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INTRODUCTION - A PHYSIOLOGICAL BACKGROUND 

The following survey is based on fundamental physiological aspects stated by 

of the 1700s it was suggested that organ-forming substances were produced in 

plants and distributed polarly (in one direction). A small number of organic 

compounds occurring naturally in plants have how been shown to act as coordi

nators of plant growth and development and to be active in minute amounts. 

These endogenous substances in plant tissue are called plant hormones or 

phytohormones. A phytohormone moves from a site of production to a site of 

action to evoke a characteristic response. However, higher plants also contain 

other highly active compounds which regulate growth when applied exogenously, 

but the movement of these compounds to a site of action in the intact plants 

has not been established and accordingly, they are not referred to as phyto-

hormones. In higher plants the phytohormones consist of five groups of organic 

compounds: ethylene, 3-indoleacetic acid, the gibberellins, the cytokinins and 

absei sic acid. 

12 3 4 MacMillan, Letham et al., Leopold and Kriedeman, and Crozier. In the middle 

H CO^H 

Ethylene 3-Indoleacetic acid Gibberel lin Ag 

H 

A Cytokinin, 
trans-zeatin 

S-cis-trans-Abscisic acid 
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Correlation of amount of hormone with physiological effects 

The physiological effects of the phytohormones are studied by application of 

the synthetic analogues to the plant, and labelled compounds are often used 

to enable transport studies to be performed simultaneously. Studies of this 

type present great difficulties. The amount of hormone added should be in the 

range of the natural concentration to avoid adverse physiological effects, 

and the method of application and application site should be appropriately 

selected if injury is not to be caused to the plant. Otherwise, the hormone 

may be transported from the application site and react with other compounds, 

which may produce physiological effects differing from those of the original 

hormone. In addition, the various hormones have regulating effects on one 

another. At least one member of each hormone group is considered to be present 

- though in varying amounts - in each cell. In view of these facts, correlation 

studies between the added hormone and the physiological effects may be very 

inaccurate. 

Ethylene 

Long before ethylene was reported to be a phytohormone, it was well known that 

certain air pollutants, smoke and fumes could modify the growth and development 

of plants. Pineapple and mango growers have been known to light bonfires near 

the trees, knowing that smoke helps to initiate and synchronize flowering and 

ripening of the fruits. The first indication that ethylene might be the active 

compound was reported in 1901. Pea plants grown in gas-illuminated laboratories 

showed unusual curvature responses, leading to horizontal growth. This property 

was later used in a biological test (bioassay) for ethylene. In 1934, ethylene 

was identified for the first time in the air around ripening apples. The fact 

that it is a gas sets it apart from the more usual animal and plant hormonal 
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substances. In some respects it may be regarded as a plant pheromone, since 

the ethylene produced by one plant can affect the growth of another plant in 

the same container. 

Ethylene can be produced by leaves, roots and fruits. It is involved in the 

regulation of flowering, defoliation, fruit ripening and also in the process 

of breaking dormancy. However, the knowledge about ethylene as a phytohormone 

is very limited. Ethylene has not been included in our studies of phytohormones 

and will not be discussed further in this summary. 

Indo!eacetic acid 

Many indolic compounds have been identified in plants and, of these, 3-indole-

acetic acid is classified as a phytohormone. Long before its identity was known 

it was called an auxin - a group of unidentified compounds which were studied 

intensively and considered as the most important factors of the growth and the 

development of plants. In 1880 Darwin noticed that the tips of grass seedlings 

(coleoptiles) tended to turn towards light. He found that this response could 

be counteracted by shading the coleoptile tips, which suggested the formation 

of a substance in the upper part of the tip and its transmission to a lower 

point, causing the latter to bend (phototropic response). This property has been 

utilized in a bioassay for 3-indoleacetic acid using oat seedlings, the Avena 

curvature test. However, indoleacetic acid is considered to be the only phyto

hormone among the auxins, though several natural compounds have shown effects 

in the Avena test. Indoleacetic acid was not identified as a naturally occurring 

substance until 1946, and has since then been found in various species of 

plants, in all parts, in varying amounts lying in the range 1-100 ng/g fresh 

weight. 



12 

The most prominent effect of indoleacetic acid is the promotion of cell elon

gation in shoots and stems. External application of indoleacetic acid for 

growth promotion must be performed in appropriate physiological concentrations 

- the limits for intended effects are very narrow - otherwise the substance 

causes growth retardation. 

6ibberellins 

A disease of rice that caused serious crop damage and up to 40 % decrease in 

yield was described in Japan in 1809. The appearance of tall, pale green, thin 

plants, that markedly outgrew their uninfected neighbours led to the discovery 

of the causative agent in 1898, an imperfect fungus subsequently called 

Gibberella fujikuroi. The accelerated growth effect could be produced by treat

ing rice plants with cell-free medium in which the fungus had grown. The active 

compound was shown to be non-enzymic since it survived autoclaving. In 1954 the 

structure of gibberellic acid, named after the fungus, was fully elucidated. 

Up to now 62 different gibberellins have been identified in fungal cultures or 

higher plant tissue. 

Gibberel lane Gibberellic acid. GA Gibbane 

Almost all gibberellins have the gibbane structure but the systematic nomen

clature has now changed from the gibbane to the gibberellane skeleton. The 

compounds have a carboxylic group in position 6, i.e., they are all carboxylic 
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acids. They are abbreviated GA, with a numerical suffix. The gibberellin iso

lated first was subsequently named gibberellic acid, GA^. The growth-promoting 

effect of the gibberellins has been utilized in a bioassay with dwarf rice 

which has lost its genetic ability to produce natural gibberellins and thereby 

also its capacity to develop into a rice plant of normal size. When gibberellins 

are applied exogenously the dwarf rice seedlings start growing, and the stem 

growth is measured after a specified time. This test is used both quantitatively 

and qualitatively, though it cannot distinguish between gibberellins but mea

sures the total amount of these compounds. Most analyses of gibberellins are made 

in seeds of various plants with a high content of gibberellins, ca. 10 yg/g 

fresh weight. These substances have also been analysed in growing shoots but 

found in much lower levels, about 1 ng/g fresh weight. 

05 Nö HB 5 Nß 5 0  N ö  

Dwarf-rice test with different amounts of GA^ applicated. 
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The physiological role of gibberellins has been studied chiefly using gibbe-

rellic acid, GA^, which is commercially available. It is involved in stem 

growth; induction of flowering; development of fruits, seeds and bulbs; 

and in breaking dormancy. Gibberellins are used to initiate the germination 

of grain in the production of beer. In conifers the induction of flowering 
5 has been of great interest , since problems are encountered in seed orchards 

to attain simultanous flowering of the trees, and thereby sufficient seed 

production. A few experiments with gibberellins applied exogenously to 

pine and spruce have been performed, but the effect on flowering has been 

found to be low, although significant. However, little is known about the 

identity of endogenous gibberellins in pine and spruce, and such knowledge 

is without doubt a prerequisite for further experiments on flowering. 

The cytokinins 

The idea that cell division in plants might be controlled by specific chemi

cals dates back to the 1800s. In 1941 the first experimehtal evidence for this 

idea was published. Extracts of coconut milk were found to induce cell division 

in tissue cultures of tobacco pith. The active compound was later identified 

as a member of the cytokinin group, all N-10 substituted adenine derivatives. 

Tobacco pith tissue has since then been utilized for bioassaying cytokinins. 

In 1963 the first naturally occurring cytokinin, zeatin, was identified in 

plants, and another five cytokinins were subsequently identified in various 

plants in amounts of 1-20 ng/g counted on fresh weight. 

The most important physiological property of the cytokinins is their influence 

on cell division and cell differentiation. Several synthetic cytokinins have 

been made, most of them with an adenine structure. 
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io 
NH-R 

Substituted adenine 

Absei sic acid 

The presence of growth-inhibitory compounds in plants has been known since 

the 1930s. The isolation and structural confirmation of a compound promoting 

leaf abscission and inducing bud dormancy was carried out in the 1960s. The 

compound was called abscisic acid, and the final configuration, S-cis-trans-

abscisic acid, was established in 1972. This is the only naturally occurring 

form of abscisic acid. When treated with light, this natural isomer is converted 

to S-trans-trans abscisic acid and an equilibrium mixture between the two iso

mers is obtained. Abscisic acid has now been identified in various plant 

species, in different parts of the plant, in the amounts of 10-5,000 ng/g fresh 

weight. In growth-promoting tests, such as the previously Avena bioassay for 

assessing auxin activity, and the dwarf-rice bioassay for gibberellin activity, 

abscisic acid shows its growth-inhibiting property. Accordingly, these tests 

have been used for establishing the presence of abscisic acid in tissue extracts. 

•> 

S-cis-trans-abscisic acid S - trans-trans-abscisic acid 
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Apart from its inhibitory effect on plant growth, promotion of leaf abscission 

and induction of bud dormancy, abscisic acid plays a role in the abscission of 

young fruits and also in the ripening of fruits^. Synthetic compounds with 

activity similar to that of abscisic acid all have a ring structure, with a 

carboxyl group in the side chain. 

Conjugates 

Conjugated plant hormones - hormones linked covalently to low-molecular com

pounds - represent part of the metabolism of a plant. In contradistinction to 

biosynthesés and metabolic routes, conjugation does not exclude reversibility, 

i.e., reconversion to the free hormone. The physiological effects of the con

jugates are generally different from those of the free hormones, and conju

gation may be involved in regulating the hormone level by alteration of the 

physical, chemical and biological properties of hormones. The conjugates are 

considered as storage forms, transport forms, detoxification products or, in 

some cases, also as the physiologically active molecule in the plant. However, 

the physiological role of the conjugates needs further detailed investigation. 

This, in turn, requires considerable progress in this field. Molecules conju

gated to the phytohormones are mainly ; 

(a) amino acids (amide linkage) 

(b) carbohydrates (ester, glycosyl or amide-like linkage) 

(c) polyols (ester linkage) 

Conjugates of indoleacetic acid are all derivatives of the carboxylic acid and 

no natural compounds have been found where the indolic nitrogen has reacted. 
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The following compounds have been identified in plants as conjugates of 

3-indoleacetic acid: 

Amino acid Carbohydrate Polyol Carbohydrate + 
polyol 

Aspartic acid Glucose Myoinositol Arabinose + 
.. , Myoinositol Dimyoinositol * 

Trimyoinositol Galactose + 
Myoinositol 

N-(3-ind<31eacetyl)aspartic acid is the main amino acid conjugate of indole-

acetic acid and is rapidly formed when indoleacetic acid is applied exogenously 

to plants. 
I 

COpH 

C r.i r- ' "" 

A 

N-(3-indoleacetyl)-aspartic acid 

Other amino acid conjugates have also been identified, but only after the 

treatment with indoleacetic acid. However, this cannot be used as evidence for 

existence of the conjugates as naturally occurring compounds. Esterification 

of a carbonyl group with a sugar molecule is a very common detoxification 

step - the product becomes more hydrophilic and thereby more soluble in water. 

Glucose is conjugated to indoleacetic acid vja the hydroxy functions at three 

different sites of the glucose molecule - at carbon 2, 4 or 6. Myoinositol 

could bind one, two or three molecules of indoleacetic acid and moreover, myo

inositol bound to indoleacetic acid could add another glucose molecule. 
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All gibberellins have at least one carboxylic group and, accordingly 

they could form both amide and ester linkages. Those with hydroxy groups 

could also from glucosyl linkages with carbohydrates. However, no conjugates 

with amino acids or myoinositol have been reported. Conjugates with glucose 

have been identified both as esters and as glucosides. 

The following compounds have been identified in plants as conjugates of 

cytokinins: 

Amino acid Carbohydrate Carbohydrate + phosphate 

Alanine Ribose Ribose - 5-phosphate 
Glucose 

Among the naturally occurring cytokinin conjugates, sugar derivatives are 

predominant. Glucose is bound via its C-l carbon to nitrogen number 3, 7 or 

9 in the adenine ring but also bound to hydroxy functions in the side chain. 

Interest in conjugates of abscisic acid has not been so extensive, and the 

only identified conjugate is the glucopyranosyl ester of abscisic acid. 

Many attempts to find amino acid conjugates have been made but have not 

been successful so far. 

AIM OF THE PRESENT INVESTIGATION 

The use of various bioassays and simple chemical tests was found inadequate 

for the hormone studies in conifers because of the lack of selectivity and 

sensitivity of these methods. An urgent need was felt to apply modern analytical 

chemical techniques and, above all, to confirm the identity of the naturally 
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occurring hormones. Thus, the starting point for the present investigation 

was to develop purification methods for conifer samples enabling both identi

fication and quantification of the phytohormones - biologically active compounds 

susceptible to degradation by light, enzymes and extreme pH changes, and present 

in very small amounts. 

The analytical pathways are outlined below (Scheme 1), and detailed discussions 

of the various steps follow. 

SAMPLING 

I ev. HPLC 

EXTRACTION 
methanol  

IDENTIFICA TION 
G C-M S  

QUANTIFICATION 
GC ê  HPLC  

XAD 7 
concentra tor  
co lumn 

PARTITIONING 
buf fer  org .  so lvent  

CLEAN-UP 
Cel i te /PVP/Sephadex LH-20  
column Chromatograph y  

Scheme 1 
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SAMPLING, STORAGE AND EXTRACTION 

Sampling and storage 

The amounts of various phytohormones are seasonal, and growing current year's 

shoots and seedlings are considered to have the highest concentrations. An 

exception is abscisic acid, with the highest amounts in dormant shoots. Older 

coniferous trees show a more complex sample matrix, with higher concentrations 

of terpenoids and phenols, which severely interfere with the hormone analysis. 

In this study, two different plant materials of pine and spruce were used in 

the analysis of phytohormones - whole seedlings and the current year's shoots 

from trees of varying age. All the samples collected were immediately wrapped 

in aluminium foil, chilled with liquid nitrogen or solid carbon dioxide for 

transport and stored at -20°- -80° C if not analysed directly. A very low tem

perature is necessary to bring about a sufficient decrease in activity of the 

various enzyme systems liberated and thus prevent alteration of the hormones. 

The risk of contamination must be borne in mind from the start when the sample 

is collected. Any plastic material must be carefully avoided since any plastic 

cizers present, such as phtalic esters, make further analysis impossible. In 

addition, some phthalic esters have been reported to act as growth regulators 

in biotests^. 

The plant material was weighed into appropriate portions just before analysis. 

However, Albro has shown the necessity of weighing fat-containing animal tissue 

prior to freezing if unsealed containers and self-defrosting freezers are to be 
8 o used . Rat liver was stored at -20 C and the weight loss was reported to be 

55 % after 35 days. It is obvious that possible weight losses during storage 

should be taken into account in all analyses of biological material. Since the 
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variations of the amounts of hormones are small between similar pine or spruce 

samples stored for different lenghts of time, the influence of storage on weights 

of samples were neglected in this case. 

Extraction 

The goal for the development of methods was to enable analysis of each hormone 

and its conjugates in one single pine or spruce extract. They are all polar 

compounds with different structures and different chemical properties. Accord

ingly, an appropriate extraction solvent had to be chosen, in which all these 

different compounds are soluble, and the choice fell on methanol. Each hormone 

should also be extracted and analysed in the form in which it exists in the 

intact plant and there is always a risk for hydrolysing the conjugates during 

the extraction. Precautions must be taken throughout the analytical procedure 
g 

to prevent the occurrence of chemical and enzymatic changes . The enzyme 

activity in methanol extracts is considered to be very low, but some activity 

still remains. Neither is the identity of these active enzymes known, nor 

their possible influence on the phytohormones. To avoid alterations of the 

hormones, extraction was performed carefully and the extracts were protected 

from light. The deep-frozen samples (10-g) were homogenized in cold methanol 

(250 ml) and extraction was performed in the cold, without stirring, and 

usually overnight (+4° - -18° C). 

One of the main difficulties in the analysis of phytohormones is associated 

with the extraction procedure. The first problem is whether extraction of the 

sample has been quantitative or whether phytohormones still remain in the 

tissue. The second problem is whether the hormones are extracted and analysed 

in their naturally occurring form in the plant. These problems have been 
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discussed in several symposia on plant physiology but are not easily solved, 

and were not pursued further. It is, by far one of the main problems which 

remains to be solved in the hormone analysis of plant material. 

Abi etic acid Pinifolic acid 

Conifer tissue consists of a varity of organic compounds: carbohydrates, cycli-

tols, fatty acids and especially phenols and terpenoids^ Diterpenoid acids 

are supposed to constitute several per cent of the dry weight of conifer extracts, 

Thus, a methanolic extract of pine or spruce contains a great number of these 

compounds, in amounts greatly exceeding the actual hormone content. A very 

laborius clean-up procedure is accordingly needed. 

Labelled hormones are often used for recovery determinations in the analysis 

of plant hormones. They may be added at different times during the analysis -

before storage of the samples, before homogenization or before evaporation 

of the extraction solvent. However, added labelled compounds can never provide 

a measure of the extraction efficiency but only of recovery from the analytical 

procedure. When labelled compounds were added to the pine or spruce tissue, 

the reproducibility was very low owing to irreversible adherence on the tissue 

and also on the glass walls. In the phytohormone analysis of pine and spruce 
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tissues, the labelled hormones were added just before evaporation of the 

methanol. 

CLEAN-UP 

Early methods for purification of plant extracts were based on solvent parti

tioning between buffers at different pH values and various organic solvents. 

In the 1960s the first chromatographic methods - paper and thin layer chromato

graphy - were applied to plant extracts, and since then various kinds of chromato

graphic procedures have served as powerful methods for the purification and iso-
15 lat ion of phytohormones in plant extracts . With the use of paper or thin 

layer chromatography, losses of compounds were very high - too high to enable 

detection of the minute amounts of hormones present. 

Thus, these methods were replaced by different kinds of column chromatography. 

Various kinds of adsorbents for adsorption chromatography were available, and 

among them charcoal^, Celite^ and polyvinyl pyrrol idone^' ̂  (PVP) were the 

most important ones. Charcoal was often eluted with an organic solvent mixed 

with water. However, high-quality activated charcoal was not always available, 

the reproducibility was low if different batches of charcoal were used, and 

it made a high contribution to the background. In addition, the compounds were 

often so strongly adsorbed on the charcoal that desorption was accomplished 

in very low yields. Celite and PVP have frequently been used singly as well as 

in combination with other adsorbents. Insoluble PVP has been used for the puri

fication of plant extracts, and it is particularly its property to retain 
20 phenolic compounds which has been utilized for conifer extracts. The ad

vantage of using PVP lies not only in essentially quantitative recovery of the 

phytohormones but also in the fact that this agent greatly reduces the dry 

weight of the plant extract. 
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Adsorption or partition chromatography has often been used for a variety of 
21-23 plant hormones. Silica gel and Sephadex varieties have frequently been 

used. In 1967 Powell devised an elaborate technique with formic acid-impreg-
24 nated silica gel developed with a gradient of n-hexane and ethyl acetate . 
25 These techniques have been very important in the analysis of gibberellins . 

9 fi 
In 1969 Murofushi ̂ t £l_. used Sephadex G 50 in their gibberellin analysis 

and in the beginning of the 1970s a large number of reports were published 
27 on plant extracts run on Sephadex LH-20 developed with organic solvents . 

Partition chromatography on Sephadex LH-20 has been applied to all kinds 

of phytohormone analysis in various plant materials. In the beginning of the 
28 1960s methods based on countercurrent distribution were reported , and in 

1972 Pool and Powell described one of the first applications of high per-
29 formance liquid chromatography used in hormone analysis . Since then the 

30 36 application of various HPLC techniques has avalanched ~ . 

In the analysis of phytohormones in conifers the extracts must be thoroughly 

purified before the final analysis. This is illustrated by Kamienska et al. 

(1976) in the following outline of methods (Scheme 2), employed to characterize 
37 gibberellins in extracts of pine pollen . (Data from Kamienska et aK9 quoted 

in the Biochemistry and Physiology of Gibberellins). 

Fresh plant tissue always contains a certain proportion of water. In the 

hormone analysis (Paper III) the residue after methanol evaporation 

consisted of a 6-8 ml aqueous extract of pH 4-5. In many cases the methanolic 

extract is evaporated to dryness, which means that the extract may be exposed 

to low pH values at the end of the evaporation. An acidic hydrolysis of an ester, 

glycosidic or amide linkage in the conjugates is thus possible. Evaporation 

to dryness also causes losses of hormones present in these crude extracts. To 

avoid acidic pH values during the evaporation, and also losses caused by 
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adsorption on glass walls and crude materials, 10-ml phosphate buffer of pH 

8.0 was added before the evaporation of methanol which was stopped just when 

the methanol had evaporated. The residue then consisted of a ca. 15-ml water 

extract at a neutral pH value, and purification was commenced by using column 

chromatography with buffer as eluent. The advantage was that the aqueous extract 

could be applied directly on the column after adjusting the pH, if necessary. 

Partitioning with organic solvents and the following concentration step could, 

in this way, be omitted. 

I PVP column chromatography 

fr.17-19 fr.1-13 

fr.11-17 fr.56-67 fr.83-97 fr.105-119 

Rf 0.5-0.7 Rf.0.8-0.9 Rf.0.3-0.6 Rf 0.4-0.6 Rf 0.8-0.9 

Fr.12-13 Fr.22-24 Fr.4-6 Fr.10-12 Fr.13-15 Fr.22 

Pf 0.4-0.7 

TLC 
solv.1 

TLC 
solv.l 

TLC 
solv.2 

TLC 
solv.2 

Countercurrent distribution 

Sephadex G-10 column chromatography 

Sephadex G-25 partition 
column chromatography, 150 fr. 

Partitioning, pH 9 ether, pH 3 ethyl acetate 

Silicic acid partition column 
chromatography, solvent A, 25 fr. 

Silicic acid partition 
column chromatography, 
25 fractions 
solv.B I solv.B 

Silicic acid partition column 
chromatography, 25 fractions 

solv .A solv. B solv. B 

GC GC GC GC GC GC GC GC GC 

GA4 GA, ? ? ? 

Scheme 2 
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Various column packings were tested and eventually a combination of Celite, 

PVP and Sephadex LH-20, developed with a phosphate buffer at pH 3.0, was 

found to have sufficient purification capacity for identification and quanti

fication of abscisic acid in pine and spruce. The combined column thus con

sisted of three different materials possessing partly different chromato

graphic properties, but it had a very high purification capacity for the 

pine and spruce extracts. The upper small Celite layer did not have any 

great effect on the purification but was intended to prevent particles in the 

crude extracts from stopping flow through the column. As mentioned above, PVP 

has a very high adsorbing effect on phenolic compounds and Sephadex LH-20 

has the property of separating terpenoid compounds, specially terpenoid 

acids from terpenoid phytohormones, i.e. the gibberellins and abscisic acid. 

The combined column also showed an unexpectedly high purification capacity for 

methanolic extracts of other plant materials of quite different type, such as 

anthers. This illustrates the versatility of this column. The reported 

analytical method for abscisic acid (Paper I) was directly applied to anthers 

from Anemone canadensis (Paper IV). 

The amounts of the combined Celite-PVP-Sephadex LH-20 columns were changed in 

the analyses of indoleacetic acid (Paper II) and indoleacetyl aspartic acid 

(Paper III). The buffer eluent was changed to a phosphate-citrate buffer, with 

a higher buffer capacity at low pH values, and the pH value was changed to 4.5. 

Further studies of the combined column were made by Sandberg and Dunberg (1981), 

who studied the purification effect of PVP, Sephadex LH-20 and combined PVP-
38 Sephadex LH-20 columns on pine and spruce extracts . These authors also 

studied the influence of different pH values on elution volumes and the recovery 

of the standard hormones. 
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Aqueous buffer fractions were collected from the combined column and parti

tioned with diethyl ether or ethyl acetate, and the organic solvent was 

finally evaporated to dryness. This concentration step is tedious and laborious 

and constitutes a health risk because of exposure to organic solvents. In addi

tion, there is an obvious risk of losses and contamination of the samples. 

In the analysis of N-(3-indoleacetyl)aspartic acid, attempts were made to 

partition the buffer fractions at pH 2.7 with various organic solvents but 

resulted in very low recoveries. The acid has two low pK values and there 
di 

is a risk for hydrolysing the amide linkage at pH values lower than 2.7 
I 

(pKa s for aspartic acid are 2.1 and 3.9). A new concentration step was 

introduced using the polymer Amberlite XAD-7 as an adsorbent. The buffer 

fractions from the combined column were applied to small XAD-7 columns and 

indoleacetyl aspartic acid was then desorbed by a few millilitres of ethanol 

with a very high recovery. Further studies of standard hormones - abscisic 

acid, indoleacetic acid, indoleacetyl aspartic acid, gibberellic acid (GA^) 

and the cytokinin zeatin (Paper VI) - were performed on XAD-7 columns. The 

acidic hormones were adsorbed from the buffer fractions at pH 2.7 and zeatin 

at pH 7.0. They were all desorbed by 2-4 ml ethanol, with a recovery > 90 %. 

It was now possible to substitute the Amberlite XAD-7 column for the partition

ing with organic solvents in the studies of phytohormones in pine and spruce. 

Recently, Hux et (1982) used Amberlite XAD-2 in a similar concentration 
39 step . It was used as a pre-column in the HPLC analyses of drugs in undiluted 

blood plasma. 

For identification of plant growth regulating substances by GC-MS, extracts 

from larger amounts than 10-g samples were generally used. Other purification 

methods had to be used since the sample capacity of the combined columns was 
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limited. In the identification of gibberellin Ag, the combined column was re

placed by a large PVP column. An overview of the clean-up and separation is 

given below (S cheme 3). 

GC -  MS 

EXTRACTION 
methanol  

PVP COLUMN CHROMATOGRAPHY 
0 ,1  M  sodium p hosphate  buf fer  pH 8 ,0  

PARTITIONING 
0 ,1  M sodium phosphate  buf fer  pH 2 ,7 /e thy l  aceta te  

HPLC II 
10 jum Ciò/50,0% methanol, 49.5 % water, 0,5% acetic acid 

HPLC I  
10 pm s i l ica  ge l  coated  wi th  0 ,5  M formic  ac id  /  gradient  
n  -  hexane -  e thy l  aceta te  

PARTITIONING 
0 ,5M sodium ph osphate  buf fer  pH 8 ,0 / l ight  pe t ro leum 
0 ,5  M sodium pho sphate  buf fe r  pH 2 ,7 /e thy l  aceta te  

Scheme 3 
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Thus, a great number of chromatographic methods, including HPLC, are used in 

the purification of plant extracts. The development of preparative HPLC systems 

affords fast methods with high sample capacities, and such systems will pro

bably replace many conventional column chromatographic systems in the future. 

IDENTIFICATION 

In the 1960s the first chemical identifications of phytohormones were performed 

by comparing values obtained in paper or thin layer chromatography. A large 

number of specific colour reagents have been used for developing the spots. 

In the end of the 1960s the GC technique was introduced, and retention times 
40 on packed columns were used for identification . At times, two or even three 

columns with quite different polarities, and thereby different retention times, 

were applied for a more accurate identification. GC-MS was used later and the 

identification was based both on retention times on GC and on a complete mass 

41 42 spectrum ' or on one or more fragments~with the useof multiple ion de

tection (MID.)^. 

Generally in all kinds of relevant analyses the quantification is based on a 

preceding proper identification of the measured compound. A large number of 

methods are available for the identification of organic compounds but most of 

them require isolåted compounds of high purity in rather large amounts. Since 

the phytohormones are not isolated during the analysis and are present only 

in very small amounts, GC-MS is an appropriate method for a final identifi

cation. All identifications in this work were based on a comparision with the 

standard compound in the clean-up procedure, retention times on packed or capil

lary columns on GC or HPLC and finally on a complete electron impact (EI) mass 

spectrum. 
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Representative spectra obtained from standards of abscisic acid, indoleacetic 

acid, indoleacetyl aspartic acid and gibberellin Ag, as methyl esters, and 

from the corresponding GC peaks in the extracts are shown in the Appendix. 

Detailed studies on the fragmentation of abscisic acid methyl ester have been 
44 3 18 reported by Gray et ah . These authors studied the H and 0 labelled 

analogue in their spectra interpretation. The methyl esters of indoleacetic 

acid and indoleacetyl aspartic acid show a similar fragmentation pattern, 
45 Feung et al_. . The gibberellins show more complex spectra, which are 

46 47 difficult to interpret ' . Binks et al^. have made suggestions on the 

general fragmentation patterns and also published mass-spectral data for a 
48 large number of gibberellins . 

In this work no effort was made to give further details of the fragmenta

tion patterns. This would have demanded labelled analogues and was considered 

to fall outside the aim of this work. 

The rapid development of the gas-chromatographic component and the mass spectro

meter in GC-MS systems has resulted in higher sensitivity. Capillary columns 

and splitless injection systems have been successfully applied,and the on-column 
49 injection technique , suitable for non-volatile compounds, is important in 

the GC analysis of phytohormones. The amounts needed for obtaining complete 

spectra of the acidic hormones as methyl esters were lowered from 100 ng to 

1 ng when a LKB model 9000 mass spectrometer and packed column was replaced 

by a Finnigan model 4021 mass spectrometer with a capillary column. 

The contribution to higher sensitivity by the gas chromatographic system 

used was very high. In view of the relatively high polarity of the phyto

hormones, the possibility of adsorption in the injection port and on the 
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column was taken into account, particularly when glass capillary columns 

straightened at the connection ends were used. A high temperature altered 

the stationary phase to a highly active phase, but these difficulties could 

be avoided by using quartz capillary columns. Silylated glass wool was used 

in the injection part and the GC-MS analysis was commenced b y injecting 

a relatively high amount of standard compound (ca. 500 ng), which enhanced 

the sensitivity» probably owing to inactivation of still active surfaces (so-

called pepping-up). 

The Grob-type splitless injection required the column temperature-programme 

to start at low temperature, 70-90° C, when dich!oromethane was used as 

solvent. A fast increase of the column temperature was necessary to attain 

appropriate retention times for the hormones. These fast temperature changes, 

together with a high injection temperature, caused a small variation in the 

retention time and it was therefore necessary to run unspiked as well as 

spiked extracts for a correct comparison of the retention times. Connecting 

the quartz capillary column directly to the ion source of the mass spectro

meter and increasing the electron multiplier voltage also contributed to 

a higher sensitivity of the GC-MS system. 

Reference compounds 

In the analysis of organic compounds, the use of reference substances is 

necessary for identification and quantification. Most reference compounds 

used in this work were commercially available, but N-(3-indoleacetyl)aspartic 
50 acid (Paper III) and a few gibberellins were synthesized . The gibberellins 

A-j, Ag and A^g were prepared from the only commercially available gibberellic 

acid, GA3. The synthesis of gibberellins is, however, a most laborious and 

difficult task. These compounds are therefore generally isolated from fungus 

cultures, i.e. Gibberella fujikuroi, in an easier way. 
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Other methods have also been used in which the mass-spectrometric identifi

cation is based on a comparison with spectra stored in special reference 
51 libraries and not with spectra of authentic reference compounds . This 

may give rise to misinterpretations, since there are many organic compounds 

with similar mass spectra. In practical applications there is an obvious risk 

of closely eluting compounds on GC and overlapping peaks, and thereby of 

mixed spectra, especially for isomeric or analogue compounds. This may be 

examplified by the 60 gibberellins, with great similarities in chemical 

structure, properties and mass spectra. Furthermore, spectra obtained from 

minute amounts are not always free from background noise. Thus, the valuable 

information of retention time on GC is lost and also the possibility to spike 

samples with putative standards. Hence, library spectra constitute an invalu

able aid in the search for putative reference compounds but cannot be relied 

upon alone in structure confirmations by MS. 

Multiple ion detection (MID) is also used in the identification of organic 

compounds and one or several ions are monitored. If there are other ions 

than those monitored in the sample spectra, which do not agree with the puta

tive standards, these ions will not be detected and misinterpretation of 

spectra will result. The reverse procedure is also possible. Complete mass 

spectra generally give more information than spectra obtained by MID alone. 

Rosenthal (1981) determined the molecular weight distribution of 26,000 library 

mass spectra and found that the compounds tended to cluster about a mean mole-
52 cular weight of 160 . Thus, compounds fragmented into high m/e ions increase 

the accuracy of MID in identifications. However, for organic compounds present 

in very small amounts, MID identification may be the only method available. 
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QUANTIFICATION 

Gas chromatography was rapidly adopted in the quantification of phytohormones, 

and provided that volatile derivatives can be formed, GC is a powerful and 

fast separation technique. Detectors with different specificity and sensi* 

tivity have been used: flame ionization detector (FID), electron capture 

detector (ECD), alkali flame ionization detector (AFID), radioactivity detectors 

and MID. The derivatives were chosen so as to give the highest detection sensi

tivity. HPLC techniques, based mainly on straight-phase or reversed-phase 
53 54 chromatography, have also been applied in the analysis of phytohormones ' 

These compounds have been analysed without derivatization by UV or fluorescence 

detectors, but derivatives with high specificity and sensitivity in these 

detectors have also been utilized. 

The conversion of phytohormones to appropriate derivatives should result in 

one single product, in a high yield, particularly when very small amounts 

are to be analysed. For GC analysis the acidic hormones are generally con

verted into methyl or silyl esters, hydroxy groups in the gibberellins 

to methyl or silyl eters, and the cytokinins to silyl compounds. In the 

development of methods for phytohormone analysis in pine or spruce samples, 

GC with flame ionization detector was used in the purity control during 

the clean-up procedure, after methylation with diazomethane. However, the 

sensitivity of this detector is not sufficient for a final quantification 

of the hormones and other detectors had to be used (Paper III). 

Absei sic acid 

Various bromo and fluoro derivatives were synthesized from the acidic hormones 

for use in the EC-detector, to utilize its high response to halogen compounds. 
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This procedure was abandoned, however, since a very high background was ob

tained in the case of the extracts. Abscisic acid, with its two conjugated 

carbonyl groups, and thereby high natural electron capturing properties, 

ëlicits a very high response in the EC-detector. Thus, studies of abscisic 

acid as methyl ester were carried out by GC, with packed column or capillary 

column and EC-detector (Paper I). The detection limit was 1 ng/g fresh 

weight and 5 pg for a pure standard. To attain higher reproducibility in the 

GC runs, pentabromotoluene was chosen as internal standard. It complies with 

the requirements of an internal standard except for structural resemblance. 

The response in the electron capture detector was about twice that obtained 

for abscisic acid methyl ester, and no compound in the extract overlapped 

with the internal standard peak. 

ABA 

PBT 

\ 
O I O  

I 
20 

~1  
JO min 

Gas chromatogram of 10 ng abscisic acid and 5 ng pentabromotoluene 
injected on a 50 m SE-30 capillary column with a split-ratio of 1/20. 
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A comparison of the quantification of abscisic acid methyl ester by GC-ECD 

and by GC-MID was made. Packed columns were used and one single ion, 190 m/e, 

was monitored. The mass-spectrometric determination gave a 10 % higher amount 

of abscisic acid, probably because of interfering compounds in the extract. 

The risk of overestimation by MID may be high, even if capillary columns are 

used, and becomes greater when lower ions are detected. 

Indoleacetic acid 

Indoleacetic acid was analysed as its methyl ester by GC-AFID, a detector with 

a high response to nitrogen compounds; the detection limit of the standard was 

500 pg. However, the extracts obviously contained large amounts of other nitro

gen compounds, which resulted in too high a background (unpublished results). 

The HPLC techniques have wide applicability to a large variety of compounds, 

including non-volatiles and heat-labile compounds. Various chromatographic 

techniques could be applied to the HPLC analysis and samples could be recovered 

intact. Compared with GC, most analyses can be performed without a previous 

derivatization and the sample capacity is very high. However, the lack of sui

table detectors, other than UV and fluorescence detectors, limits the use of 

HPLC. A few derivaties specific for these detectors have been reported, enabling 

the detection of non-UV absorbing compounds. The development of a direct HPLC 

inlet to the mass spectrometer has not yet found any wide application and is 

limited by the large volumes of solvent eluted into the ion source. However, 

this difficulty will be solved by the micro column technique. 

The final quantification of 3-indoleacetic acid in pine was carried out by 

reversed-phase ion-pair HPLC and spectrofluorimetric detection of the indole 

ring (Paper II). A 10-ym Nucleosil C-18 column was used and the eluent was 
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methanol in phosphate buffer plus the tetrabutylammonium ion as counter ion 

at pH 6.5. This system had the property of retaining and separating acidic 

compounds, which is important, since the compounds remaining after clean-up 

are probably acidic in character. For indoleacetic acid the sensitivity of 

the method was 50 pg, and for pure standard 10 pg. This system was also 

applied to the clean-up of pine samples for the analysis of N-(3-indole-

acetyl)aspartic acid (Paper III). The final quantification was afforded by 

reversed-phase HPLC, using the same Nucleosil C-18 column as above, and the 

eluent was methanol/water/acetic acid. The indole ring was detected spectro-

fluorimetrically. 

A similar HPLC system was used in the purification of spruce extracts for the 

gibberellin analysis. In addition, a HPLC system with a column consisting of 

silica gel coated with formic acid, and as eluent a gradient mixture of n-

hexane and ethyl acetate saturated with formic acid, was also applied in 

this clean-up. In both systems putative fractions were followed by a bio-

assay (Paper VII). 

A HPLC technique was also utilized in the recovery determinations of zeatin 

(Paper VI) when applied to the Amberlite XAD-7 column. A 5-ym Nucleosil C-18 

column was used with methanol/phosphate buffer at pH 3.0 as eluent. The 

detection was performed by UV light at 298 nm. 

Thus, different HPLC systems have been utilized, depending on the purification 

and separation properties. A great advantage of using systems operating at 

neutral pH values is the reduced risk of degradation or hydrolysis of the 

phytohormones and their conjugates. 
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Analysis of plant material with a complex sample matrix causes some variation 

in the recoveries. Liquid scintillation was accordingly applied to the hormone 

analysis as an aid in the recovery determinations of the total analysis. Very 

small amounts of labelled hormones were added to the pine and spruce extracts, 

except those meant for identification, so as not to affect the final quanti

fication. The recoveries of these small amounts are considered to represent 

the recovery of the naturally occurring hormones. This technique was also 

used in the recovery studies On Amberlite XAD-7 column (Paper VI). 

The observed concentrations of endogenous hormones in the analysed samples 

of pine and spruce were low: for abscisic acid, 170 ng (spruce) and 320 ng 

(pine); for indoleacetic acid, 46 ng (pine) for indoleacetyl aspartic acid, 

60 ng (pine); and for the gibberellin Ag, an estimated value of 1 ng (spruce): 

all values per gram fresh weight. These values show the amounts present in 

the studied material. However, considerable variations might occur in samples 

of different age, and in samples collected during other growth seasons. 

APPLICATIONS OF PLANT GROWTH REGULATORS AND THE ANALYTICAL METHODS 

55 A most important application of synthetic growth regulators is their use 

in plant differentiation and plant growth in nurseries. A great number of 

compounds, other than the phytohormones, are identified as naturally occurring 

compounds with activity in different bioassays. The majority of these com

pounds are inhibitors. 

Dichlorophene 
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Phenolic compounds have been suggested to inhibit growth by intervening in 

the fine control of the levels of indoleacetic acid. A synthetic phenol, 

dichlorophene, has been used for inhibiting root growth and for preventing 

root twisting in containerized seedlings of pine and spruce. The paper of 

the container is impregnated with dichlorophene, arid during plant growth 

the dichlorophene diffuses into the peat and stops root growth a 

few millimetres inside the container. Compared with controls, these plants 

develop an active growing root system when planted in the field. In Paper V 

the diffusion of dichlorophene was followed by GC-MID analyses. Dichlorophene 

was quantified by monitoring three ions; 121, 155 and 296 m/e; the detection 

limit was 1 yg/g paper or peat. 

Synthetic auxins, such as 3-indolebutyric acid and 1-naphtylacetic acid, have 

proved to be very valuable for plant growers. However, the phenoxyacetic acids, 

here represented by 2-methyl-4-chloro phenoxyacetic acid (MCPA), are the most 

important and have been utilized as herbicides. They cause an unnatural accele

ration of herb growth, leading to plant death. 

H 

3-Indolebutyric acid 1-Naphtylacetic acid 

ci 

MCPA 
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A new field is the multiplication of plants by growing small parts of plants 
56 to full ones - tissue culturing - regulated by exogenously applied growth 

hormones. This technique is fast and cheap and is an expanding field for 

research, particularly phytohormone research. It is also used in the produc-
57 tion of plant tissues containing compounds used in medicine . Laborious 

syntheses could be substituted by extraction of plant tissue. Paper IV presents 

a new technique for growing anthers from four species on different media to 

obtain their pollen embryos. A new medium technique is presented - a combi

nation of a solid carbon-containing agar medium and a liquid medium, each of 

which was previously used singly. The anthers grow on the surface of the 

liquid medium, the pollen is released and falls down on the solid medium, 

where it develops into embryos. This development is influenced by cold treat

ment and by treatment with carbon dioxide. Abscisic acid has earlier been pro

posed to inhibit the embryogenesis, and the abscisic acid content in the 

anthers was studied before and after cold treatment and also after carbon 

dioxide treatment at different levels. The possibility of adsorption of ab

scisic acid by the charcoal was also studied. At first the abscisic acid con

tent was studied by a bioassay using duckweed (Lemna bioassay), and later 

by applying the method for analysis of abscisic acid in pine and spruce 

with GC-ECD and GC-MS. Cold treatment of the anthers lowered the abscisic 

acid content, which had a very favourable influence on embryogenesis. Eleva

tion of the carbon dioxide concentrations was also beneficial. However, the 

studies of charcoal adsorption showed that abscisic acid is partly adsorbed 

on charcoal and that this adsorption could be the cause of the increase of 

embryogenesis. It is also possible that the charcoal adsorbs other inhibiting 

substances or that promoting substances are released from the charcoal itself. 



40 

SUMMARY 

A new improved technique for analysis of growth regulating substances in 

pine and spruce has been developed. By the use of these methods, abscisic 

aicd, 3-indoleacetic acid, the gibberellin Ag and N-(3-indoleacetyl)aspartic 

acid were identified in these conifers. These methods permit simple quantifi

cation of minute amounts of these plant hormones, thus replacing the previously 

used urispecific testing methods. 
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APPENDIX 
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Fig. 1. Mass spectra of 100 ng abscisic acid methyl ester and of the 

corresponding peak in the gas chromatogram of methylated spruce extract 

(LKB model 9000 mass spectrometer). 
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Fig. 2. Mass spectra of 1 ng 3-indoleacetic acid methyl ester and of the 

corresponding peak in the gas chromatogram of methylated pine extract» 

(Finnigan Model 4021 mass spectrometer). 
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Fig. 3. Mass spectra of 1 ng N-(3-indoleacetyl)aspartic acid methyl ester 

and of the corresponding peak in the gas chromatogram of methylated spruce 

extract (Finnigan Model 4021 mass spectrometer). 
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Fig. 4. Mass spectra of 6 ng gibberellin Ag methyl ester and of the corre

sponding peak in the gas chromatogram of methylated spruce extract 

(Finnigan Model 4021 mass spectrometer). 




