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which have migration patterns similar to zeatin, zeatin riboside,

N6-(A2-isopentenyl)adenine (2iP), and N6-(A2-isopentenyl)adenosine

(2iPA) in each of the solvent systems. T. deformans produced a
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tissue assay was used to calculate the concentration of cytokinin
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in extracts of the fungal liquid culture medium.
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healthy peach leaves did not mimic the disease symptoms. Attempts

to induce mycelial growth of species of Taphrina were unsuccessful.



Cytokinin Production by Species
of the Fungus Taphrina

by

James Clelland Johnston

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Doctor of Philosophy

June 1974



APPROVED:

Redacted for Privacy
Professor of 6-fany and iochemist USDA

in" charge of major

Redacted for Privacy

Head of(',, of Bcdany and Plant Pathology

Redacted for Privacy

Dean of Graduate School

Date thesis is presented August 9, 1973

Typed by Susie Kozlik for James Clelland Johnston



ACKNOWLEDGEMENTS

I would like to express my sincere appreciation to my major

professor, Dr. Edward J. Trione, for his guidance and encouragement

throughout this investigation and the preparation of the thesis. I also

wish to thank Dr. Charles M. Leach for his interest and the use of

his equipment.

Appreciation is extended to Dr. Roy 0. Morris for the gas-

liquid chromatographic analysis and to Mr. E. K. Fernald for photo-

graphic assistance. I am indebted to Jessie Chiu for her skillful

preparation of the figures and to Steve Carpenter for his help in

preparing the sections.

To my wife, Thelma, for her patience and understanding, I

shall always be grateful.

This study was aided in part by a Grant-in-Aid of Research

from The Society of the Sigma Xi.



TABLE OF CONTENTS

INTRODUCTION

Page

1

MATERIALS AND METHODS 11

Cultures of Taphrina 11

Fungal Liquid Culture Media 11

Fractionation of the Fungal Culture Medium
for Cytokinins 15

Chromatographic Methods 15

Tissue Cultures 18

Bioassay for Cytokinins 20
Ultraviolet Absorption Spectrum 20
Microtechnique 22

RESULTS 23
Pathological Anatomy of Leaves 23
Preliminary Studies of Cytokinin Production 25
Fungal Liquid Culture Medium 26
Isolation of Cytokinin Activity from Cultures

of Taphrina cerasi 33
Gas-Liquid Chromatography 37

Ultraviolet Absorption Spectrum 38
Rechromatography of Active Materials in

Different Solvent Systems 41

Cytokinin Production by T. deformans 46
Quantities of Extracellular Cytokinin 49
Exogenous Application of Cytokinins to Peach Leaves 50
Isolation of Cytokinin from Leaves 52

DISCUSSION 55
Chromatographic Properties of the Active Materials 55
The Role of Cytokinins in Abnormal Leaf Development 59
The Role of Cytokinins in the Formation of Witches'

Brooms 62
Cytokinin Production by Microorganisms 64
Amount of Cytokinin Produced by Microorganisms 65

SUMMARY 67

BIBLIOGRAPHY 69

APPENDIX 75



LIST OF FIGURES

Figure Page

1 Peach leaves infected by Taphrina deformans 2

2 A witches' broom in a cherry tree 3

3 Naturally-occurring cytokinins 5

4 Mechanically agitated and aerated fermentor 14

5 Cross sections of diseased and healthy peach leaves 24

6 Growth of Taphrina deformans in the chemically
defined liquid medium 31

7 Bioassay of liquid medium in which Taphrina
cerasi was grown 35

8 Soybean tissue assay of chromatogram developed
with solvent system A. Chromatographed materials
were the n-butanol phase of the cell-free culture
medium of Taphrina cerasi 36

9 Elution volumes of cytokinin standards on insoluble
PVP columns 40

10 Bioassay of the active material eluted from 0.6
to 1.0 Rf region of a chromatogram developed in
solvent A and rechromatographed in solvent B 43

11 Soybean tissue assay of the active material eluted
from 0.6 to 1.0 region of chromatogram developed
in solvent A and rechromatographed in solvent C

12 Bioassay of the active material eluted from 0.6 to
1.0 region of a chromatogram developed in solvent
A and rechromatographed in solvent D

44

45

13 Bioassay of liquid medium in which Taphrina
deformans was grown 47



Figure Page

14 Soybean tissue assay of the active material eluted
from 0.6 to 1.0 region of chromatogram developed
in solvent A and rechromatographed in solvent C.
The chromatographed materials were from the cell-
free culture medium of Taphrina deformans 48



LIST OF TABLES

Table

1 Flow diagram for the fractionation of the fungal
culture medium

2 Effect of various factors on growth of Taphrina
deformans

3 Chemically defined medium for growth of T.
deformans

Page

16

28

30

4 Effect of various factors on growth of Taphrina
cerasi 32

LIST OF APPENDIX TABLES

Table Page

1 Medium for growth of Taphrina deformans 75



CYTOKININ PRODUCTION BY SPECIES OF
THE FUNGUS TAPHRINA

INTRODUCTION

One consequence of infection by many plant pathogenic micro-

organisms is the development of morphological disturbances in the

host, such as the production of tumors, excessive stem elongation or

abnormal branching (Sequeira, 1963; Brian, 1967). The pathological

overgrowth is often associated with the production of growth hormones

by the invading organism (Stowe and Yamaki, 1957; Gruen, 1959;

Skoog and Armstrong, 1970).

Abnormal growth of leaves or stems is the most striking feature

of plants infected by fungi of the genus Taphrina. The disease symp-

toms range from blisters and leaf curls to galls and extreme cases of

outgrowths of lateral buds known as witches' brooms. Taphrina

deformans (Berk.) Tul. causes the common leaf curl of peach (Prunus

persica (L.) Batsch). The infected leaves become enlarged and

greatly distorted, Figure 1. Taphrina betulina Rostr. causes witches'

broom on birch (Betula) and T. cerasi (Fuckel) Sadb. (syn. T.

wiesneri (Rath.) Mix) brings about a witches° broom on cherry

(Prunus avium L.), Figure 2.

Malformations of the host tissue have been related to excess

production of auxin either by the invading organism or by the host
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Figure 1. Peach leaves infected by Taphrina deformans
are shown with a healthy leaf.
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Figure 2. A witches' broom in a cherry tree is shown in the zone
encompassed by the discolored leaves.
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tissue in response to it ( Thimann, 1952; Sequeira, 1963). The pres-

ence of the auxin, indoleacetic acid (IAA.) in liquid cultures of T.

deformans and T. cerasi has been demonstrated (Hirata, 1957;

Crady and Wolf, 1959; Somner, 1961; Barthe, 1968). It was suggested,

however, that some cases of pathological overgrowth may not be due

to an auxin alone (Gruen, 1959; Somner, 1961; Wilson, 1965; Thimann

and Sachs, 1966).

The production of cytokinins by a number of bacteria and fungi

that appear to cause abnormal cell division (hyperplasia) and abnormal

cell enlargement (hypertrophy) of the host tissue has been observed

(Skoog and Armstrong, 1970). Cytokinins promote cell division, mod-

ify cell enlargement, favor outgrowth of lateral buds ordinarily sup-

pressed by apical buds and thus modify apical dominance, help main-

tain chlorophyll levels in detached plant parts, and influence a wide

variety of other growth responses. The cytokinins have recently been

reviewed by Helgeson, (1968); Fox, (1969); Skoog and Armstrong,

(1970). The first compound of this type was isolated from autoclaved

DNA and named kinetin (Miller et al., 1955), however, this compound

has not yet been found to exist in plants in nature. Among the

naturally occurring compounds, Figure 3, zeatin is the most active

cytokinin tested to date in the tobacco bioassay. Only slightly lower

activity is shown by 6-(y, y-dimethylallylamino) purine (alternate
6 2name: N b.-(-isopentenyl)adenine)(2iP). In the tobacco callus test,
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2iP has been found to be ten times as active as kinetin. The ribosides

of zeatin and 2iP also have been found in nature (Helgeson, 1968;

Leonard et al. , 1969). In the past ten years a number of studies on

cytokinin production by microorganisms and the role of these com-

pounds in the development of morphological disturbances in plants have

been initiated.

The pathogenic bacterium Corynebacterium fascians induces ex-

cessive branching in infected pea plants. These disease symptoms

were duplicated by the application of a synthetic cytokinin such as

kinetin, and the presence of a cytokinin in cultures of the bacterium

was demonstrated by Thimann and Sachs (1966). The cytokinin was

isolated by Klambt, Thies, and Skoog (1966) and subsequently iden-

tified as 2iP by Helgeson and Leonard (1966). A cytokinin also was

isolated from culture filtrates of the bacterium Agrobacterium

tumefaciens, the causal agent of crown gall. This disease is charac-

terized by the development of galls or tumors in the host plant. The

active substance was tentatively identified as 2iP (Upper et al. , 1970).

The bacteria Rhizobium japonicum and R. leguminosarum induce the

cortical cell divisions necessary to form root nodules in legumes.

Phillips (1972) demonstrated that a cytokinin was released into the

culture medium b; both bacteria, and the substance produced by R.

japonicum appeared to be a zeatin-like compound.
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In fungi, cytokinin-like activity has been demonstrated in ex-

tracts from Puccinia graminis tritici uredospores and Erysiphe

graminis spores (Bushnell and Allen, 1962) and in extracts from

Uromyces phaseoli and U. fabae uredospores (Kiraly, Pozsar and El

Hammady, 1960; Dekhuijzen and Staples, 1968). Miller (1967a)

observed that the hypertrophy of root cortex that is common to

mycorrhizal associations resembled the hypertrophy which results

when roots are treated with kinetin. He identified both zeatin and

zeatin riboside in culture filtrates of the mycorrhizal fungus

Rhizopogon roseolus (Miller, 1967a, 1968). In a later study, another

cytokinin which chromatographed like 2iP was found in the culture

medium of this fungus (Miura and Miller, 1969). Recently, Laloue

and Hall (1973) have shown that R. roseolus secretes N6 -(a,
2 -iso-

pentenyl)adenosine (2iPA) and a tRNA structural analogue of 2iPA

into the medium. Seven mycorrhizal fungi were examined for the

production of cytokinins; five were found to produce cytokinins, while

22 non-mycorrhizal fungi evidently did not release cytokinins into a

chemically defined liquid media (Miller, 1971).

The production of growth hormones by species of Exobasidium

was studied by Norberg (1968). Exobasidium species are of interest

here because, although they are classified as Basidiomycetes, they

are similar to Taphrina species which are Ascomycetes. Both

genera have a yeast-like phase in culture and produce their basidia
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or asci in surface layers on the parasitized tissues of the host. The

two genera also cause witches' brooms and abnormal swelling of host

tissues. Norberg (1968) reported that a kinetin-like substance may

be produced by a species of Exobasidium that causes witches' brooms.

The idea that T. deformans might produce cytokinins came

from the realization that the greater thickness of the infected peach

leaves might be due to increased cell division within the leaves. As

cytokinins are extremely effective in promoting cell division in plant

tissue cultures it was thought that this group of compounds might be

responsible for the cell proliferation. The pathological histogenesis

described by Matuyama and Misawa (1961) suggested that a potent cell

division factor was involved in the abnormal growth of the leaves.

They observed that the palisade parenchyma cells divided in a peri-

clinal direction and this division was repeated two or three times. The

cells of the spongy parenchyma were observed to divide gradually in

an anticlinal direction. After such divisions, the cells became en-

larged and many giant cells were formed. The presence of cytokinins

in peach leaves infected by T. deformans was demonstrated by Taris

and Avenard (1969), but they found no evidence of cytokinin activity

in the uninfected leaves. It was reported by Kramer (1960) that the

mycelium of T. aelormans is at first intercellular but later develops

a compact layer of subcuticular hyphae. This description suggested

that the hyperplasia might be due to extracellular production of
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cytokinin by the fungus. Observations and reports of this type indi-

cated that T. deformans might produce and release one or more

cytokinins.

The possibility that species of Taphrina might produce a

cytokinin has been suggested by the work of several investigators.

The presence of a cell division factor in five month old cultures of

T. deformans was reported by Somner (1961), however, the bioassay

used was not specific for cytokinins (Katsumi, 1962). Drakina (1965)

observed that an ethanol extract of T. pruni var. padi culture broth

stimulated cell division in carrot root tissue but found no gibberellin-

like substances or cytokinins in the culture broth of various Taphrina

species. In a similar study, Matsuyama and Misawa (1967) found that

the nucleic acid fraction extracted from cells of T. pruni, T. wiesneri

(T. cerasi), and T. deformans promoted the growth of tobacco callus

tissue.

The infection of the lateral bud tissue of cherry trees by T.

cerasi causes the appearance of a "witches' broom" of growing shoots.

This condition results in a disturbance of apical dominance. In many

plants the growth of lateral buds is suppressed by a substance, pre-

sumably IAA, which is produced in and transported from the apical

bud. Witches' brooms result from a removal of the inhibition

normally placed on the dormant lateral buds.
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An important step in establishing the involvement of cytokinins

in apical dominance was the demonstration by Sachs and Thimann

(1964) that the lateral buds could be released from inhibition in intact

plants by application of kinetin directly to the buds themselves.

Thimann and Sachs (1966) have suggested that a cytokinin produced

by C. fascians is responsible for the witches' broom caused by this

bacteral pathogen. A similar situation was envisioned in the case of

the witches' broom of cherry caused by T. cerasi. When my thesis

study was almost complete a report indicated that at least two

cytokinin-type substances are synthesized by T. cerasi (Barthe,

1972).

The objectives of my investigation were: 1) to determine if

species of Taphrina release a cytokinin into the axenic liquid culture

medium, identify the cytokinin, and ascertain the amount of the com-

pound produced; 2) to attempt to clarify the role of cytokinins in

diseases caused by Taphrina species.



11

MATERIALS AND METHODS

Cultures of Taphrina

Isolates of T. deformans (No. 952), T. cerasi (No. 1045), and

T. betulina (No. 1032) were kindly furnished by Dr. C. L. Kramer

of Kansas State University who is an authority on this genus. For

maintenance of stock cultures, potato dextrose agar (Difco) slants

were inoculated with the fungi and stored for one week at 20 C. The

cultures were then kept at 4 C and transferred each month.

Fungal Liquid Culture Media

Studies were made on the replacement of the potato dextrose

agar (PDA) medium with a chemically defined liquid medium. The

basal medium used was formulated by Trione (1964). The chemicals

used were reagent grade except chelated iron (sodium ferric

ethylenediamine tetraacetate, 12% iron as metallic, from Geigy

Chemical Company). It was reported (Mix, 1924) that good growth

of T. deformans was obtained over a wide range of pH. Therefore,

the initial pH of 5. 9 determined prior to autoclaving was not adjusted.

Growth-inhibiting substances may be formed if sugars are in contact

with phosphate (Eng lis and Hanahan, 1945) or with_ amino acids during

autoclaving (Hill and Patton, 1947; Mc Keen, 1956). Consequently,

the minerals and thiamine, sugar and amino acids were placed in
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separate flasks before autoclaving at 121 C for 15 minutes. On

cooling, these components were added together and the pH was

determined. As the optimum temperature for growth of T. deformans

in culture was reported to be 20 C (Mix, 1924), the cultures were

maintained near 20 C in all experiments.

The nitrogen sources tested for their effects on fungal growth

included; L-arginine, L-glutamine, an amino acid mixture (Edamin,

an enzymatically digested lactalbumin, Sheffield Chemical Co. ,

Norwich, N. Y.), L-glutamic acid and the monosodium salt,

L-asparagine, and ammonium chloride. Sucrose and glucose were

used as the carbon sources. Thiamine was the only vitamin reported

to be required for good growth by T. deformans (Mix, 1953). In

order to attempt to maintain a relatively constant pH during growth

in shake culture, the phosphate buffer was employed at concentrations

of 5, 10, 15, 20, 100 and 200 millimolar to determine the most

suitable phosphate buffer concentration for the maintainence of pH.

A growth curve was determined by measuring the dry weight of

the cells of the three species of Taphrina grown in 250 ml De Long

culture flasks, each containing 50 ml of the liquid medium, on a

gyrotary shaker at 20 C. The cultures were harvested each day and

the yeast-like cells were filtered from 4 ml aliquots of the culture

suspension with pre-weighed Millipore filters (type HA, 0. 45 p.;
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Millipore Filter Corp., Bedford, Mass. ), oven dried at 50 C and

weighed. In addition the pH of the medium was measured after each

harvest.

In studies of cytokinin production by Taphrina species, the

fungi were grown in 4 liters of chemically defined liquid medium in a

7.5 liter fermentor (New Brunswick Scientific Company, New

Brunswick, New Jersey) shown in Figure 4. An inoculum of the

fungus was first incubated in shake culture for one week and 50 ml of

the cell suspension was used to inoculate 4 liters of medium in the

fermentor. Prior to autoclaving, the fermentor jar was sprayed with

Antifoam A Spray (Dow Corning Corp. , Midland, Mich.), a silicone

defoamer. Air was sterilized by pumping it through two 0.45 p.

Millipore filters. The fermentor impellers were rotated at 180-200

rpm to enhance aeration and keep the cells in uniform suspension.

The fermentation cultures were grown at 20 C in incandescent light

(about 20 ft-c) under a 16-hour photoperiod. An aliquot of this medium

was harvested each day as previously described to determine the rate

of growth of the culture. After 4.5 days, near the end of the loga-

rithmic stage of growth, the fermentation culture was harvested.

Initially, 16 liters of cell-free culture medium and later, 4 liter

amounts were used for the isolation of cytokinins.
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Figure 4. Mechanically agitated and aerated fermentor.
A - Pyrex Jar; B - Air Exhaust; C - Sterile Air Filter;
D - Air Pump; E - Motor; F - Sampling Line; G - Impeller.
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Fractionation of the Fungal Culture Medium for Cytokinins

The separation procedure was similar to the method described

by Miller (1967a). The cells suspended in the culture medium after the

fermentation,were centrifuged at 12, 000g for 25 minutes. The re-

sulting supernatants were combined, acidified to pH 2.5 with 1 N HC1

and passed through a column (4.5 x 26 cm) containing 500 ml of Dowex

50W-X8 (H+, 50 to 100 mesh) ion exchange resin. The column was

washed with 500 ml of deionized water and the active materials eluted

with 800 ml of 5 N NH4OH. The eluate was evaporated in vacuo at 40 C

to remove the ammonia and the resulting solution was adjusted to pH

8.0. The aqueous solution was extracted three times with equal

volumes of n-butanol. The n-butanol fraction was evaporated to dry-

ness in a rotary evaporator. The residue was redissolved in 1 ml

of n-butanol and centrifuged for 15 minutes at 4000g. In preparation

for paper chromatography, the supernatant was evaporated to 0.5 ml.

A flow diagram for the fractionation of the fungal culture medium is

presented in Table 1.

Chromatographic Methods

A. Paper Chromatography

The following solvent systems were employed:

Solvent A: tert-butanol, concentrated NH4OH, and water (3:1:1 v/v).
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Table 1. Flow diagram for the fractionation of the fungal culture
medium.

Liquid fermentation culture

Cells removed by centrifugation (12,000g; 25 min)

Adjust supernatant to pH 2.5

Dowex 50W-X8 (H +, 50-100 mesh) column
(500 ml bed volume)

H2O
1

wash (500 ml)
le

Elution with 5N NH4OH (800 ml)

Eluate evaporated in vacuo to remove ammonia

Adjust eluate to pH 8.0

Extract three times with an equal volume of n-Butanol

n-Butanol phase aqueous phase
4

Rotary evaporation of n-Butanol

Paper Chromatography

Solvent system A: tert-Butanol, conc. NH
4

OH, water (3:1:1)
-leR echrorriatography

Solvent system B Solvent system C Solvent system D

water-sat. sec-Butanol water-sat. Methyl ethyl 0.03 M Borate
pH 8.4ketone
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Solvent B: water-saturated sec-butanol.

Solvent C: water-saturated methyl ethyl ketone.

Solvent D: 0.03 M borate at pH 8.4.

The concentrated n-butanol extract was streaked onto Whatman

No. 1 chromatography paper (25 x 30 cm) and developed in an ascend-

ing fashion with solvent A for 16 hours. Cytokinin standards, which

were run simultaneously, consisted of zeatin and zeatin riboside

(Calbiochem) and 2iP and 2iPA (Sigma Chemical Company). Positions

of the standards were detected under short wave ultraviolet light.

The chromatogram was cut into ten equal Rf zones and each zone was

eluted with 95% ethanol. Each ethanolic extract then was evaporated

to dryness in preparation for use in the soybean bioassay. After

initial chromatography with solvent A, ethanolic extracts from Rf

regions 0.6 to 1.0 were combined and evaporated to dryness. The

residue was taken up in 0.5 ml of 95% ethanol and rechromatographed

in solvents B, C, or D.

B. Gas-Liquid Chromatography

Taphrina cerasi was grown in 4 liters of medium in the fermentor

as previously described. Partial purification of the cell-free medium

included cation exchange chromatography, butanol fractionation, and

paper chromatography in solvent A as described in Table 1. Ethanolic

extracts from Rf regions 0.6 to 1.0 of the chromatogram were com-

bined and evaporated to dryness. The residue was taken up in 100111
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of 95% ethanol, transferred to a microsilylation vessel and dried

under a stream of nitrogen. The fraction was trimethylsilylated by

the addition of 10 1.11 of anhydrous pyridine and 40 [11 of N, 0-bis(tri-

methylsilyl)trifluoroacetamide. The reaction was complete in 5

minutes at 60 C. Four microliters were taken for injection into the

gas-liquid chromatographic column.

Gas-liquid chromatography was performed in a Model 5750

Hewlett Packard gas chromatograph equipped with a hydrogen flame

detector and fitted with columns containing 11% DC-11 (Dow Corning

silicone grease) on Gas Chrom Q (60 to 80 mesh) at 255 C with a

nitrogen carrier gas flow rate of 28 cc/min.

Tissue Cultures

Soybean and tobacco callus tissues in axenic culture, both of

which require the presence of a cytokinin for continued cell division

were used in the growth tests. The soybean (Glycine max, var. Acme)

callus tissue was kindly supplied by Dr. Eugene Fox of the University

of Kansas. The basal medium (Miller, 1967b) contained (mg/liter):

KH2PO4, 300; KNO3, 1000; NH4NO3, 1000; Ca(NO3)24H20, 500;

MgSO4. 7H20, 71.5; KC1, 65; MnSO4. 4H20, 14; NaFe EDTA, 13. 2;

ZnSO4 7H20, 3. 8; H3B03, 1. 6; KI, 0. 8; Cu(NO3)2' 3H20, 0. 35;

(NH4)6Mo7024 4H20, 0. 1; i- inositol, 100; nicotinic acid, O. 5;

pyridoxine HC1, 0. 1; thiamine HC1, 0. 1; a-naphthalene acetic acid
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(NAA), 2.0; sucrose, 30,000; and Bacto-agar, 10,000. The pH was

adjusted to 5.8. For maintenance of the stock cultures the medium

also contained 0.1 mg kinetin/liter. The agar was melted and the

medium was poured as 50 ml aliquots into 125 ml Erlenmeyer flasks.

The flasks were stoppered with foam plugs which were covered with

aluminum foil and the medium was sterilized by autoclaving for 15

minutes at 121 C. Four pieces of soybean callus (about 40 mg each)

were placed on the surface of the solidified medium in each 125 ml

flask. The tissues were grown in the dark at 27 C and transferred

to fresh media every 5 weeks.

The tobacco (Nicotiana tabacum, var. Wisconsin No. 38) callus

tissue was obtained from Dr. F. Skoog of the University of Wisconsin.

The basal medium (Linsmaier and Skoog, 1965) contained (mg/liter):

NI14NO3, 1650; KNO3, 1900; CaCl2 . 2H20, 440; MgSO4. 7H20, 370;

KH2PO4, 170; Na2EDTA, 37. 3; FeSO4. 7H20, 27.8; H3B03, 6.2;

MnSO4. 4H20, 22. 3; ZnSO4. 4H20, 8.6; KI, 0.83; Na2M004. 2H20,

0. 25; CuSO4. 5H20, 0. 025; CoC12. 6H20, 0. 025; thiamineHCI, 0. 4;

myo-inositol, 100; indole-3-acetic acid (IAA), 2.0; agar, 10,000;

sucrose, 30,000 with the pH adjusted to 5.6. For maintenance of

the stock cultures the medium also contained 0.03 mg kinetin/liter.

The medium then was treated in a manner previously described for

the soybean medium and the tissues were grown in weak light at 26 C.
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Bioassay for Cytokinins

The soybean callus bioassay developed by Miller (1963) was

used to detect cytokinins in extracts of the liquid media in which the

fungi had been grown. The material eluted from each Rf region of the

chromatogram was redissolved in 0.5 ml of 95% ethanol. Aliquots

of the eluate from each Rf zone, corresponding to 1 and 2 liter amounts

of the original cell-free medium, were added to each 125 ml

Erlenmeyer flask with a micropipette. The ethanol was allowed to

evaporate and 50 ml aliquots of the basal medium without kinetin were

added to the flasks. Media without the extract and positive controls

containing kinetin at concentrations of 10 µg /liter and 30 µg /liter

were used in each assay. The medium was autoclaved and four pieces

of soybean callus tissue (about 4 mg each) were placed on the surface

of the solidified medium in the flask. The tissue cultures were main-

tained at 27 C in the dark for 4 weeks. The pieces of tissue then

were removed and weighed.

Ultraviolet Absorption Spectrum

The ultraviolet light absorption spectrum of the extract from

the fungal cultures was compared with those of the cytokinin standards.

Polyclar AT, an insoluble form of the polymer, poly-N-vinylpyr-

rolidone (PVP), was employed to remove the yellow pigment which
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remained in the partially purified extract. The Polyclar AT was ob-

tained as a gift from Dr. Louis Blecher of the GAF Corporation,

New York, N. Y. The purification process involving the use of PVP

was similar to the method of Glenn et al. (1972).

As a preliminary, an experiment was conducted to determine

whether the cytokinin standards could be recovered from the PVP

column. Polyclar AT powder was mixed thoroughly with six times

its volume of distilled water and the small fines, which slow the

flow rate of the column, discarded after a settling period of about 15

minutes. After eight decantations, the slurry was poured into four

small (0. 5 x 7 cm) pipettes containing glass wool which was used as

a support for the columns (0. 5 x 5 cm). The columns were equili-

brated with 0.1 M phosphate buffer pH 8.0. Cytokinin standards

were applied to the column in amounts ranging from 150 Fig to 200 pg

in 0.5 ml of buffer. The column was eluted with phosphate buffer and

0.5 ml fractions were collected. Three milliliters of buffer were

added to each fraction and the absorbance of all fractions was read

on a Beckman DB spectrophotometer at 269 nm.

An extract representing 4 liters of T. cerasi culture medium,

partially purified by cation exchange chromatography, butanol frac-

tionation, and successive paper chromatography in solvents A and B,

was used in this experiment. Ethanolic eluates from Rf regions 0.6

to 0. 9 from the chromatogram developed with solvent B were combined
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and evaporated to dryness. The residue was taken up in 6 ml of

0.1 M phosphate buffer (pH 8.0) and applied to a PVP column (1.8 x

28 cm). The Polyclar AT powder was prepared as previously des-

cribed and the column yielded a flow rate of 175 ml/hr. Ten milli-

liter fractions were collected, evaporated to a low volume. and read

on a Beckman DB spectrophotometer.

Microtechnique

Infected and healthy peach leaves of the same age were collected

in late May when the disease symptoms were most pronounced. Small

pieces of the leaves were fixed in formalin-aceto-alcohol, dehydrated

by the tertiary butyl alcohol method of Johansen (1940), imbedded in

Paraplast and sectioned at 10 µ. The sections then were stained

with safranin and fast green by standard histological procedures.

Photomicrographs were taken of these stained sections to illustrate

the anatomical differences between diseased and healthy tissue.
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RESULTS

Pathological Anatomy of Leaves

A histological study of peach leaves infected by T. deformans

revealed that the cells had undergone numerous divisions and there

was abnormal enlargement of the host cells with the result that the

infected leaves were seven to eight times as thick as the non-infected

leaves, Figure 5. This increase in size and number of cells was most

marked in the palisade parenchyma and the infected cells suffered

almost a complete loss of chioroplasts. In the process of division

the cells of the palisade parenchyma lost their normal elongated form

while in the spongy parenchyma the system of intercellular spaces

was obliterated.

Abnormal growth of host tissue has been related to the production

of cytokinins by a number of plant pathogens (Skoog and Armstrong,

1970; Upper et al. , 1970). The increased cell division and cell

enlargement observed in the cross sections of the infected peach

leaves suggest that the pathological overgrowth may be due to the

production of one or more cytokinins by T. deformans. To test this

hypothesis, a number of approaches were used to determine if the

fungus released a cytokinin.

Since a cytokinin produced by C. fascians appears to be re-

sponsible for the witches' broom caused by this bacterial pathogen,
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Figure 5. Cross section of a peach leaf infected by Taphrina
deformans (left). Cross section of a healthy peach leaf of
the same age (right). Both sections X 72.
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it was decided to ascertain if cytokinins were involved in the patho-

genesis of diseases of witches' broom type with fungal origin.

Accordingly, two species of Taphrina which evoke these symptoms,

T. cerasi and T. betulina, also were examined for cytokinin synthesis.

Preliminary Studies of Cytokinin Production

Preliminary experiments, using a method described by Miller

(1968, 1971) were undertaken to check for cytokinin production by

three species of Taphrina. An inoculum of T. deformans, T. cerasi,

or T. betulina was placed on the center of the agar surface of the

tobacco and soybean callus media. The basal media contained no

cytokinin. The fungal inoculum was allowed to grow until a colony

of approximately 2 cm in diameter had developed. At that time, four

pieces of tobacco tissue (about 40 mg each) or four pieces of soybean

tissue (about 4 mg each) were placed around each of the fungal colonies.

The callus tissue was grown at 25 C in dim light.

When the cultures were examined after 4 weeks, it was found

that T. cerasi grew too fast and overgrew the soybean callus tissue.

In contrast, T. deformans and T. betulina did not grow well on the

soybean medium and there was no apparent growth of the callus tissue.

When tobacco callus tissue and species of Taphrina were grown

together on tobacco tissue medium, T. deformans did not grow well

and the callus tissue became necrotic. However, good growth of
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T. cerasi and T. betulina occurred on the basal medium. In the

experiments with T. cerasi and T. betulina, although the tobacco

tissue did not increase in weight, it remained a pale green color. As

cytokinins are the most effective known senescence retardants, the

healthy condition of the tissue indicated that possibly the relatively

small amount of fungal growth was not producing enough cytokinin to

induce cell division but a sufficient amount to maintain chlorophyll

synthesis. Since the results obtained were indefinite, it was decided

to grow the fungi in a liquid medium and examine the medium after the

cells were removed to determine if the fungi produced a cytokinin.

Fungal Liquid Culture Medium

A chemically defined liquid medium that would support good

growth of Taphrina species was needed. To determine which macro-

nutrients were utilized most effectively by these fungi a number of

nitrogen and carbon sources, previously listed, were added to the

basal mineral medium formulated by Trione (1964). The phosphate

buffer was employed at various concentrations to determine the most

suitable buffer concentration to maintain a relatively constant pH

during growth in shake culture. The fungi were grown in replicate

flasks of each medium on a gyrotary shaker, harvested periodically,

dried and weighed to compare the effectiveness of the different
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culture media. The effect of the various factors on growth of T.

deformans is presented in Table 2.

In studies with T. deformans, the nitrogen compounds were

added to the basal medium initially in amounts calculated to give a

nitrogen concentration equivalent to the nitrogen in 3 g of L-aspara-

gine/liter. Of the six compounds tested with sucrose as the carbon

source, moderate growth of 5.7 mg/ml was supported by L-glutamic

acid after 14 days. Growth was sparse on L-asparagine, L-arginine,

a mixture of amino acids and L-glutamine. Ammonium chloride

supported poor growth, probably because of the lowering of the pH

of the medium which accompanied the utilization of ammonium nitro-

gen. The carbohydrates were added to the basal medium in a concen-

tration of 20 g/liter. .

It was observed that the pH of the media fluctuated widely during

growth in shake culture in media buffered with a low concentration

(5 mM) phosphate buffer. With increased buffer concentration of 100

and 200 mM, the growth in L-glutamic acid was meager. It was

determined finally that good growth of T. deformans was obtained

when glucose and the monosodium salt of L-glutamic acid were added

to the basal medium buffered with 20 mM phosphate buffer. This

buffer concentration maintained the pH of the medium at a relatively

constant level and apparently did not restrict the growth of the fungus.



Table 2. Effect of various factors on growth of Ea..phrina deformans. 1
Nitrogen source g/1 Carbon Phosphate Initial pH after Final Dry weight

source
20 g/1,

buffer
concentration

pH autoclaving pH mg /ml
14 dayss

L-asparagine 3.0 sucrose 5 mM 5.9 5.8 6.4 2.5
L-glutamic acid 6.0 sucrose 5 mM 4.5 4.3 7.8 5.7
L-arginine 2.5 sucrose 5 mM 5.5 5.4 3.7 1.1
NH4C1 2.0 sucrose 5 mM 5.0 - 3.2 0.5
Edamin2 2.0 sucrose 5 mM 5.2 4.8 2.1
L-glutamine 3.0 sucrose 5 mM 6.0 5.9 3.2 1.8
L-glutamic acid 6.0 sucrose 100 mM 5.6 - 6.1 1.4
L-glutamic acid 6.0 sucrose 200 mM 5.6 5.7 6.0 1.9
L-glutamic acid 4.0 sucrose 100 mM 5.6 5.7 6.1 1.1
L-glutamic acid 4.0 sucrose 200 mM 5.6 5.7 6.0 1.8
L-glutamic acid
monosodium salt

4.0 sucrose 10 mM 6.0 6.0 6.5 0.7

L-glutamic acid
monosodium salt

6.0 sucrose 10 mM 6.0 6.0 6.5 0.5

L-glutamic acid
monosodium salt

4.0 glucose 20 mM 5.9 5.9 7.4 8.23

L-asparagine 2.5 glucose 20 mM 5. 9 5. 8 5.6 2.63
1In addition to the constituents listed here the medium contained the salts and vitamins shown in Table 3.
2An

enzymatically digested lactalbumin, Sheffield Chemical Co. , Norwich, N. Y. tv
CO3Growth after 9 days
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The growth on this medium was 8.2 mg/ml after 9 days. The chemi-

cally defined medium used is shown in Table 3. A growth curve of

T. deformans grown in shake culture in the final medium is illustrated

in Figure 6.

In studies with T. cerasi, glucose was added to the basal

medium in a concentration of 20 g/liter . In addition to the potas-

sium phosphate buffer, a citrate-phosphate buffer also was employed.

Of the two nitrogen compounds tested, L-asparagine produced the

best growth. The growth with this compound was 9.2 mg/ml after 5

days. Slightly less growth (7. 5 mg/ml after 5 days) was supported

by the monosodium salt of L-glutamic acid. The potassium phosphate

buffer appeared to be slightly more effective in maintaining a rela-

tively constant pH than the citrate-phosphate buffer. The more rapid

growth of T. cerasi as compared with T. deformans was ascribed to

the difference in the method of inoculation of the flasks. In the case of

T. cerasi, the flasks were inoculated with 1 ml of liquid medium in

which the fungus was growing. The test cultures of T. deformans

were inoculated with a small amount of the fungus which was growing

on the PDA slants. The effect of various factors on the growth of T.

cerasi is shown in Table 4. The composition of the chemically defined

mediumfor growth of T. cerasi is given in Table 3.
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Table 3. Chemically defined medium for growth of T. deformans. 1

Constituents

KH
2

PO4

K
2
HPO4.3H20

MgSO47H20
NaFe EDTA

CaC12

ZnS04' 71-I 20
CuS04.5H 20
MnS04' H2O

Na
2
Mo04.21120

Thiamine HC1

L-glutamic acid monosodium salt
Glucose

Distilled water to make 1 liter

Amount/liter

2.452

456 mg

246 mg

20 mg

10 mg

3.52 mg

0.38 mg

0.031 mg

0.025 mg

2.5 mg
4.0

20

1 For the culture of T. cerasi the L-glutamic acid (monosodium salt)
was replaced with 3.5 g of L- asparagine.
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TIME (days)
Figure 6. Growth of Taphrina deformans in the chemically defined

medium, Table 3, in shake culture (50 m1/250 ml flask).
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Table 4. Effect of various factors on growth of Taphrina cerasi. 1

Nitrogen source g/1 Buffer Buffer Initial pH after Final Dry weight
concentration pH autoclaving pH mg /ml

5 days

L-glutamic acid
monosodium salt

4.0 Potas sium
phosphate

20 mM 6.1 6.0 7.3 7.5

L-glutamic acid
monosodium salt

2.5 Potas sium
phosphate

15 mM 6.0 6.0 7.4 6.5

L-glutamic acid
monosodium salt

2.0 Citrate -
phosphate

10 mM 4.8 5.2 7.8 7.0

L-glutamic acid
monosodium salt

6.0 C itrate-
phosphate

15 mM 4.9 5.3 6.5 6.5

L-asparagine 2.5 Potassium
phosphate

20 mM 5.9 5.8 6.2 8.7

L-asparagine 3.0 Potassium
phosphate

20 mM 5.9 5.8 6.1 9.2

1
In addition to the constituents listed here the medium contained the salts and vitamins shown in Table
3.
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When T. betulina was grown in shake culture it was found that

the cells clumped together resulting in poor growth of the fungus.

Because of this type of growth no further studies were made with this

species.

To determine if T. cerasi and T. deformans produced and

released a cytokinin, the fungi were grown in large quantities in the

chemically defined medium shown in Table 3. The liquid culture

medium in which the fungi had been growing was then purified and

examined in a number of ways.

Isolation of Cytokinin Activity from
Cultures of Taphrina cerasi

A culture of T. cerasi was grown in 4 liters of the chemically

defined medium in the fermentor as previously described. After a

growth period of 4.5 days, the cells were removed by centrifugation.

For purification, the cell-free medium was run through a Dowex 50W

(H ) column and the active materials eluted with ammonium hydroxide

and extracted into n-butanol. This procedure was repeated until a

total of 16 liters of fungal culture medium was partially purified. The

butanol extracts were pooled and evaporated to a small volume. A

concentrated butanol extract representing 8 liters of cell-free culture

medium was streaked on Whatman No. 1 chromatography paper and

developed in solvent A. Cytokinin standards were run simultaneously
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and their positions determined by ultraviolet light absorption. This

chromatographic procedure was repeated with the second half of the

concentrated butanol extract. The chromatograms were cut into ten

equal Rf zones and each zone was eluted with ethanol. Aliquots of the

eluate from each Rf zone, corresponding to 1 and 2 liter amounts of

the original cell-free medium, were incorporated into flasks con-

taining 50 ml of soybean medium and bioassayed for activity. Repli-

cates of each aliquot were assayed in a similar manner.

It was found that the extract of the culture medium in which the

fungus was grown exhibited cell division activity in the soybean

cytokinin assay. Soybean pieces did not grow in flasks containing

basal medium without added kinetin but did grow in flasks containing

basal medium which also contained a portion of the culture extract,

Figure 7.

Paper chromatography with solvent A revealed that the cytokinin

activity released by T. cerasi has a mobility similar to that of zeatin,

2iP and their ribonucleosides, Figure 8. The results from the

assays, representing 1 and 2 liter amounts of the culture medium,

were consistent with each other except that in two cases the higher

concentration of extract yielded no tissue growth. This lack of growth

with some higher concentrations of extract tentatively was attributed

to the presence of an inhibitor in these fractions. Kinetin standards,

shown as dashed horizontal lines, represent the average weight of one
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Figure 7. Bioassay of materials eluted from the 0.7 to 0.8 Rf region
of chromatogram developed in solvent system A. All flasks
contained the basal medium and the flask on the right also
contained 30 p.g kinetin per liter. The center flask con-
tained an amount of extract representing 1 liter of culture
medium in which T. cerasi was grown. The flask on the
left contained only the basal medium.
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A (tert-butanol, concentrated NH4OH, and water, 3:1:1).
Chromatographed materials were the n-butanol phase
of the cell-free culture medium of Taphrina cerasi.
Aliquots of the eluate from each Rf zone, corresponding
to 1 liter amounts of the original fungal medium, were
incorporated into flasks containing 50 ml of basal
assay medium.
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piece of tissue from each of five flasks each containing four pieces

of tissue. The lines above the bars in the histogram represent the

positions of zeatin (Z), zeatin riboside (ZR), N 6 -(2-isopentenyl)

adenine (2iP), and N6 -(02 -isopentenyl)adenosine (2iPA). The re-

sponse at Rf 0.8 to 0.9 represents an 80-fold increase in fresh weight

over the weight of the initial explants.

Gas-Liquid Chromatography

Gas-liquid chromatography has been successfully used to detect

microgram quantities of hormones in crude plant extracts. Upper

et al. (1970) demonstrated that gas-liquid chromatography could be

used to detect a cytokinin in unpurified ethyl acetate extracts of cul-

ture filtrates of the bacterium Agrobacterium tumefaciens. Babcock

and Morris (1970) reported that as little as 0.01 of cytokinin can

be detected by gas-liquid chromatography. An attempt was made to

detect the presence of a cytokinin in the liquid culture medium of T.

cerasi by the use of this method. Accordingly, a 4 liter culture of

T. cerasi was grown in the fermentor as previously described. The

culture supernatant was purified partially by cation exchange chroma-

tography, butanol fractionation and paper chromatography in solvent

system A. An ethanolic extract of the active material from the Rf

region 0.6 to 1.0 was eluted from the chromatogram and prepared

for gas-liquid chromatography as previously described. The results
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obtained from the gas-liquid chromatographic analysis of the partially

purified extract were inconclusive because of the large number of

interfering compounds present in the extract. Since access to the

gas chromatograph was limited and it was not known if there would be

an opportunity to repeat the work, this approach was not pursued.

Ultraviolet Absorption Spectrum

Cytokinins absorb ultraviolet light quite strongly in the region

from 250-280 nm. The general shape of the spectral curve and the

wave lengths of the maxima and minima absorption are characteristic

of individual cytokinins. As the spectral data for a number of these

compounds has been reported, many naturally-occurring cytokinins

can be detected and differentiated on the basis of their ultraviolet

spectra.

A study was made to obtain the ultraviolet absorption spectrum

of the active material released into the culture medium by T. cerasi

in order to compare the spectral properties of the isolated product

with those of the four cytokinin standards. Recently, it was reported

that Polyclar AT, an insoluble form of poly-N-vinylpyrrolidone (PVP)

was highly effective in purification of hormones in plant extracts

(Glenn et al., 1972). The insoluble PVP was employed in column

chromatography to remove the yellow pigments which were present

in the fungal culture medium. It was reported by Fugii et al. (1968)
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that T. cerasi produces a number of phenolic acids and it appeared

likely that these substances might interfere with attempts to obtain

an ultraviolet absorption spectrum of the unknown cytokinin(s). A

preliminary experiment, described earlier, was conducted to de-

termine if the cytokinin standards could be recovered from the

Polyclar AT column. The results, presented in Figure 9, indicate

that all the cytokinin standards were eluted from the PVP column.

An extract representing 4 liters of T. cerasi culture medium,

partially purified by cation exchange chromatography, butanol

fractionation and successive paper chromatography in solvents A

and B was used in this experiment. An ethanolic extract of the active

materials eluted from the 0. 6 to 0.9 Rf regions of the chromatogram

was applied to the Polyclar AT column. It was observed that the

insoluble PVP effectively removed the yellow pigments when the

extract was passed through the column. However, when the fractions

were collected, reduced in volume and read on a spectrophotometer

the results indicated that many impurities were still present and a

sharp absorption peak was not obtained. Since the active materials

could not be detected as quenching bands under short-wave ultraviolet

light on paper chromatograms, it was decided that the levels of

cytokinin were very low and no further purification was attempted.

As it was not possible to detect the cytokinins by gas-liquid

chromatography or by ultraviolet spectroscopy, a decision was made
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to compare the paper chromatographic characteristics of the unknown

cytokinin(s) with those of known cytokinins.

Rechromatography of Active Materials in
Different Solvent Systems

To determine whether or not the active material from cultures

of T. cerasi was due to the presence of one or more cytokinins, paper

chromatography in several solvent systems was employed in conjunc-

tion with the soybean tissue assay. Additional cultures of T. cerasi

were grown in the fermentor and were purified partially by the method

outlined in Table 1. In each experiment, concentrated n-butanol ex-

tracts equivalent to 4 liters of cell-free culture medium were streaked

onto Whatman No. 1 chromatography paper and developed with sol-

vent A. In each case, after initial chromatography in solvent system

A, ethanolic extracts from Rf regions 0.6 to 1.0 of the chromato-

grams were rechromatographed in one of three different solvent sys-

tems and bioassayed. The migration of the active components in the

extracts was compared with the cytokinin standards. The positions

of the standards were detected by ultraviolet absorption; the cyto-

kinins from the fungal cultures were detected only with the soybean

callus assay.

In the first of this series of experiments, rechromatography

of the active fractions in solvent B revealed the presence of one
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major peak of activity (Rf 0.6 to 0.9), Figure 10. This corresponds

to the region of migration of the cytokinin standards. However, due

to the relatively similar migration pattern of the cytokinin standards

it was not possible by this experiment to determine if T. cerasi

produces more than one cytokinin.

In the second experiment, a growth analysis of the chromato-

gram developed in solvent C indicated the presence of at least two

cytokinins, Figure 11. The lower peak of activity at Rf 0.3 to 0.7

corresponds to the migration of zeatin and zeatin riboside. A

second peak of activity was observed at Rf 0.8 to 0.9. This migra-

tion pattern is similar to that obtained for 2iP and 2iPA. Solvent C

clearly separates 2iP and 2iPA from zeatin and zeatin riboside. The

position of the standards was consistent with that of published data

(Phillips, 1972).

It was suggested that cytokinins may undergo conversion on the

ion exchange column from the nucleoside to the free base (Tegley,

Witham, and Kransuk, 1971). Therefore, in the third experiment

of this series, the cation exchange chromatography was omitted and

the cell-free culture medium was initially partially purified only by

fractionation with butanol. When the active materials were rechro-

matographed in solvent D which is specific for separating free base

and nucleoside cytokinins, two peaks of activity were observed,

Figure 12. The lower peak corresponds to the region associated with
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Figure 11. Soybean tissue assay of the active material eluted from
0.6 to 1.0 Rf region of chromatogram developed in
solvent A and rechromatographed in solvent C (water-
saturated methyl ethyl ketone). Aliquots of the eluate
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the migration of zeatin and 2iP whereas the upper peak is correlated

with the migration of zeatin riboside and 2iPA. It would appear,

therefore, that T. cerasi produces a zeatin-like compound, a com-

pound which migrates like 2iP, and their ribonucleosides.

Cytokinin Production by T. deformans

Four liters of chemically defined medium (Table 3) from cul-

tures of T. deformans grown in the fermentor were harvested near

the end of the logarithmic growth phase. Purification of the medium

after the cells were removed included cation exchange chromatography

and butanol fractionation according to the method described in Table 1.

Final separation was made by paper chromatography using solvent A

followed by rechromatography of the active material in solvent C.

Dilutions of the ethanol eluates from the ten Rf zones were incorpor-

ated into the soybean basal medium and bioassayed as described pre-

viously. The results of the bioassay, pictured in Figure 13, indicate

the presence of cytokinin in the extract. Soybean tissue pieces were

planted on the agar surface in all three flasks, and all flasks contained

the basal medium. The flask on the right, however, also contained

10 fig kinetin/liter. In the center flask, a portion of the culture ex-

tract produced good growth of the soybean tissue.

A growth study of the chromatogram developed in solvent C

revealed three peaks of activity, Figure 14. One peak of activity
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Figure 13. Bioassay of materials eluted from the 0.8 to 0.9 Rf region
of chromatogram developed with solvent system C. All
flasks contained the basal medium. The flask on the right
also contained 10 [ig kinetin per liter. The flask in the
center contained an amount of extract representing 1 liter
of culture medium in which T. deformans was grown.
The flask on the left contained only the basal medium.
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coy responds to the migration pattern of zeatin and its ribonucleoside,

and a second peak at Rf 0.8 to 0. 9 was correlated with the migration

of 2iP and 2iPA On the other hand, activity observed at Rf 0.2 to

0.3 does not correspond to the migration of any of the standards used.

Assays were run at two dilutions, and the results from the two experi-

ments were consistent with each other. It appears that T. deformans

produces zeatin and/or zeatin riboside, 2iP and/or 2iPA as well as a

unique cytokinin with low mobility in solvent C.

Quantities of Extracellular Cytokinin

Cytokinin activity is usually expressed as kinetin equivalents

(KE), 1µg KE being the amount of cytokinin required to produce a

response in the soybean callus assay equivalent to 1 p,g of kinetin.

Since the soybean callus bioassay exhibits a linear relationship be-

tween response and concentration over a wide concentration range

(Letham, 1967), the cytokinin levels in the culture media were esti-

mated by comparing the amount of tissue growth obtained from the

extracts with the tissue growth obtained from the addition of a known

amount of kinetin. The amount of cytokinin released into the medium

by cells of T. cerasi was calculated from the biossays to be approxi-

mately 45 µg KE/liter of medium. The concentration of the compound

which migrated like free zeatin in Figures 11 and 12 varied roughly

from 10 to 15 p,g KE/liter of medium. The concentration of the
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2iP-like compound was approximately 10µg KE/liter of medium.

The dry weight of the T. cerasi cells measured after 4.5 days of

growth varied between 8 and 9 mg/ml. Thus, the fungus produced a

total of about 5 p.g KE/g of dry weight of cells. In liquid cultures of

T. deformans the cytokinin concentration was calculated to be approx-

imately 75 p.g KE/liter of medium or about 8µg KE/g of dry weight

of cells.

The lowest concentration of zeatin at which activity is detect-

-10able by fresh weight changes in the soybean assay lies between 10

and 10-11 M. The detectable level for kinetin is near 5 x 10-9 M;

and for 2iP between 10-8 and 10-9 M (Miller, 1965). As the soybean

tissue is about equally sensitive to kinetin and 2iP, the quantity of

2iP produced by T. cerasi, when compared with the kinetin standard,

was calculated to be about 10 µg /liter of medium. Due to the differ-

ence in sensitivity between zeatin and kinetin, the quantity of zeatin

cannot be calculated on this basis.

Exogenous Application of Cytokinins to Peach Leaves

In an attempt to clarify the role of cytokinins in the disease

caused by T. deformans, experiments were designed to determine

if the characteristic morphological changes in infected peach leaves

could be duplicated with a cytokinin or the supernatant of the fungus

culture. Zeatin in concentrations ranging from 10-4 to 10-7 M and
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kinetin in concentrations of 10-4 and 10-5M were applied separately to

peach leaves in; 20% ethanol and 0.05% Tween 20, aqueous 0. 2%

Tween 80, 0. 5% and 2% dimethylsulfoxide (DMSO), 0. 5% carbowax

1500 in 50% ethanol and in fractionated lanolin prepared by a method

described by Mitchell and Livingston (1968). The supernatant of the

culture medium in which T. deformans was grown,was applied to the

leaves in 0. 05% Tween 20. Cytokinins also were applied to the buds

of peach tree seedlings grown in the greenhouse. Zeatin, zeatin

riboside and 2iP were applied in concentrations of 10-4 and 10-5 M

in fractionated lanolin separately and in combination with IAA at con-

centrations of 2 x 10 3 M, 10-5 M and 10-8 M. In addition, the

petioles of the leaves were inserted into the fungal culture supernatant

and into 10-5 and 10-6 M zeatin riboside in one quarter strength

Hoagland's solution (Hoagland and Arnon, 1950). The typical disease

symptoms such as thickening and curling of leaves were not produced

by any of these methods. Detached leaves were surface sterilized

with a 0. 5% Clorox solution, rinsed thoroughly with sterile water

and placed in Petri dishes containing 10-5 M zeatin riboside in one

quarter strength Hoagland's solution. It was observed that although

the leaves did not increase in thickness, they became noticeably

reddened. This color change is also seen in the early stages of the

disease.
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Isolation of Cytokinin from Leaves

In a study to determine the physiological basis for tumor forma-

tion, the presence and quantity of cytokinin in healthy peach leaves and

those infected by T. deformans were investigated. The two kinds of

leaves were collected and stored at -10 C. Two hundred grams of

infected leaves were homogenized in a Waring Blender and extracted

with three 600 ml aliquots of 95% ethanol. The extracts were filtered,

evaporated to dryness in vacuo and the residue was resuspended in

250 ml of water. The suspension was centrifuged at 22, 000g for 15

minutes, the supernatant adjusted to pH 2.9 and extracted five times

with one fifth volume of water-saturated ethyl ether. The aqueous

phase was adjusted to pI-1 2.5 and passed through a 2.5 x 25 cm column

of Dowex 50W-X8, H +, (50 - 100 mesh). Substances were eluted from

the column with 5 N ammonium hydroxide, extracted from the aqueous

phase into n-butanol, and chromatographed on paper successively with

solvents A and C as previously described. Ethanolic extracts from

the Rf zones of the chromatogram were incorporated into soybean

medium and bioassayed for activity. It was found, however, that the

partially purified extract of infected peach leaves did not exhibit

cytokinin activity when assayed with soybean callus tissue. Assuming

that a fresh weight of 200 g of leaves would be roughly equivalent to a

dry weight of about 40 g, the fungal tissue would only represent a small
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fraction of this weight, probably about 1% or 400 mg. On this basis

it might not be possible to isolate a detectable amount of cytokinin

from 200 g of infected leaves.

Attempts to Induce Mycelial Growth

The pathogenic stage of Taphrina species is characterized by

abundant sporulation from hyphae, but axenic cultures of these patho-

gens grow as yeast-like cells with few if any visible hyphae. Studies

were made to obtain the mycelial growth form of Taphrina species in

axenic culture. The following substances were individually added to the

basal medium: pectin, 10 g/liter; yeast extract, 2 g/liter; activated

carbon, 10 g/liter; putrescine HC1,10-4M; IAA, 5 pg /liter, and 100

pg/liter; coconut water; cellobiose, 20 g/liter. The basal medium

(Table 3) was solidified with 1. 5% agar. The sugar and agar, carbo-

hydrate source and amino acids were autoclaved separately as pre-

viouslydescribed. Hydrolyzed yeast nucleic acid, 0.25 g/liter, was fil-

ter sterilized prior to its addition to the autoclaved medium. Attempts

to induce mycelial growth by the addition of the above substances were

unsuccessful. Twenty-five grams of peach leaves were homogenized

in 0.005 M phosphate buffer, pH 5. 9, and centrifuged at 12, 000g for

15 minutes. The supernatant was filter sterilized and added to the

autoclaved basal medium and a mixture of glucose and agar. It was
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found that the filter sterilized leaf extract would not support the

formation of hyphae.

Irradiation with near-ultraviolet light (320-420 rim, approxi-

mately) was shown to be effective in inducing sporulation an many

fungi (Leach, 1962). It was hypothesized that the yeast-like blasto-

spores of Taphrina species might germinate and form mycelium

under the influence of near-ultraviolet light. Plastic Petri plates con-

taining potato dextrose agar were inoculated with species of Taphrina

and placed on a temperature gradient plate developed by Leach (1967).

The fungi were irradiated with near-ultraviolet light under a 12-hour

photoperiod at temperature increments of 2 degrees from 8 to 22 C

for 10 days. The interaction of temperature and near-ultraviolet

light did not induce a change from the yeast-like stage to the mycelial

stage.

T. deformans also was grown on a medium formulated by

Caporali (1965) which was reported to produce mycelial growth in 30

to 85 day old colonies of T. deformans. The constituents of this

medium are given in the Appendix. However, mycelial growth was

not observed when this medium was used in the present study. As it

was determined during the course of these experiments that the yeast-

like cells of T. cerasi and T. deformans produced cytokinins, no

further attempts to induce mycelial growth were made.
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DISCUSSION

Chromatographic Properties of the Active Materials

Although several plant responses have been used for the detec-

tion of minute amounts of naturally-occurring cytokinins, the tissue

culture bioassays are at the present time the most reliable methods

for testing crude plant extracts for the presence of cytokinin (Skoog

and Armstrong, 1970; Letham, 1967). The main disadvantage of the

tobacco pith callus assay is the lack of linear relationship between

response and concentration over a wide concentration range. The

soybean callus assay exhibits this relationship over a remarkably

wide range and is probably the best tissue culture assay (Letham,

1967). The lowest concentration of zeatin detectable in the soybean

and tobacco callus bioassays is about 5 x 10-11 M (approximately

0.02 kg /liter). Only slightly lower activity in the tobacco bioassay

is shown by 2iP (Leonard et al. , 1969). The detectable level for 2iP

in the soybean bioassay is between 10-8 and 10-9 M (Miller, 1965).

Gas-liquid chromatography has permitted detection of concentra-

tions of zeatin and 2iP down to 10 1-0 M (Babcock and Morris, 1970).

About 10 to 20 p,g of cytokinin in a milliliter of solvent (approximately

10-5 M zeatin) is required to give a useful ultraviolet spectrum

(Helgeson, 1968).
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In this study it was not possible to detect the cytokinins by ultra-

violet spectroscopy or gas-liquid chromatography because of the low

levels of cytokinins present and the difficulties encountered in purifi-

cation of the extracts of the fungal culture medium. Thus it was

decided to use a number of paper chromatographic techniques in con-

junction with bioassays to compare the chromatographic character-

istics of the isolated active materials with those of the cytokinin

standards.

The results of the soybean bioassays indicate that T. cerasi

and T. deformans release into the culture medium factors which

stimulated callus proliferation. The active materials produced by

these two species of Taphrina migrated to regions on the chromato-

gram associated with the migration of zeatin, zeatin riboside, 2iP,

and 2iPA in all the chromatographic procedures used in this study.

The lack of complete coincidence of activity with the cytokinin stan-

dards in some of the experiments with T. cerasi may be due to the

fact that the standards were not overlaid with the extract of the cul-

ture medium.

Zeatin differs from 2iP only in that a hydrogen on one methyl

group is replaced by a hydroxyl group, Figure 3. Phillips (1972),

using the same purification procedure employed in this present study,

demonstrated there was no interconversion between zeatin and 2iP

during purification. As it was suggested that cytokinins may undergo
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conversion on the ion exchange column from the nucleoside to the free

base (Tegley, Witham, and Kransuk, 1971), the ion exchange chroma-

tography was omitted in the procedure involving the use of solvent

system D which is specific for separating these two groups of

cytokinins. When the active materials were chromatographed in

solvent D, it was found that substances similar to both the free bases

and the ribonucleoside cytokinins were produced by T. cerasi, Figure

12. Thus, from the results of the paper chromatography coupled with

the bioassays, T. cerasi apparently produces compounds which have

a migration pattern similar to zeatin, zeatin riboside, 2iP, and 2iPA.

Similarly, T. deformans appears to produce zeatin and/or zeatin

riboside as well as a compound which chromatographed like 2iP and/or

2i PA.

It was observed that a third type of cytokinin was produced by

T. deformans. An additional peak of activity was present at Rf region

0.2 to 0.3, Figure 14. The activity revealed at this Rf region did not

correspond to the migration pattern of any of the cytokinin standards

used and a search of the literature failed to find a substance which

had a similar migration pattern in this solvent system. At this time

no further attempts were made to identify the substance by the use of

paper chromatography.

Phillips (1972) observed that the bacterium Rhizobium

leguminosarum produced a slow moving cytokinin which migrated to
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Rf region 0.1 to 0.2 in a n-butanol, acetic acid, and water (12:3:5)

solvent system. The entire extract from the culture medium in

which T. deformans was grown, was used in the bioassay, hence it

was not possible to chromatograph the active materials released by

T. deformans in the solvent system used by Phillips.

The fungal cultures were harvested during the latter part of the

logarithmic phase of growth and the intact fungal cells were removed

prior to purification of the liquid culture medium. It appears, there-

fore, that the cytokinins produced were not products of autolysis but

that the release of active materials into the liquid media was due to

the extracellular production of cytokinins by the fungi. The extra-

cellular production of cytokinins by the cells of the fungus in the in-

fected leaf and lateral bud tissues is probably of considerable

significance in causing the abnormal growth responses of the host

plant.

When my thesis research was almost complete, Barthe (1972)

reported that T. cerasi produced cytokinin-like compounds. One

purification procedure used in his study was similar to the method

outlined in Table 1. He found that paper chromatography in solvent

system A revealed one peak of activity at Rf region 0.6 to 0.9.

Chromatography with solvent B indicated one zone of activity was

present at Rf zones 0.8 to 1.0. These Rf values are similar to the

Rf values shown in Figures 8 and 10. Due to similar migration
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patterns zeatin, zeatin riboside, 2iP and 2iPA cannot be distin-

guished, thus Barthe could not identify the cytokinins present in the

culture extracts. Barthe used the tobacco bioassay, and since the

response to the concentration of cytokinin is linear over a very nar-

row range, no estimation of the amount of cytokinin produced by T.

cerasi was made. A second purification procedure employed by

Barthe involved the use of a Sephadex LH-20 column. When fractions

from the column were incorporated into the tobacco tissue medium,

two peaks of activity were observed but no attempt was made to

identify the active materials.

The Role of Cytokinins in Abnormal
Leaf Development

Since it has now been demonstrated and confirmed that T.

deformans produces cytokinins and other studies have shown this

fungus also releases auxins (Hirata, 1957; Somner, 1961), there are

a number of possible explanations of the role of plant hormones in the

abnormal development of the leaf. Wilson (1965) suggested the in-

volvement of both auxins and cytokinins in the formation of oleander

tumors induced by Pseudomonas savastanoi. He hypothesized that

the auxin (IAA) produced by the bacterial pathogen could have stimu-

lated cell hypertrophy, whereas a cytokinin may have induced at least

the initial stages of cell proliferation. Tobacco pith parenchyma cells

undergo cell division to form undifferentiated callus tissue when
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cultured on synthetic media. Das et al. (1956) showed that cell

division in pith cells is dependent upon the presence of both an auxin

and a cytokinin. Cytokinins may be responsible for the initial cell

division in peach leaves infected by T. deformans while the auxins

may be involved in the subsequent cell enlargement. This sequence

of events in the pathological histogenesis of peach leaves was re-

ported by Matsuyama and Misawa (1961). Another possibility is that

in infected peach leaves the cytokinin may interact synergistically

with the auxin to induce cell division and tumor growth in a manner

similar to that found in tissue cultures. As cytokinins influence cell

enlargement as well as cell division (Miller, 1961) the cytokinins

may induce both of these growth activities. Cytological evidence

indicates that the pathogen releases a considerable amount of cy-

tokinin in the infected area. Since the stimulus for hyperplasia and

hypertrophy in peach leaves is not translocated to uninfected areas,

it appears that the immobile cytokinins rather than the mobile auxins

are primarily responsible for this abnormal growth.

It was not possible to duplicate the symptoms of the peach leaf

curl disease by applications of cytokinins or cytokinins in combina-

tion with auxin to peach leaves and buds of growing plants. The lack

of response may have been due to the fact that the exogenously applied

cytokinins were not able to penetrate the bud scales or the thick

cuticle of the leaves. The fungal cells, however, are able to apply
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their cytokinins continuously, internally and directly to the sensitive

cells of the leaf. The detached peach leaves which were placed in a

cytokinin solution did not increase in thickness but became notice-

ably reddened. In this case the cytokinin may be taken up through

the petioles. This color change is also observed in the early stages

of the disease.

The amount of cytokinin produced by T. deformans (75 Fig

KE/liter of medium) may appear rather small to account for the ef-

fects of the fungus on the host. However, the production of cytokinins

by the pathogenic hyphal cells of the fungus growing on host tissue is

undoubtedly different in quantity than the production by the yeast-like

cells of Taphrina growing in a chemically defined medium.

The failure to demonstrate the presence of cytokinins in infected

peach leaves may have been related to the small amount (200 g) of

tissue extracted. Dekhuijzens and Staples (1968), however, reported

that extracts from 200 g of infected 'Pinto' bean leaves were about

four times as active in the tobacco callus assay as extracts from

noninfected plants. Kiraly et al. (1966) found that compounds with

cytokinin activity could be isolated from 10 g (fresh weight) of infected

'Pinto' bean leaves. However, results obtained by Kiraly's group with

the wheat leaf senescence bioassay that was used,may be unreliable

(Letham, 1967).
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Taris and Avenard (1969) examined healthy peach leaves and

those infected by T. deformans for the presence of cytokinins. They

did not report the amount of tissue used in the experiment but the leaf

material was lyophilized prior to extraction. The extracts were

purified by petroleum ether fractionation and paper chromatography.

The tobacco pith assay (Jablonski and Skoog, 1954) was used in their

study. Taris and Avenard demonstrated that cytokinin activity was

present in peach leaves infected by T. deformans but found no cytokinin

activity in the uninfected leaves. Most of the activity was present in

the aqueous phase.

The Role of Cytokinins in the Formation
of Witches' Brooms

There is an interaction of auxin and cytokinin in control of apical

dominance. In many plants the growth of lateral buds is suppressed

by IAA produced in,and transported from the apex of the shoot.

Witches' brooms result from a removal of the inhibition normally

placed on dormant buds. It has been demonstrated that the

application of a cytokinin to the bud will overcome the inhibition due

to auxin (Sachs and Thimann, 1967). Presumably this happens

naturally when the fungi that induce witches' brooms invade the plant

and produce substances with cytokinin activity. In this present study,

bioassays for cytokinins in liquid media in which T. cerasi had been
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growing revealed that this fungus produced and released a number of

cytokinins. Thus, it appears that a cytokinin elaborated by T. cerasi

may cause the pathogenic outgrowth of lateral buds.

Other explanations of the role of T. cerasi and T. deformans

in causing the abnormal growths are also plausible. The effect of

the fungi may modify the host's metabolism to cause it to produce a

cytokinin or the pathogen may supply a precursor from which the

cytokinin is readily formed.

The concentration of cytokinin released into the media by T.

cerasi, ca. 5 u.g KE/g of dry weight of cells, may appear small when

compared to the amount of cytokinin applied to buds in order to over-

come the inhibition of growth. Sachs and Thimann (1964) found that

an application of 0.03µg of kinetin per bud was required to cause

detectable growth in the lateral buds of pea plants. Kender and

Carpenter (1972) studied the effect of foliar application of a synthetic

cytokinin, 6-benzylaminopurine, on lateral bud growth of apple seed-

lings. They demonstrated that benzylaminopurine in concentrations

of 100 and 500 mg/liter applied to actively growing shoots stimulated

lateral bud growth. The pathogenic fungal cells, however, are able

to release their cytokinin directly to the cells inside the bud scales

at a constant rate over a long period of time.
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Cytokinin Production by Microorganisms

Cytokinin production has been demonstrated by a number of

microorganisms that cause malformation of the host tissue. Thimann

and Sachs (1966) observed that the disease caused by the bacterium

Corynebacterium fascians could be imitated by treatment with kinetin.

They were able to extract a substance from C. fascians culture

filtrates which caused bud growth in the absence of the bacteria.

Since the substance also could be detected in infected plant tissue they

suggested that the cytokinin-like substance is responsible for the

disease symptoms caused by the bacteria. The cytokinin was subse-

quently identified by Leonard et al. (1966) as 2iP. Phillips (1972)

has shown that the amount of cytokinin released by Rhizobium

japonicum would be sufficient to initiate the cortical cell division

necessary to form a root nodule. Miller (1967a) noted that the hyper-

trophy of root cortex cells that is common to mycorrhizal associa-

tions bears some resemblance to the hypertrophy that results when

roots are treated with kinetin. He demonstrated that the mycor-

rhizal fungus Rhizopogon roseolus produced three cytokinins and

suggested that the enlargement of the cortex cells might result from

the production of cytokinins by the fungus. Norberg (1968) has shown

that species of Exobasidium which cause abnormal swelling of tissues

in ornamental varieties of Azalea and Rhododendron produce auxins.
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He was unable to demonstrate the production of cytokinin by species

of this fungus that cause abnormal leaf development but reported that

a kinetin-like substance may be produced by species of Exobasidium

that cause witches' brooms.

Amount of Cytokinin Produced by Microorganisms

There is a great variation in the quantity of cytokinin produced

by microorganisms that cause abnormal growth of host tissue. It

was reported that the cytokinin concentration in culture filtrates of

the bacterium C. fascians was approximately 250 Fig KE/liter of

medium (Klambt et al. , 1966). In contrast, Phillips (1972), showed

that the cytokinin concentration in cultures of the bacterium Rhizobium

japonicum was about 1 lig KE/liter of medium. In comparison, the

cytokinin concentration in cultures of T. cerasi was calculated to be

approximately 45 p, g KE/liter of medium while that of T. deformans

was found to be approximately 75 pg KE/liter of medium. It was cal-

culated that the amount of 2iP-like substance produced by T. cerasi

was about 10[1g/liter of medium. In the only other report of the

quantity of cytokinin produced by a fungus, Miller (1968) reported

that the concentration of zeatin in the culture filtrate of Rhizopogon

roseolus varied roughly from 10 to 50 µ g/liter.

Further experiments are needed to identify more precisely the

cytokinins produced by these species of Taphrina. Preliminary
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attempts to identify the third type of cytokinin (Rf region 0.2 to 0. 3)

released by T. deformans should be made by comparing its migration

pattern on paper chromatograms with additional cytokinin standards.

In order to identify the cytokinins by gas-liquid chromatography,

additional steps should be included in the purification procedure.

These methods might include the use of Polyclar AT powder (PVP)

to remove phenolic compounds, chromatography on Sephadex LH-20

and paper chromatography in additional solvent systems. Gas-liquid

chromatography linked with mass spectrometry should prove useful

in characterizing these compounds. Further experiments to obtain

the mycelial growth phase should be made as it is possible that the

hyphal cells produce a greater amount of cytokinin in culture than the

yeast-like cells. A greater yield of cytokinin would be of great help

in characterizing the cytokinins by physical methods such as gas-

liquid chromatography or mass spectrometry. To increase our

understanding of host-parasite interaction, other plant pathogens

which cause abnormal growth responses might logically be examined

for cytokinin production.
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SUMMARY

The primary objective of this investigation was to determine if

species of Taphrina released a cytokinin into a purine-free liquid

culture medium. The results are summarized as follows:

1. Chemically defined liquid media which would support good growth

of T. deformans and T. cerasi were devised.

2. Assays of liquid culture media in which the fungi had been growing

demonstrated that T. cerasi and T. deformans released sub-

stances which stimulated soybean callus proliferation.

3. Paper chromatography in four solvent systems revealed that

T. cerasi produced compounds which have a migration pattern

similar to zeatin, zeatin riboside, 2iP and 2iPA. T. deformans

released a zeatin-like compound, a substance which has a mobility

similar to 2iP, and a third cytokinin whose migration pattern did

not correspond to any of the common cytokinin standards.

4, The cytokinins produced by the fungi may be responsible for the

pathogenic overgrowths of the host tissue.

5. Insoluble PVP (trade name Polyclar AT powder) was effective in

the partial purification of cytokinin-like substances in extracts

of the fungal liquid culture medium, presumably by selective

removal of phenolic compounds.
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6. In the use of gas-liquid chromatography to detect small amounts

of cytokinins in extracts of fungal liquid culture medium, it ap-

pears that the extract should be in a substantially purified form

to minimize the interference from other compounds.

7. Cytokinins or cytokinins in combination with auxin applied to

healthy peach leaves did not mimic the disease symptoms.

8. Attempts to induce mycelial growth of species of Taphrina were

unsuccessful.
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Appendix Table 1. Medium for growth of Taphrina deformans. L.
Caporali. Rev. de cytologie et de biologie
vegetale 27:303-413. 1965.

Constituents Amount/liter

Commercial malt 20

Glucose 8

Saccharose 8

Peptone granules 10

L-asparagine 2

NH
4
NO3 lg

KN O3 1

K
2

HPO4 1

KH
2

PO4 0.5 g

(NH4)3PO4 0.6

Na2HPO4 0.3

MgSO4' H2O 0.3

MgCO3 0.2 g

CaCO
3

0.1 g

(NH4)2SO4 0.25

FeC1 3'6H20
0.01g

ZnS04 H2O 0.001

MnS04.4H 20
0.001

CuSO4 0.0005

Citric acid 4.1

Agar 10

Distilled water 1000 ml


