that interfere with
auxin detection make the quantitative analysis of auxins a challenge for analytical chemistry.
Chromatographic methods have been used increasingly to exclude interfering compounds, separate
different hormones from each other, and increase the precision of auxin quantification. The combination
of GC or LC with MS has been a major advance in the analysis of IAA and other auxins, with
LC-MS/MS being used increasingly to analyze auxins directly with minimal prior purification.
The assessment of auxin and other hormone levels in plant propagules, and their relationships
with rooting and other physiological processes, are important research areas for improving the
efficiency of vegetative propagation. The high costs of the analytical instruments required for hormone
quantification have been an obstacle limiting their widespread use in forestry research. However,
increasingly cost-effective methods to quantify multiple plant hormones in plant samples are likely
to greatly improve our understanding of the roles of endogenous and exogenous auxins, and their
conjugates, in the process of adventitious root induction.
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27. Štefančič, M.; Štampar, F.; Veberič, R.; Osterc, G. The levels of IAA, IAAsp and some phenolics in cherry
rootstock ‘GiSelA 5’ leafy cuttings pretreated with IAA and IBA. Sci. Hortic. 2007, 112, 399–405. [CrossRef]

28. Faivre-Rampant, O.; Charpentier, J.P.; Kevers, C.; Dommes, J.; Van Onckelen, H.; Jay-Allemand, C.; Gaspar, T.
Cuttings of the non-rooting rac tobacco mutant overaccumulate phenolic compounds. Funct. Plant Biol. 2002,
29, 63–71. [CrossRef]

29. Blakesley, D. Auxin metabolism and adventitious root initiation. In Biology of Adventitious Root Formation;
Davis, T.D., Haissig, B.E., Eds.; Plenum Press: New York, NY, USA, 1994; pp. 143–154.

30. Jarvis, B.C. Endogenous control of adventitious rooting in non-woody cuttings. In New Root Formation in
Plants and Cuttings; Jackson, M.B., Ed.; Martinus Nijhoff Publishers: Dordrecht, The Netherlands, 1986;
pp. 191–222.

31. De Klerk, G.J.; Van Der Krieken, W.; De Jong, J.C. The formation of adventitious roots: New concepts, new
possibilities. In Vitro Cell. Dev. Biol. Plant 1999, 35, 189–199. [CrossRef]

32. Wendling, I.; Brondani, G.E.; Dutra, L.F.; Hansel, F.A. Mini-cuttings technique: A new ex vitro method for
clonal propagation of sweetgum. New For. 2010, 39, 343–353. [CrossRef]

33. Perry, F.; Trueman, S.J. Cutting propagation of Victorian smokebush, Conospermum mitchellii (Proteaceae).
S. Afr. J. Bot. 1999, 65, 243–244. [CrossRef]

34. Dwan, B.E.; Trueman, S.J. Propagation methods for environmental offset planting of the Kogan waxflower
(Philotheca sporadica) (Rutaceae). J. Environ. Sci. Technol. 2014, 7, 347–353.

35. Pereira, M.J.; Eleutério, T.; Canhoto, J.M. The influence of cytokinin and auxin types and their concentration
on the proliferation and rooting of Viburnum treleasei seedling explants. Acta Hortic. 2015, 1083, 311–318.
[CrossRef]

36. Husen, A. Changes of soluble sugars and enzymatic activities during adventitious rooting in cuttings of
Grewia optiva as affected by age of donor plants and auxin treatments. Am. J. Plant Physiol. 2012, 7, 1–16.
[CrossRef]

37. Fogaça, C.M.; Fett-Neto, A.G. Role of auxin and its modulators in the adventitious rooting of Eucalyptus
species differing in recalcitrance. Plant Growth Regul. 2005, 45, 1–10. [CrossRef]

38. Kilkenny, A.J.; Wallace, H.M.; Walton, D.A.; Adkins, M.F.; Trueman, S.J. Improved root formation in eucalypt
cuttings following combined auxin and anti-ethylene treatments. J. Plant Sci. 2012, 7, 138–153.

39. Trueman, S.J.; Adkins, M.F. Effect of aminoethoxyvinylglycine and 1-methylcyclopropene on leaf abscission
and root formation in Corymbia and Eucalyptus cuttings. Sci. Hortic. 2013, 161, 1–7. [CrossRef]

http://dx.doi.org/10.1093/jxb/ert080
http://www.ncbi.nlm.nih.gov/pubmed/23580748
http://dx.doi.org/10.3389/fpls.2013.00163
http://www.ncbi.nlm.nih.gov/pubmed/23755057
http://dx.doi.org/10.1104/pp.15.01863
http://www.ncbi.nlm.nih.gov/pubmed/26787325
http://dx.doi.org/10.3389/fpls.2015.00150
http://www.ncbi.nlm.nih.gov/pubmed/25852709
http://dx.doi.org/10.1023/A:1010746806891
http://dx.doi.org/10.1038/nplants.2015.184
http://www.ncbi.nlm.nih.gov/pubmed/27251719
http://dx.doi.org/10.1093/jxb/eru499
http://www.ncbi.nlm.nih.gov/pubmed/25540438
http://dx.doi.org/10.1104/pp.15.01360
http://www.ncbi.nlm.nih.gov/pubmed/26697895
http://dx.doi.org/10.1007/s003440010016
http://dx.doi.org/10.1016/j.scienta.2007.01.004
http://dx.doi.org/10.1071/PP01016
http://dx.doi.org/10.1007/s11627-999-0076-z
http://dx.doi.org/10.1007/s11056-009-9175-2
http://dx.doi.org/10.1016/S0254-6299(15)30981-9
http://dx.doi.org/10.17660/ActaHortic.2015.1083.39
http://dx.doi.org/10.3923/ajpp.2012.1.16
http://dx.doi.org/10.1007/s10725-004-6547-7
http://dx.doi.org/10.1016/j.scienta.2013.06.048


Forests 2017, 8, 27 9 of 15

40. Trueman, S.J. Clonal propagation and storage of subtropical pines in Queensland, Australia. South. Afr. For. J.
2006, 208, 49–52. [CrossRef]

41. Wendling, I.; Trueman, S.J.; Xavier, A. Maturation and related aspects in clonal forestry—Part I: Concepts,
regulation and consequences of phase change. New For. 2014, 45, 449–471. [CrossRef]

42. Wendling, I.; Trueman, S.J.; Xavier, A. Maturation and related aspects in clonal forestry—Part II:
reinvigoration, rejuvenation and juvenility maintenance. New For. 2014, 45, 473–486. [CrossRef]

43. Osterc, G.; Štampar, F. Maturation changes auxin profile during the process of adventitious rooting in Prunus.
Eur. J. Hortic. Sci. 2015, 80, 225–230. [CrossRef]

44. Valdés, A.E.; Centeno, M.L.; Espinel, S.; Fernández, B. Could plant hormones be the basis of maturation
indices in Pinus radiata? Plant Physiol. Biochem. 2002, 40, 211–216. [CrossRef]

45. Negishi, N.; Nakahama, K.; Urata, N.; Kojima, M.; Sakakibara, H.; Kawaoka, A. Hormone level analysis on
adventitious root formation in Eucalyptus globulus. New For. 2014, 45, 577–587. [CrossRef]

46. Kojima, M.; Kamada-Nobusada, T.; Komatsu, H.; Takei, K.; Kuroha, T.; Mizutani, M.; Ashikari, M.;
Ueguchi-Tanaka, M.; Matsuoka, M.; Suzuki, K.; et al. Highly sensitive and high-throughput analysis
of plant hormones using MA-probe modification and liquid chromatography–tandem mass spectrometry:
An application for hormone profiling in Oryza sativa. Plant Cell Physiol. 2009, 50, 1201–1214. [CrossRef]
[PubMed]

47. Du, F.; Ruan, G.; Liu, H. Analytical methods for tracing plant hormones. Anal. Bioanal. Chem. 2012, 403,
55–74. [CrossRef] [PubMed]

48. Blakesley, D.; Weston, G.D.; Elliott, M.C. Endogenous levels of indole-3-acetic acid and abscisic acid during
the rooting of Cotinus coggygria cuttings taken at different times of the year. Plant Growth Regul. 1991, 10,
1–12. [CrossRef]

49. Nordström, A.C.; Jacobs, F.A.; Eliasson, L. Effect of exogenous indole-3-acetic acid and indole-3-butyric acid
on internal levels of the respective auxins and their conjugation with aspartic acid during adventitious root
formation in pea cuttings. Plant Physiol. 1991, 96, 856–861. [CrossRef] [PubMed]

50. Wang, Q.; Little, C.H.A.; Moritz, T.; Odén, P.C. Effects of prohexadione on cambial and longitudinal growth
and the levels of endogenous gibberellins A1, A3, A4, and A9 and indole-3-acetic acid in Pinus sylvestris
shoots. J. Plant Growth Regul. 1995, 14, 175–181. [CrossRef]

51. Campen, R.C.; Weston, G.D.; Harrison-Murray, R.S. Shoots from MM. 106 apple rootstocks grown in
a polyethylene tunnel do not contain a higher IAA concentration than shoots from field-grown plants.
Plant Growth Regul. 1996, 19, 89–91.

52. Porfírio, S.; Da Silva, M.D.G.; Peixe, A.; Cabrita, M.J.; Azadi, P. Current analytical methods for plant auxin
quantification—A review. Anal. Chim. Acta 2016, 902, 8–21. [CrossRef] [PubMed]

53. Seo, H.; Kriechbaumer, V.; Park, W.J. Modern quantitative analytical tools and biosensors for functional
studies of auxin. J. Plant Biol. 2016, 59, 93–104. [CrossRef]

54. Thimann, K.V. Studies on the growth hormone of plants VI. The distribution of the growth substance in
plant tissues. J. Gen. Physiol. 1934, 18, 23–34. [PubMed]

55. Kogl, F.; Smit, A.H.; Erxleben, H. Uber ein neues auxin (heteroauxin) aus harn. Z Physiol. Chem. 1934, 228,
90–91.

56. Van Overbeek, J.V. A simplified method for auxin extraction. Proc. Natl. Acad. Sci. USA 1938, 24, 42–46.
[CrossRef] [PubMed]

57. Stefan, J. Über die beziehung zwischen der wärmestrahlung und der temperatur. Sitzungsber. Akad.
Wiss. Wien 1879, 79, 391–428.

58. Kramer, M.; Went, F.W. The nature of the auxin in tomato stem tips. Plant Physiol. 1949, 24, 207–221.
[CrossRef] [PubMed]

59. Laibach, F.; Meyer, U.F. Über die schwankungen des auxingehaltes bei Zea mays und Helianthus annuus im
verlauf der ontogenese. Senckenbergiana 1935, 17, 73–86.

60. Van Raalte, M.H. On factors determining the auxin content of the root tip. Recl. Trav. Bot. Neerlandais 1937,
34, 278–332.

61. Thimann, K.V.; Skoog, F. The extraction of auxin from plant tissues. Am. J. Bot. 1940, 27, 951–960. [CrossRef]
62. Avery, G.S.; Berger, J.; Shalucha, B. The total extraction of free auxin and auxin precursor from plant tissue.

Am. J. Bot. 1941, 28, 596–607. [CrossRef]

http://dx.doi.org/10.2989/10295920609505261
http://dx.doi.org/10.1007/s11056-014-9421-0
http://dx.doi.org/10.1007/s11056-014-9415-y
http://dx.doi.org/10.17660/eJHS.2015/80.5.4
http://dx.doi.org/10.1016/S0981-9428(02)01371-2
http://dx.doi.org/10.1007/s11056-014-9420-1
http://dx.doi.org/10.1093/pcp/pcp057
http://www.ncbi.nlm.nih.gov/pubmed/19369275
http://dx.doi.org/10.1007/s00216-011-5623-x
http://www.ncbi.nlm.nih.gov/pubmed/22215246
http://dx.doi.org/10.1007/BF00035126
http://dx.doi.org/10.1104/pp.96.3.856
http://www.ncbi.nlm.nih.gov/pubmed/16668265
http://dx.doi.org/10.1007/BF00204909
http://dx.doi.org/10.1016/j.aca.2015.10.035
http://www.ncbi.nlm.nih.gov/pubmed/26703249
http://dx.doi.org/10.1007/s12374-016-0058-8
http://www.ncbi.nlm.nih.gov/pubmed/19872823
http://dx.doi.org/10.1073/pnas.24.1.42
http://www.ncbi.nlm.nih.gov/pubmed/16588186
http://dx.doi.org/10.1104/pp.24.2.207
http://www.ncbi.nlm.nih.gov/pubmed/16654212
http://dx.doi.org/10.2307/2436565
http://dx.doi.org/10.2307/2437009


Forests 2017, 8, 27 10 of 15

63. Van Overbeek, J.; Olivo, G.D.; Vazquez, E.M.S. A rapid extraction method for free auxin and its application
in geotropic reactions of bean seedlings and sugar-cane nodes. Bot. Gaz. 1945, 106, 440–451. [CrossRef]

64. Wildman, S.G.; Muir, R.M. Observations on the mechanism of auxin formation in plant tissues. Plant Physiol.
1949, 24, 84–92. [CrossRef] [PubMed]

65. Bentley, J.A. An examination of a method of auxin assay using the growth of isolated sections of Avena
coleoptiles in test solutions. J. Exp. Bot. 1950, 1, 201–213. [CrossRef]

66. Bentley, J.A.; Housley, S. Bioassay of plant growth hormone. Physiol. Plant. 1954, 7, 405–420. [CrossRef]
67. Sirois, J.C. Studies on growth regulators. I. Improved Avena coleoptile elongation test for auxin. Plant Physiol.

1966, 41, 1308–1312. [PubMed]
68. Volksch, B.; Bublitz, F.; Fritsche, W. Coronatine production by Pseudomonas syringae pathovars: Screening

method and capacity of product formation. J. Basic Microb. 1989, 29, 463–468. [CrossRef]
69. Bai, Y.; Du, F.; Bai, Y.; Liu, H. Determination strategies of phytohormones: Recent advances. Anal. Methods

2010, 2, 1867–1873. [CrossRef]
70. Sandberg, G.; Crozier, A.; Ernstsen, A. Indole-3-acetic acid and related compounds. In Principles and Practice

of Plant Hormone Analysis; Rivier, L., Crozier, A., Eds.; Academic Press: London, UK, 1987; pp. 169–301.
71. Novák, O.; Hauserová, E.; Swaczynová, J.; Hradecká, V.; Dolezal, K.; Strnad, M. New approach to study

metabolite profiling of plant extracts. Planta Med. 2008, 74, PC119. [CrossRef]
72. Fuchs, S.; Haimovich, J.; Fuchs, Y. Immunological studies of plant hormones. Detection and estimation by

immunological assays. Eur. J. Biochem. 1971, 18, 384–390. [PubMed]
73. P

Forests 2017, 8, 27    10 of 14 

 

73. Pĕnčík, A.; Rolčík, J.; Novák, O.; Magnus, V.; Barták, P.; Buchtík, R.; Salopek‐Sondi, B.; Strnad, M. Isolation 

of novel indole‐3‐acetic acid conjugates by immunoaffinity extraction. Talanta 2009, 80, 651–655. 

74. Lur,  H.S.;  Setter,  T.L.  Role  of  auxin  in  maize  endosperm  development  (timing  of  nuclear  DNA 

endoreduplication, zein expression, and cytokinin). Plant Physiol. 1993, 103, 273–280. 

75. Gussakovskaya, M.A.; Blintsov, A.N. A new method for differential determination of basic natural forms 

of indolyl‐3‐acetic acid. Biochemistry 2007, 72, 339–344. 

76. Weiler, E.W. Plant hormone immunoassays based on monoclonal and polyclonal antibodies. Immunol. Plant 

Sci. 1986, 4, 1–17. 

77. Pence,  V.C.;  Caruso,  J.L.  Elisa  determination  of  IAA  using  antibodies  against  ring‐linked  IAA. 

Phytochemistry 1987, 26, 1251–1255. 

78. Pengelly, W.; Meins, J.F. A specific radioimmunoassay for nanogram quantities of the auxin, indole‐3‐acetic 

acid. Planta 1977, 136, 173–180. 

79. Yolken, R.H.; Leister, F.J. Investigation of enzyme immunoassay time courses: Development of rapid assay 

systems. J. Clin. Microb. 1981, 13, 738–741. 

80. Hedden, P. Modern methods for the quantitative analysis of plant hormones. Annu. Rev. Plant Physiol. 1993, 

44, 107–129. 

81. Peres, L.E.P.; Mercier, H.; Kerbauy, G.B.; Zaffari, G.R. Endogenous levels of IAA, cytokinins, and ABA in a 

shootless orchid and a rootless bromeliad determined by means of HPLC and ELISA. Rev. Bras. Fisiol. Veg. 

1997, 9, 169–176. 

82. Zhao, J.; Li, G.; Yi, G.X.; Wang, B.M.; Deng, A.X.; Nan, T.G.; Li, Q.X. Comparison between conventional 

indirect  competitive  enzyme‐linked  immunosorbent  assay  (icELISA)  and  simplified  icELISA  for  small 

molecules. Anal. Chim. Acta 2006, 571, 79–85. 

83. Jung,  F.;  Gee,  S.J.; Harrison,  R.O.;  Goodrow, M.H.;  Karu,  A.E.;  Braun,  A.L.; Hammock,  B.D.  Use  of 

immunochemical techniques for the analysis of pesticides. Pestic. Sci. 1989, 26, 303–317. 

84. Chiwocha, S.; Von Aderkas, P. Endogenous levels of free and conjugated forms of auxin, cytokinins and 

abscisic acid during seed development in Douglas fir. Plant Growth Regul. 2002, 36, 191–200. 

85. Maldiney, R.; Pelese, F.; Pilate, G.; Sotta, B.; Sossountzov, L.; Miginiac, E. Endogenous  levels of abscisic 

acid, indole‐3‐acetic acid, zeatin and zeatin‐riboside during the course of adventitious root formation in 

cuttings of Craigella and Craigella lateral suppressor tomatoes. Physiol. Plant. 1986, 68, 426–430. 

86. Fackler, U.; Reich, J.; Hock, B. Auxin distribution in spruce needles. J. Plant Physiol. 1986, 126, 163–172. 

87. De  Diego,  N.;  Rodríguez,  J.L.;  Dodd,  I.C.;  Pérez‐Alfocea,  F.;  Moncaleán,  P.;  Lacuesta,  M. 

Immunolocalization of IAA and ABA in roots and needles of radiata pine (Pinus radiata) during drought 

and rewatering. Tree Physiol. 2013, 33, 537–549. 

88. Weiler, E.W.; Jourdan, P.S.; Conrad, W. Levels of indole‐3‐actetic acid in intact and decapitated coleoptiles as 

determined by a specific and highly sensitive solid‐phase enzyme immunoassay. Planta 1981, 153, 561–571.   

89. Tanaka, N.; Fujikawa, Y.; Aly, M.A.M.; Saneoka, H.; Fujita, K.; Yamashita,  I. Proliferation and  rol gene 

expression in hairy root lines of Egyptian clover. Plant Cell Tissue Organ Cult. 2001, 66, 175–182. 

90. Sergeeva, E.; Liaimer, A.; Bergman, B. Evidence for production of the phytohormone indole‐3‐acetic acid 

by cyanobacteria. Planta 2002, 215, 229–238. 

91. Li, X.‐M.; Zhang, L.‐H.; Li, Y.‐Y.; Ma, L.‐J.; Chen, Q.; Wang, L.L.; He, X.‐Y. Effects of elevated carbon dioxide 

and/or ozone on endogenous plant hormones in the leaves of Ginkgo biloba. Acta Physiol. Plant. 2011, 33, 

129–136. 

92. Zhang,  S.;  Chen,  S.;  Chen,  F.;  Liu,  Z.;  Fang, W.  The  regulatory  role  of  the  auxin  in  the  creeping 

chrysanthemum habit. Russ. J. Plant Physiol. 2012, 59, 364–371. 

93. Morris,  J.W.; Doumas,  P.; Morris, R.O.; Zaerr,  J.B. Cytokinins  in  vegetative  and  reproductive  buds  of 

Pseudotsuga menziesii. Plant Physiol. 1990, 93, 67–71. 

94. Trueman, S.J. Endogenous cytokinin levels during early fruit development of macadamia. Afr. J. Agric. Res. 

2010, 5, 3402–3407. 

95. Trueman, S.J. Endogenous gibberellin levels during early fruit development of macadamia. Afr. J. Agric. 

Res. 2011, 6, 4785–4788. 

96. Dobrev, P.I.; 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, 159–166. 
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