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ABSTRACT OF THESIS 

THE EFFECTS OF ETHEPHON ON THE ROOTING OF CUTTINGS 

Ethylene has been shown to promote rooting in a number of species 

of herbaceous and woody plants. Becaus e ethylene is a gas it is im-

practical for treating cuttings. Ethephon, a liquid which releases 

ethylene to plant tissue, offers a practical means of treating cuttings 

with ethylene. This research was designed to investigate the effect 

of ethephon solutions at various pH's on the rooting of cuttings and 

on ethylene levels within cuttings. 

Woody cuttings of Salix caprea, Ribes alpinum, Salix alba, Po-

tentilla fruticosa, Rosa hybrida, Rosa laxa, Forestiera neomexicana and 

Populus deltoides were treated with unbuffered solutions of ethephon 

and rooted under intermittant mist in a greenhouse. The latter five 

species were also treated with IBA and ethephon plus IBA. Response to 

the treatments was measured as percent rooted, number of roots per 

cutting, and root dry weight per cutting. Ethephon promoted rooting 

of~- caprea and P. fruticosa only. In no case was ethephon as ef-

fective as IBA. 

Light grown mung bean cuttings were treated with solutions of 

ethephon, IBA and the combination of both. Trea tment solutions were 

unbuffered, or buffered at pH 3.7, 5.7 and 7.4. Ethylene levels in 

treated cuttings were determined by p.as chromatography and rooting was 

measured as number of roots per cutting. Ethephon treatment resulted 
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in increased tissue ethylene levels with increasing solution pH, but 

no effect on rooting occurred at any pH. IBA treatment had no effect 

on tissue ethylene levels, but it did strongly promote rooting . 

Kenneth W. Mudge 
Department of Horticulture 
Colorado State University 
Fort Collins, Colorado 80523 
Fall, 1976 

iv 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

ACKNOWLEDGEMENTS 

I wish to express my sincere appreciation to the members of my 

graduate committee, Dr. David E. Hartley, Dr. Cleon Ross, Dr. Bert T. 

Swanson and Dr. Milton Workman, for their enthusiastic guidance and 

instruction during my graduate study at Colorado State University . 

Special appreciation is extended to Dr. Bert T. Swanson, chair-

man of my graduate committee for his encouragement and assistance 

during the experimental phase of this study and his critical review of 

the manuscript during all phases of its development. 

I also wish to express my thanks to the many other persons who 

have assisted me during my graduate study . 

Appreciation is expressed towards Amchem Products, Inc., Ambler, 

Pennsylvania, for donating the growth regulators used in this study. 

Sincere appreciation and gratitude are extended to my wife, Beth, 

for her understanding, cooperation, and encouragement throughout . 

V 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

TABLE OF CONTENTS 

LIST OF TABLES. 

LIST OF FIGURES 

viii 

ix 

Chapter 

1 

2 

3 

INTRODUCTION 

REVIEW OF THE LITERATURE ON ETHYLENE 
IN PROPAGATION 

Nomenclature. 
Ethephon as an Ethylene-Releasing Compound. 

The Effect of Ethylene on Rooting. 
Ethylene and Auxin Interactions in Rooting. 

Mechanism of Action 

THE EFFECTS OF ETHEPHON ON THE ROOTING OF SEVERAL 
SPECIES OF WOODY PLANTS 
Experiment I: The Effect of Ethephon Concentration 

1 

3 

3 

4 

8 

19 
25 

36 

on the Rooting of Five Species of Woody Plants 36 

Materials and Methods . 36 

Results and Discussion. 39 
Experiment II: The Effect of Treatment Duration and 
Ethephon Concentration on the Rooting of Salix 
caprea and Potentilla fruticosa 43 

Materials and Methods . 

Results and Discussion. 
Experiment III: A Comparison of the Effects of 
Ethephon, IBA and the Combination of Both on the 
Rooting of Five Species of Woody Plants. 

Materials and Methods . 
Results and Discussion . 

Summary and Conclusions . 

vi 

43 

46 

48 

50 

52 
58 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Chapter 

4 

5 

THE EFFECT OF ETHEPHON, IBA AND TREATMENT 
SOLUTION pH ON ROOTING AND ON ETHYLENE 
LEVELS IN MUNG BEAN CUTTINGS 
Experiment I: The Effect of Unbuffered Solutions 
of Ethephon, IBA and the Combination of Both On 
Rooting and on Ethylene Levels in Mung Bean 
Cuttings 

Materials and Methods 
Results and Discussion, 

Experiment II: The Effect of Treatment Solution 
pH on Rooting and Ethylene Levels in Mung Bean 
Cuttings Treated with Ethephon, IBA and the 
Combination of Both 

Materials and Methods 
Results and Discussion. 

Summary and Conclusions 

SUMMARY 

LITERATURE CITATIONS. 

APPENDICES 

vii 

.61 

.62 

.62 

.65 

,68 

,68 

,70 

.72 

.79 

,81 

-87 



• 

• 
Table 

• I 

II 

• III 

IV 

• V 

VI • 
VII 

• 
VIII 

• IX 

• 

• 

• 

LIST OF TABLES 

Summary of experiments on the effect of 
ethylene on rooting. 

The effect of ethylene on the rooting of 
various catagories of plants . 

Summary of experiments on the effect of 
auxin plus ethylene on rooting . 

The effect of ethephon concentration on the 
percentage of cuttings rooted for five 
species of woody plants (Experiment I) 

The effect of ethephon concentration on the 
root dry weight per cutting for five species 
of woody plants (Experiment I) 

The effect of treatment duration and ethephon 
concentration on the percentage of cuttings 
rooted for Salix caprea and Potentilla 
fruticosa (Experiment II). 

The effect of treatment duration and ethephon 
concentration on (A) the number of roots per 
cutting and (B) the root dry weight per cut-
ting for Salix caprea (Experiment II). 

The effect of ethephon, IBA, and the combination 
of both on the percentage of cuttings rooted 
for five species of woody plants (Experiment Ill). 

The arrangement of treatments in mu~g bean 
Experiment II. 

viii 

9 

16 

21 

38 

42 

42 

44 

45 

69 



• 

• 
Figure 

• 1 

2 

• 3 

4 

• 
5 

• 6 

7 

• 
8 

• 9 

10 

• 11 

• 

• 

LIST OF FIGURES 

The proposed reaction mechanism for the release 
of ethylene from ethephon . 

Hypotheses proposed to account for the effect(s) 
of auxin and ethylene on rooting. 

The effect of ethephon concentration on the number 
of roots per cutting for five species of 
woody plants (Experiment I) 

The effect of treatment duration and ethephon con-
centration on the number of roots per cutting for 
Potentilla fruticosa (Experiment II) 

The effect of treatment duration and ethephon con-
centration on the root dry weight per cutting for 
Potentilla fruticosa (Experiment II) 

The effect of ethephon, IBA, and the combination 
of both on the number of roots per cutting for 
five species of woody plants (Experiment III) 

The interaction between ethephon and IBA for Salix 
alba with respect to the number of roots per 
cutting (Experiment III) 

The interaction between ethephon and IBA for 
Potentilla fruticosa with respect to the 
number of roots per cutting (Experiment III). 

The effect of ethephon, IBA, and the combinat ion 
of both on the root dry weight per cutting 
for five species of woody plants (Experiment III) • 

The apparatus used to extract gas samples for 
ethylene determinations from mung bean cuttings. 

The effect of ethephon, IBA, and combinations of 
both on (A) tissue ethylene levels, and (B) the 
number of roots per mung bean cutting 
(Experiment 1). 

ix 

5 

27 

40 

47 

49 

53 

54 

56 

57 

64 

66 



• 
Figure 

• 12 

• 13 

14 

• 

• 

• 

• 

• 

• 

• 

• 

The effect of treatment solution pH on the 
number of roots per mung bean cutting 
treated with ethephon, IBA, and the 
combination of both. 

The effect of treatment solution pH on tissue 
ethylene levels in mung bean cuttings treated 
with ethephon, IBA and the combination of both 

The relationship between (A) tissue ethylene levels 
and (B) the number of roots per cutting for 
mung bean cuttings treated with ethephon and 
ethephon plus IBA at several treatment 
solution pH's . 

X 

71 

73 

74 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

CHAPTER 1 

INTRODUCTION 

When the effects of the plant growth regulator ethylene are 

enumerated in modern plant physiology and plant propagation texts, 

the list often includes the promotion of rooting (42, 60, 41, 6, 27) . 

This response, first reported in 1933 (76), was one of the earliest 

known plant responses to ethylene. 

For commercial plant propagation, the promotion of rooting by 

ethylene gas was of no value because of the difficulty of treating 

cuttings with a gas. However, with the development of ethephon, a 

liquid which releases ethylene gas to plant tissues, a practical 

method became available for treating cuttings with ethylene. 

Although the stimulation of rooting in response to ethylene re-

ported by Zimmerman et al. (76) was quite dramatic, numerous studies 

since then with both ethylene gas and ethephon have been less con-

clusive. There are nearly as many reports that ethylene inhibits 

(59, 53, 64, 49, 44) or does not affect rooting (47, 64, 61, 65, 62, 

54, 68, 8) as there are reports that it promotes rooting (55, 77, 76, 

59, 15, 35, 47, 16, 38, 39, 40, 8, 7, 63, 12, 68). The response 

appears to be species dependent (59, 76, 47, 63, 68) . 

At about the same time that ethylene was found to promote rooting 

synthetic auxins were also reported to be effective in stimulating 

this response (32). Ethylene is not widely used commercially as a 

root promoting compound; however, auxins are used for this purpose 
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throughout the plant propagation industry. That auxins have been 

shown to stimulate ethylene production in many plant tissues (1) 

suggests that the ability of both to promote rooting may be more than 

coincidental. 

The objective of this study was twofold. First, to evaluate the 

effectiveness of ethephon as a root promoting compound for cuttings 

from several sep cies of woody plants, and secondly, to investigate 

the correlation between the level of ethylene gas within cuttings re-

sulting from ethephon and auxin treatments and the rooting response to 

these treatments . 
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CHAPTER 2 

REVIEW OF THE LITERATURE ON ETHYLENE IN PROPAGATION 

Nomenclature 

Prior to discussing the literature concerning the effects of 

ethylene on rooting, a few definitions and clarifications are in order. 

The term "rooting" itself is somewhat imprecise. Rather than a single 

event, rooting refers to an ordered developmental sequence beginning 

with the first biochemical event prior to any anatomical changes and 

culminating in the emergence of a visible root from the tissue from 

which it developed. For clarification several authors (19, 22, 27, 26, 

53) have found it helpful to subdivide rooting into a number of dis-

tinct stages. However, rooting is a continuum rather than a series 

of distinct stages. The term root formation is used in the same sense 

as rooting, and points out the developmental nature of the process. 

When rooting occurs in response to an external stimulus such as a 

hormone treatment or wounding, the period between the stimulus and 

the first anatomical change is referred to as dedifferentiation (27, 

22, 19). Root initiation refers to the initial cell divisions which 

determine the number and position of the developing roots (27, 22, 

53). Root initiation results in an undifferentiated clump of meri-

stematic cells called root initials (27). Root initials then undergo 

differentiation into root primordia (27, 19, 53). Root primordia 

undergo elongation (19) and finally emergence (27, 53) from the tissue 

from which they arose. Unless otherwise indicated, this reveiw will 
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deal with the fonnation of adventitious roots defined by Esau (21) as 

roots not arising in normal sequence from the root pole of the embryo 

or a branch thereof. 

A special class of adventitious roots is preformed adventitious 

roots or preformed root primordia (PRP). These refer to root primor-

dia laid down in the stems of some plant species during the normal 

course of stem development (27, 11, 19, 21, 24, 26, 69, 72). Pre-

formed root primordia usually lie dormant within the stem unless 

stimulated to elongate and emerge by wounding or some other external 

stimulus. Adventitious roots which are not preformed and which 

initiate only in response to an external stimulus are referred to as 

induced roots (26). 

The term cutting refers to a plant part excised from the whole 

plant, from which the missing organs may be induced to regenerate (27). 

Although the phrase "stem cutting" is in common usage, and will be 

used here, in most cases it would be more proper to use the phrase 

"shoot cutting" since most stem cuttings include both stem tissues and 

leaf or leaf bud tissues, making them shoots (21). 

Ethephon as an Ethylene-Releasing Compound 

In the introduction it was pointed out that the use of ethephon, 

an ethylene-generating liquid, was potentially a more practical means 

of treating cuttings with ethylene than the use of the gas itself. 

Ethephon is the common name for 2-chloroethylphosphonic acid (Figure 

1). It is also referred to as CEPA (74), Amchem 66-329 (3) and 

Ethrel® (3). The compound was first synthesized in 1946 as cited by 

deWilde (18), but not until 1963 was the formation of ethylene from it 
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described by Maynard and Swan (46). Warner and Leopold (70) were the 

first to describe the use of ethephon as a plant growth regulator. 

Apparently unaware of Maynard and Swan's earlier demonstration that 

ethephon breaks down non-enzymatically to yield ethylene plus a chlo-

ride and a phosphate ion (46), Warner and Leopold suggested that 

ethephon stimulated the plant to produce endogenous ethylene in a man-

ner analogous to auxin-stimulated ethylene product i on. Thi s notion was 

convincingly put to rest by Lougheed and Franklin (45) who demonstrated 

that ethephon-treated tomato fruits had equivalent amounts of ethylene 

gas when treated in a nitrogen atmosphere or in air. Since tomato 

fruits are incapable of endogenous ethylene production under anaerobic 

(N2) conditions, the ethephon molecule itself was implicated as the 

source of ethylene . 

The true mechanism of ethylene generation from ethephon was again 

accurately described by Edgerton and Blanpied (20) (without acknowledg-

ing Maynard and Swan's (46) earlier work) and verified by Yang (74) . 

The reaction mechanism (Figure 1) involves the base catalyzed nucleo-

philic attack of the phosphonate dianion (electrophile) by water or a 

hydroxyl ion (nucleophile). A series of electron shifts results in the 

net withdrawal of an electron by chlorine and the consequent fragmenta-

tion of the molecule into a chloride ion, a molecule of e t hylene and a 

phosphate ion(46, 20, 74). Maynard and Swan (46) showed that the 

phosphonate group of the ethephon molecule must be in the dianion form 

(R-P0
3
-) for the reaction to take place. They suggested that the 

dianion is more strongly polarized (Pa+ o-) than the monoanion 

(R-P0
3
H-), and thus acts as a more effective electrophile. This re-

quirement for the dianion form explains the observed pH dependency of 
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the reaction . . The breakdown of ethephon occurs very slowly at pH's 

below 4.5 and increases as the pH is raised above that point (46, 20). 

At pH 4.5, the second -OH on the phosphonate group begins to ionize, 

resulting in the formation of the dianion . 

The role of pH in the breakdown of ethephon is of importance be-

cause the pH of even a dilute ethephon solution is quite acidic. A 

10 ppm solution of ethephon has a pH of 3.7, and a 1000 ppm solution 

has a pH of 2.7 (personal observation). At these acidic pH's, the 

breakdown of ethephon would be extremely slow (20). Only if the treat-

ment solution was buffered in some manner by the plant tissue would 

the rate of ethylene production be faster. Some investigators (18, 

13) have assumed that the release of ethylene from ethephon occurs 

within plant cells where the pH i8 buffered relatively high (>pH 4) . 

This assumption is based on the results of a single -study by Warner 

and Leopold (71). They measured ethylene evolved from ethephon-treated 

leaves of Bryophyllum cruentum grown under long day or short day con-

ditions. Leaves grown under long day conditions have a higher tissue 

pH than short day grown leaves, as well as a significantly faster rate 

of ethylene release from ethephon. Warner and Leopold (71) assumed 

that the difference in tissue pH was due entirely to a difference in 

intracellular pH and therefore the release of ethylene from ethephon 

must occur intracellularly to account for the different rates of ethyl-

ene evolution. However, if the difference in tissue pH between long 

day and short day plants is extracellular as well as intracellular, as 

seems likely (though unproven), then no such conclusions can be made 

about the site of ethephon breakdown . 
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Since the. ethephon molecule is an anion and "foreign" to the 

plant, it seems unlikely that its transport into plant cells is very 

rapid. Prior to absorption, ethephon would remain in the relatively 

unbuffered extracellular spaces (cell walls and xylem elements) where 

the original pH of the treatment solution would be expected to influ-

ence the rate of ethylene release from ethephon. It is surprising 

then, that none of the experiments discussed in this review mentions 

the pH of the ethephon treatment solutions, nor have buf fered treat-

ment solutions been used. 

The Effect of Ethylene on Rooting 

In the nomenclature section of this review the process of rooting 

was arbitrarily divided into five stages--dedifferentiation, initia-

tion, differentiation, elongation and emergence. Ideally, in studying 

the effect(s) of a growth regulator on roo ting, it would be desirable 

to be able to determine at what stage(s) of the rooting process the 

growth regulator has its effect. In practice, however, this is rarely 

done because of the difficulty involved in such a highly specific de-

termination. Instead, results are usually reported simply as an effect 

on rooting in general rather than some specific stage of rooting. 

Some investigators (76, 53) have assumed that an ethylene treatment 

which promotes the rooting of a plant species which has preformed root 

primordia represents a stimulation of the emergence of the preformed 

root primordia. This assumption is not necessarily correct since 

neither investigator ruled out the possibility that ethylene could be 

promoting formation of new roots. The same assumption will not be made 

in this review. Table I summarizes the reports in the literature on 
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the effec t of ethylene on rooting. The species investigated are di-

vided into t hos e with preformed root primordia and those without . 

Of the studies included in Table I, several different parameters 

have been used as measures of rooting. This makes comparisons between 

studies less meaningful. The most connnonly reported parameter is 

number of roots per cutting . The percentage of cuttings rooted has 

also been used as a quantitative measure of rooting. In a number of 

studies, the effect of ethy lene h as been reported qualitatively, simply 

by indicating the results in subjective terms such as "sli gh t," 

"mod e rate" or "heavy" rooting. To facilitate comparisons between 

studies, Table I also indica t es the concentration of growth regulator 

used and whether the source of ethylene was ethephon or ethylene gas. 

The first and by far the most extensive study of th e effects of 

ethylene on rooting was carried out by Zimmerman~~- during the 

193O's (76, 77, 14, 34). Rooting was one of several plant r espon ses 

to ethylene which they discovered. Of the 27 different species or 

varieties of plants which they exposed to ethylene gas, 15 responded by 

formation of adventitious roots (77). Fourteen of the 15 were herba-

ceous intact plants. Th e only wo ody plant, Salix babylonica , was 

made into cu ttings . In all species the stimulation of r oo ting in re-

sponse to ethylene f umigation cons isted of the appearance of roots 

along the above-ground sterns, and in several species r oots formed on 

the underside of l eaves and petioles as well. Then ethylene gas was 

dissolved in lanolin and applied locally to stems of intact tomato 

plants, root formation occurred only where the lanolin contacted th e 

stern (14) . 
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Since this initial wo rk (77, 76, 14, 34), the promotio n of rooting 

by ethylene has been verified by other investigators for several of 

the same or rel ated kind s of plants (47, 35, 53, 59, 55, 8, 36). For 

example, the rooting of Salix c uttings was promoted by ethylene gas 

(35, 36, 47) and by ethephon (35, 36). Mullins (53) verified the 

findings of Zimme rman~ al. (76) with intact marigold plants (Tan-

getie s erecta). Both rep o rt e d a promotion of r ooting b y ethy l en e . 

Usin g e thephon rather than e thylene , Roy ~ - (59) sho wed t ha t root-

ing of marigold stem cuttings was also stimulated. In co ntrast, th e 

rooting of tomato cuttings wa s slightly inhibit e d by ethc pho n (59) 

whereas e thylene gas promoted rooting of intact plants of this same 

spec ies (76). Rooting of intact t omato plants was also promoted by 

ethephon applied as a soil drench (55) . The promotion of aerial prop 

root formation on intact corn plants reported by Zimmerman~ al. (76) 

was v e rified b y Briggs (8), except that he used e thephon instead of 

e thylene gas . 

The mung bean (Phaseo lus aureus) rooting bioassay d eveloped by 

Hess (28, 29, 30) has been used by several authors to investigat e th e 

effect of et hylene on rooting. Using dark grown mung bean c uttings as 

s tipul a ted in th e original mung bean bioassay, Mullins ( 53) repo r ted 

that eth e phon inhibited r oo ting o f dark grown mun g b e an seedl i ngs but 

not to the extent reported by Mullins (53) usin g ethyl ene gas . Kr ish-

namoorthy's (38. 39, 40) r e sults with light grown mung b ea n c uttings 

differ s trongly fr o m those obtained using dark g rown cuttings (5 3 , 39) . 

Rooting of light grown cuttings regardle s s of their age ( 5-, 10- , 15-

days-old) was promoted by e thephon (39, 40) . Ro y e t al. (59) also 
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reported that th e r oo ting of light grown mung bean c uttings was pr,i -

moted b y e thephon. 

Curtis and Fellenberg (16) r epo r ted a two-fol d increase in th e 

ro o ting o f another species of bean, Phaseolus vulgaris, in response to 

treatment wi t h e th ephon. Linkins ~- (43), howeve r, reported that 

the r oot in g of this species was unaffected by ethylene gas. 

In two sep a r ate experiments ( 61, 64) e thepho n was r e ported to 

have no effect on the rooting o f chrysanthemum (Crysanthemum mo ri fo-

J iu~) c uttings . Likewise, t wo ind epe nd e nt studies (62 , 63) r epo rt ed 

that rooting of aspen (Populus tr emuloid e s) c uttin gs was unaffect ed by 

ethepho n. 

Ove rall, there does appea r t o be fairly good agreement between 

different investigato rs working with the same spec ies of plant. What 

is mos t apparent from t h e r esea r ch co nducted to date (Table I) is 

that th e r oo tin g of plant s in response to ethyl e ne is species -dependent 

(59 , 76, 68 , 6 2 , 53, 4 7 ) . By dividing the experiments listed in Ta bl e 

I into variou s " either-or" ca tego ries fo r comparative purposes , it is 

possible t o make some general iza t ions as t o the c ha ract e ri st ics o f 

p lants which do or do not r espond to ethylene with improved rooting . 

Table II is arran ged to show comparisons between several of these 

" e ith e r-o r" categories. The few entri es on Table I dealing with root 

formation on organs o ther than stems (7, 56, 49, 50) ar e not includ ed 

i n th e compa r i sons made in Tab l e II since they may repres e nt physiolo -

gicall y diss i mil a r systems and will be disc ussed as a s epa rat e case . 

Th e comparisons i n Table II betwee n herbaceo us v s . woody plants, 

intact plants vs . cu ttings, an d plants with prefo rme d roo t s vs. thos e 

without, do no t in c lude in th e calculations t h e 12 t yp es o f plants 
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Tabl e II. The eff ec ts of ethylene on the rooting of various ca te-
gories of plants . • Promotion Inhibition No Eff ec t 

Comparisons of Rooting of Rootin g on Rooting 

Herbaceous 76 % 6% 18% 

• Woody 68% 11% 21% 

Intac t 100% 0% 0% 

• Cuttings 59% 12% 30% 

With pr e formed r oot primord ia 86% 14 % 0% 

Without preforme d r oot primordia 69% 5% 26 % 

• 
Ethephon 65% 10% 26% 

Ethylene gas 56% 3% 41 % 

• To tal 60% 6% 34 % 

• 

• 

• 

• 

• 
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which did not respond to ethylene in the study by Zimmerman~ al. 

(76). They did not identify these 12 plan ts by name, nor did they in-

di ca t e whether they were herbaceous or woody, intact or c uttings, or 
.. 

whether they did or did not have preformed root primordia. The same 

cal c ulations also do not include the unspecified "ornamental cu ttings" 

in the report by Briggs (8). 

The percentages in Table II were cal culated based on the r elative 

occurrence of a (+), (-), o r (0) in th e " effects" co lumn of Table I. 

For example, 39 of the 65 entries in Table I which deal with s tems, 

repor t a promotion of rooting by e thyl ene. Thus, Table II indicates 

that 59% of t hese experiments indicate a promotion of rooting on stems 

by ethylene. Furthermore, Table II indicates that ethylene is not 

much more effective as a root promoting compound with herbaceous 

plants (76%) than it is with woody plants (68%). 

While only 59% of the experiments with cuttings report a promotion 

of rooting by ethylene, a full 100% of the experiments with intact 

plants report a promotion of rooting. It should be pointed out that 

aerial root formation on stems of intact plants in response to ethyl-

e ne is usually an "all or nothing" response in that intact plants not 

treated with ethy lene us 11ally do not form any aeria l root s. Untreated 

c utti~, on the o ther hand , o ften root but to a lesser extent than 

treat e d cutt ings. Thus, the l it erature indicates that ethylene is more 

effective in promoting rooting of intact plants than of cuttings. 

Table II a l so compares species which have preformed roo t primor-

dia to spec ies which do not. Nearly 90% of the experiments on species 

which have preformed root primordia report a promotion of rooting by 

e thylene whereas l ess than 70% of the experiments on species wi thout 
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preformed root primordia r eport a promotion of rooting by ethylene . 

This indicates that ethylene is a more effective root promoting com-

pound with species which have p reformed root primordia tha n species 

which do not . 

Finally, Table II compares the effectiveness of ethephon as a 

sour ce of ethylene to the application of ethy lene gas direc tly. There 

a re approximately as high a percentage of report s that ethephon pro-

motes rooting (65 %) as there are r epor ts that ethylen e gas promotes 

r oo ting (56%) . This suggests that ethephon is an effective ethylene-

releasing compound in this type of expe riment regardless of the l ow pH 

of the treatment solution. 

When a comparison is made between the three responses to ethylene 

included in Table II--promotion, inhibition, or no effect on rooting--

it is apparent that reports of a promotion of r ooting by e thy lene (60% 

of total) are about ten-fold more frequent than reports of inhibi tion 

(6%). There are approximately half as many reports of "no effect" as 

there are reports of promotion of rooting. While ethylene is no t an 

effective root promoting compound for all t ypes of plants, it is effec-

tive more often than not . 

Table I also includes reports of the effect of ethylene on rooting 

of plant tissue o ther than stems, i.e. leaves, roots, tissue grown in 

vitro (tissue culture). Of the 15 species in the study by Zimmerman et 

~- (76) which formed stem-born adventitious roots in re s ponse to 

ethylene, three also formed roots on their leaves. These were Cosmos 

sulphureus, Heliotropium peruvianum and Tagetes erecta. Boe~ al. (7) 

reported that both ethylene gas and ethephon promoted rooting of sedum 

leaf cuttings . The only report on th e effect of ethylene on lateral 
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root formation on roots was radish (56) wherein ethylene gas inhibited 

lateral root format ion . 

Finally, there are two reports of the effect of ethylene on root 

formation on plant tissue grown in vitro . They were with cultured 

Sinapis cotyledons (50) and cultured potato s hoot tips (49). Rootin g 

of both was inh ibited by ethylene gas. 

Ethy lene and Auxin Interactions in Rooting 

Much of th e research concerned with the effects of ethylene on 

rooting has not only compared an ethylene treatment(s) with an un-

treat e d control , but has also compared it with an auxin treatment and/ 

or a combined treatment of auxin plus ethylene. The rationale for in-

c luding an a uxin treatment in these experiments is obvious if one con-

siders the importance of a uxins in th e commercial plant propagation 

"industry." There would be no point in encouragin g the use of ethylene 

o r ethephon as commercial root promoting compounds if the y were not 

at least as effective or more effec tive than currentl y available auxin 

preparations. When ethylene has been compared directly to auxin in a 

single expe riment, the auxin trea t ment is usually more effective in 

stimulating rooting (58, 37, 39 , 40, 53 , 43, 54). There a re exceptions 

to this generalization. Krishnamoorthy (38, 39, 40) and Roy et al. 

(59) r epo rted that ethephon signifi cantl y promoted rootin g of mun g 

bean cut tings , whereas the auxin , IAA, was n early without effect. Two 

syntheti c a uxins, IBA and NAA, are more effective than ethephon in pro-

moting r oo ting of mung beans (59, 40). The lack of response to the 

native auxin IAA is a characteristic of the mung bean rooting bioassay 

( 28) . 
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Ethephon has also been reported to be more effective than auxin in 

promoting rootin g of aspen stem cuttings (63) and se dum l eaf cuttings 

(7). In general, a u xins are more effectiv e promote.rs of rooting than 

e thylene. Audus (4) compiled the re s u l ts of 1240 rootin g experiments 

wi th a uxin and found that 86% reported a promotion by auxin. In con-

trast, only 60% o f rooting experiments with ethylene result ed in a pro-

motion (Table II) . 

Whereas ethylene alon e is g ne rally not as effec tive in promoting 

r ooting as auxins, th e combination of e thylene pl us auxin has been r e -

ported in a numb er of e xpe riment s to be more effective than e ither 

treatment alone (38, 39, 40 , 59 , 63, 47). Table III list s experiments 

in which auxin and ethylene have been use d in combination. It indi-

cates that the effec t of the combined treatment is often syner g isti c . 

Synergism is indicated when the auxin plus ethylene treatment re s ult s 

in a greater stimulation of rooting than the sum of the two separate 

treatments. This is a posi tive interac tion (66). Antagonism (ne gat i ve 

interaction) is indicated when the ethylene plus auxin treatment r e -

sults in less rooting than the sum of the two separate trea tments. 

Synergism or antagonism can be determined b y th e followin g formula 

(25): 

S = C - (A+B), where 

A is the difference between t he auxin treatment and tl1e untr e11tvd 
control , 

Bis the difference b etween the ethylene treatment nnd the co11-
trol, 

C is the difference betwe en the combined ethylen e plus auxin 
treatment and the control . 
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A positive value for S indicates that th e ethylene plus auxin 

treatment had a synergisti c effec t on rooting . A negative value for 

S indicates that the ethylene plus auxin treatment had an antagonistic 

ef fect on rooting. Obviously, four treatments must be included in an 

experiment to determine S: (1) an untreated control , (2) an ethylene 

treatment, (3) an auxin treatmen t, and (4) an ethylene plus auxin 

treatment . 

A synergistic (or antagonistic) effect on rooting indicates tha t 

the two compounds do not act independently, but rather that they inter-

act in some manner. An example of such an interaction is that auxin 

stimula tes ethylene production in many plant tissues (1). This is 

only one of a number of possible interaction s between auxin and 

ethyl e ne that migh t be responsible for their synergistic e ff ect on 

rooting. The underlying causes for synergism will be d iscussed in 

the section on mechansims of action. 

Of the experiments listed in Table III which included the four 

treatments necessary for determining additivity, synergi sm , or a nta-

goni s m, the maj orit y s howed a synergism between ethylene and auxin (63, 

47, 38, 39, 40, 59). Two reported a n antagonism (40, 59). Only one 

experiment (63) reported that the effect o f ethylene plu ~ auxin was 

strictly additive (S=O). This type of data indicates that ethylene 

and aux in do in fact interact with each other in some wa y to promote 

rooting. However, the n ature of the interaction is not known. 

For lack of a better explanation for the occurrence of both syn-

erg i sm and antagonism in Table III, one might say that th ey are due to 

differences between species; however, within the single species, mung 

bean, there are reports of both. Different results with a single 
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species might be due to differences in the experimental methods of dif-

ferent investigators, or due to differences in the concentrations o f 

growth regulators, or as Krishnamoorthy (39) has suggested, differ en ces 

in the age of the mung bean seedlings. Obviously, it is difficult to 

make interspecific or intraspe c ific comparisons when the e xp e rime n ta l 

conditions diff e r from experiment to experime nt. Roy~~- (59) 

compared the rooting respons e of three different species u s ing id e nti-

cal experimental cond itions and grow th regulator con centration s f o r nll 

three , thus making interspecific compa risons more meanin gful . They 

found with tomat o cuttings that ethylene plus auxin promoted rootin g 

synergistically, wh e reas the same treatme nt antagonized r oo tin g of mun g 

bean and marigold cut tings. These results suggest that th e response to 

a uxin plus ethylene is species-dependent . 

Auxin plus ethylen e may result in a g reater stimulation o f rooting 

than either compound alone. Linkins al. (43) have suggested that 

there may be an absolute requirement for e thylene in auxin-stimulat e d 

rooting . This conclusion was based on experiments with Red Kidney bean 

(Phaseolus vulgaris) in which they us ed a me rcuric p e r chl o rate trap to 

remove endogenou s ethy l ene from auxin-treated cuttings. In the ab s ence 

o f ethylene the auxin treatment r es ulted in some initial cell div i s ion, 

but no roo t ing e ns ued. Conversely, when they tre a ted b ea n cut tings wi t h 

ethylene but no auxin, cor tical swelling and cell separation occu rr ed, 

but again no rooting took place. Only when auxin and th e endogenou s 

e thylene synthesized upon auxin trea tment were present t oge the r d id 

rooting occur. Additional exogenous application of ethy l e ne gas t o 

a uxin-treated cut tings had no further effect on rooting . 
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Likewise, Schmid~~. (63) reported that Populus tremuloide s 

cu ttings treated with IBA alone did not roo t but cuttings treated with 

ethylene (or ethephon) plus lBA did root. These results support the 

conclusions of Linkins al. (43) but they differ in that 

endogenous ly-generated ethylene was sufficient in the bean cuttings , 

whereas the R_. tremuloides cuttings required exogenous ethylene. 

To summarize the result s of experiments performed t o date, ethyl-

ene promotes rooting in some inst ances , but generally not as well as 

auxin. The rooting of intact plants and plants with preformed root 

primo rdia is more l ikely t o be promoted by ethylene than the rootin g of 

cuttings and plants without preformed root primordia. Often, the com-

bined treatment of auxin plus e thylene is more effec tive in promoting 

r oo ting than either treatment alone . 

Mechanism of Ac tion 

To discuss the effect(s) of ethylene on rooting, be it endogen-

ously generated or exogenously applied, one must keep in mind the over-

all he terogenous sequence of events which is referred t o as "rooting ." 

A simple model was outlined in the nomencla ture section of this r eview 

as follows: 

Dedifferen tiation ..... Initiation • Differentiat ion • Elongation • Emergence 

These five arbitrar y stages actually represent a continuum. Since 

dediff e rentiation has not been mentioned in the literature with r e-

spec t to the effect of ethylene or auxin on rooting, it will not be 

furth e r discussed in this review. In the case of preformed roo t pri-

mordia, development is arrested for an indefinite period of time be-

tween differentiation and elongation (11) . 
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It is reasonable to assume that various compounds which affect 

rooting act at diff erent points along the sequence. It is also con-

ceivable that a s ingle growth re gulator might have an effec t at two or 

mo r e points along the sequence. It has been sugges ted, for example, 

that auxin might have an effec t on root initiation at th e level of 

t r ansc r ipt ion or protein s yn thesis (27), wh ile ethyl ene affects the se-

quence by promoting e longation of roo t primordia (53, 76). Auxin then 

mi ght have a se conda r y effect on e l ongation v ia its stimulation of 

e thylene production. 

Several hypo theses that have been put forth to account for th e 

effect(s) of ethylene and auxin on rooting a re summarized in Figure 

2 . This summary is not intended to be all-inclusive. It simply indi-

cates the most likely hypotheses. In the remainder of this se c tion, 

ea ch hypothesis will be discussed individually. This review will no t 

a tt empt to discuss primary mechanisms involving transcription, trans-

lation or allosteric mechanisms, as experimental evidenc e at this 

level is extremely limited . 

Auxin Effec t s 

A Direc t Effect of Auxin on Ro o t 
Initiation (Al of Figure 2) 

Since this mechanism of ac t ion for auxin does not pertain directly 

to t he topi c of this revi ew , it will be discussed only in so far as it 

relates to the effec t(s) of ethylene on rooting. Boulline's well-known 

and long-discussed Rhizo caline Theory as cited in Dor e (19), and the 

Auxin/ Cofac tor Theory of Hess (31) specifically addresses the mechanism 

o f a direct auxin effect on roo t initiation . 
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An Indirec t Effect of Au xin on Rooting Via 
Its Effec t on Ethylene Synthesis 
(A2 of Figure 2) 

The concept of auxin affec t ing a physiological proc es s via an 

e thylene intermediate is not restricted t o rooting. Thi s r ole of 

auxin has been experimentally verified for a number of phys iolo gi ca l 

pro cess e s including abscission, l eaf e pinasty, initiation o f fl owe rin g 

in Xanthium, inhibition o f s t ern, r oo t and l eaf e l onga tion , pr omo ti on 

o f fl owering in bromeliads, inhibition of bud growth , f adi ng of or chid 

flow e r s , isocoumarin formati on in carrots, latex flow in rubb e r tr ees , 

inh ib ition of epicot yl o r hypocoty l hook openi ng in di co t seedlings, 

s wel ling of onion l eaf ba s es, induction of phenylalanine ammonia l yase 

in pa rsnip root, and increasing th e pe r cen t age of female flowers in 

dio e c ious plant s (1). Abeles (1) has propos ed five experiment a l cri-

teria for establishing tha t an effect of auxin on a given physiologic a l 

proc ess is mediated by an ethy l ene intermediate. They are as foll ows: 

1. demonstration of auxin-indu ced e thylene production ; 

2. demonstration th a t e thyl ene mimics the ef f ec t s of auxin; 

3. demonstration tha t a ux in e ff ec t s are lost or r edu ced in th e 
presence o f saturating amo unt s of e thylene ; 

4. demonstration that r emoval of ethylene by abs orpt ion , flu s h-
ing with ai r, or hypobaric s t o r age decreases th e e ff ec ti ve -
ness of auxin; 

5 . demonstr a tion of a decrease in the r espons e t o auxin i n the 
presenc e of CO 2 . This is based on the observa tion th at CO2 
competitive ly inhibits e thyl ene action in ma ny systems. In 
cases where CO2 has secondary, non-comp e titive, or t oxic e f-
f e c ts , the interpretation would be more diffi cu l t . 

Criteria 1, 2 and 4 ar e disc ussed be low. Criteria 3 and 5 have no t 

been investigated with resp ec t to auxin-st i mulat ed r oo ting a nd wi l l no t 

be discussed in this r eview . 
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Criter i on 1. Demonstratio n of auxin- induced ethylene production . 

Auxin-in d uced ethylen e production has bee n demonstrated in a wide 

variety of plant material. It was first demonstrated in 1935 by Zim-

merman and Wi l coxon (77) prior to the development of gas chromato-

graphy. Ma r igold plan t s, known t o be mo r e sensitive to ethylene than 

tomato, we r e pl aced unde r a bell jar wi t h auxin-treated t omato plants. 

The observa t ion that un t reat ed marigolds und e rwent epinast y was int er -

preted as a respo nse to t he ethylene produced by the auxin-treated to-

matoes since marigolds enclosed with untrea t ed tomato plants did no t 

und ergo epinasty . 

With the d evelopment of gas chroma t ography, it has b een possjble 

to qua n tita t ivel y measur e e t hylen e p rodu c tion from a wide variety of 

a uxin-treated t iss u es . I n f act, a uxin stimulates e thy l ene production 

in all cases investiga t e d excep t i n seeds, cell s us pension cultures 

of horseradi s h a n d sweet clove r, a nd in sever a l ma ture f ruits (1). 

Nevertheless, t he r e a re only t wo insta nces i n whi c h e thylene produc-

tion has b een measur e d in aux in- trea t ed tissue und e r going a rootin g 

res ponse t o t hat a ux in (43, 53) . Linkins a l . ( 43 ) repo rted that 

l0- 5M IAA, a ppl ied in l a nolin paste t o pet i ole st umps of d eb 1ade d b e an 

c uttings , res ulted in a stimula t ion of ethy l e n e production. This 

a uxin treatment also resulted in root i n it i ation as well as other ana-

tomi ca l and biochemical changes, inc l uding swe lling and separation of 

ce lls in the cortex a nd pith, xylem fo rmation, and changes in cellu-

lase isozyme patterns. 

Mullins (53) repo rt ed that auxin- s t imul ated ethylene production 

was ne ga tively correla t ed with r oot in g . Da r k grown mun g bean cuttings 

treated wi th I AA p r oduced s i gn i fi cantly mo r e e thy l e n e than IBA-treated 
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cuttings, but rooting was unaffected by IAA a nd strongly stimulated by 

IBA. Greater stimulation of e thyl ene production by IAA than by IBA 

was also reported by Abeles and Rub enstein (2) with Phaseolus vulgaris, 

but rooting was not investigated. Not only did Mullins (53) report 

that the auxin which stimulated the most ethylene producti on resulted 

in the least rooting, but also he reported that exogenously applied 

ethylene gas (in the a bs ence of auxin) inhibited rooting. Mullin s ' 

(53) r e sults argue aga inst the hyp o thesis that e thylene a c t s as an in-

termediate in auxin-stimulated rooting in this species. Rather, they 

suggest that auxin has some direct effec t on root initiation (Figur e 

1, Al). However, it should be stressed that Mullins' (53) results are 

atypical in that others (38, 39, 40, 59) have reported that e thyl e n e 

promotes rather than inhibits rooting of light grown mun g b ean cut-

tings. Also, the lack of response to IAA in the mung bean r oo ting bio-

assay is unique to this system (28). IAA promotes rooting of most 

other plants (27), bu t usually to a lesser extent than synthetic 

auxins ( e .g. IBA). This h as been a ttributed to the mor e rapid degra-

dation of IAA than IBA (19) since degradative enzymes specific for the 

na turally-occurring auxin IAA ( e . g. IAA oxidase) would b e prPsent in 

the plant , but enzymes spec ific for the "foreign" auxin IBA would no t 

be present. Neith e r this explanation nor Mullins' (53) exp l ana ti on 

that the greater effec tiveness of IBA is due to th e fa c t Lhat it stimu-

lates the least ethy lene production can be ruled o ut bas ed on the ex-

perimental evidence available . 
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Criterion 2. Demonstration that ethylene mimics the effect of 

auxin. Th e evidence pert a ining to this crit e rion for an ethylene in-

termediate in an auxin response has been discussed in the previous 

section of this review on the effects of ethylene on rooting as well 

as, to some extent, in the paragraph immediately above. To summarize, 

ethylene , like auxin, does promote rooting in some situations (55, 77, 

76, 59, 15, 35, 47, 16, 38, 39, 40 , 8 , 7, 63, 12, 68) but not in 

others (59 , 53, 64, 49, 44, 47, 64, 61, 63, 62, 54, 68, 8) . The root-

ing r esponse to auxins is, however, more ubiquitous, occurring in a 

greater number of species than ethylene-stimulated rooting. Within a 

given species, auxin is usually the stronger stimula tor of rooting. 

Cri t erion 4. Demonstration that removal of ethylene by absorp-

tion, fl ushin g with air, or hypobaric storage decreases the effective-

ness of auxin. The satisfaction of this criterion has been demonstra-

ted by Linkins al. (43). They used a mercuric perchlorate trap to 

remove endogenous ethylene from auxin-treated bean cuttings and re-

ported that rooting was no longer promoted by auxin. 

Ethylene Effects 

Direct Effect of Ethylene on Root 
Initiation (Bl of Figure 2) 

Zimmerman~ al. (76) concluded that ethylene promoted root 

initiation. This conclusion was based on the observation that ethylene 

caused aerial rooting on stems of intact plants which did not have 

preformed root primordia. The same conclusions cannot be drawn from 

studies involving cuttings without preformed root primordia because 

of the possibility that the very act of cutting might provide the 
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stimulus for root initiation. Ethylene t hen might be promoting the 

differen tiation, elongation and/or emergence of the wound-stimulat ed 

root initials rather than the initiation of the root initials per se. 

There is another interpretation for the experiments of Zinunerman 

~- (76) with intact plants besides a direct ethylene effec t on 

root initiation. Rooting could also be cuased by an ethylene induced 

alteration o f auxin transport (9, 52, 51) as discussed in the next 

sect ion. 

Unambiguous proof of a direc t ef f ec t of ethy lene on root initi a-

tion would necessarily involve microscopic and/or histological stain ing 

technique s to determine the presence o r absence of root initials prior 

to di fferen tiation, elongation, or emergence. A promotive effec t of 

e t hylene on rooting could be interpreted as an e ffect on root initia-

tion i f and only if it could be demonstrated that plants not treated 

wi th e thyl ene had significantly fewer roo t initials than trea ted cut-

t i ngs . Microhistological t echniques have not been employed in any 

study in which ethylene promoted rooting ; therefore, no direct eviden ce 

exis t s to support the hypo thesi s that e thyl ene has a direc t e ffect on 

root initiation . 

An Indire c t Effec t of Ethylene on Rooting 
Via a Modi f ication of Auxin Dis-
tribution (B2 of Figure 2) 

This hypothesis assumes that auxin has some direct effect on root 

initiation (Figu r e 1, Al). Furthe r, it assumes that a disruption of 

"normal " auxin distribution could trigger auxin-stimulat ed roo t ing. 

None of the studies conce rned with the ef fe c ts of e thylene on rootin g 

have ad dr es sed thi s hypo thesis directly . However , there are several 

s tudies which show that e thylene do es have an effect on auxin 
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distribution within the plant. Several of these studies have dealt 

with the ability of ethylene to interfer e wi th po lar auxin transport 

(9, 52, 51). It is conceivab l e that an inhibition of auxin transport 

might cause localized auxin accumulation and consequentl y root initia-

tion in those areas. 

An Effect of Ethyl e ne on the Elongation 
of Ro o t Primordia (B3 of Figure 2) 

This hypothesis has been s uggest e d by Zimme rman~ ~- (76) and 

by Mullins (53). There is no direct evidence to support it. Indirect 

eviden ce comes from the empirical observa tion that ethylene promot es 

th e roo ting of a number of species of plants whi ch have preformed root 

pr imordia (see Table I). Table II shows that 86% of all exper iment s 

o n species with preformed root primordia resulted in promotion of r oot -

ing by e thylene, while only 69% of the experiments on species witho ut 

preformed root primordia resulted in a promotion of rooting by ethyl-

en e . This strongly suggests that ethylene has some specific promotive 

e ffe c t o n root elongation. However, this must be consid e r ed indirect 

e vidence, since none of these studies verified that the roo ts which 

eme rged in response to ethyl e ne were from the preformed r oot primordi a 

rather than newl y initiat e d roots. 

Also, the r e is evid ence whi ch tends to dis credit t his h ypot hes i s . 

Ethyle ne inhibits the elongation of excised, previo usly eme rged r ad i s h 

roots (56) and previously emerged, inta c t pea roo ts (57). Also, Kr i ~h-

namoorthy (38, 39, 40) and Curtis and Fellenberg (16) r epor t e d that 

e ven though ethyl e ne promot e d rooting of mun g bean and pea c u t ti ng s , 

th e r oo ts were shorter on ethylene-treated cuttings than on untreated 
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cu ttings. There is evidence, then, which indicates that ethy l ene 

inhibits rather than promotes root elongation. 

An Indirect Effect of Ethylene on the Emergence of 
Root Primordia Via a Decrease in the Mechanical 
Resistance of the Cortex to the Elongating 
Root Primordia (B4 of Figure 2) 

This hypothesis was proposed by Linkins ~- (43) to explain the 

heterogenous effects of auxin on the anatomy and cellulas e isozyme s of 

Phaseolus vulgaris cuttings. -5 IAA at 10 M induced ethylene production, 

cortical swelling, cell separation, xylem initiation, cell division, 

an increase in the ac tivity of acidic and basic pia cellulase enzymes, 

and finally, root emergence. When the auxin-stimulated ethylene was 

removed with a mercuric perchlorate trap, a few initial cell divisions 

a nd the xylem differentiation occurred along with an increas e in the 

ac idic pl cellulase activity, but the cortical swelling, the increas e 

in the basic pl cellulase, and the root differentiation and emergence 

did not occur. Furthermore, exogenous ethylene without auxin result e d 

in cortical swelling and an increase in the basic pl cellulase acti-

vity but no cell division o r rooting occurred. Linkins et al. (43) 

s ug ges t e d that the primary auxin effect was to increase th e ac tivity 

of an ac idic pl cel lulase which was responsible in p a rt, o r in full, 

for the xylem differentiation and initial cell divisions associated 

with r oo t initiation. A secondary but essential auxin effect was t o 

stimulate ethylene production. Ethylene then resulted in th e increase 

in the activity of the basic pl cellulase which resulted in co rti ca l 

s welling and a con comitant weakening of the mechani c al r esis tance o f 

a pl or isoel ec tric point is the pH at which there is no electri c 
cha r ge o n a protein (67) . 
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the cortex. According to this hypothesis, rooting requires both auxin 

and e t hylene (endogenous or exogenous). To support their hypothesis, 

Linkins al. cited work by Ferrari (23) which shows that ethylene 

treatment causes a mobilization of cellulase from the cytoplasm to the 

cell walls where it is presumably active in cell wall degradation. 

This might account for the cortical swelling and cell separation in 

response to ethylene which Linkins al. (43) observed . 

Although this hypothesis is internally consistent and well-

documented by the data presented, it lacks experimental support by 

other researchers . 
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CHAPTER 1 

THE EFFECTS OF ETHEPHON ON THE ROOTING OF 
SEVERAL SPECIES OF WOODY PLANTS 

Previous studies indicate that ethephon may have potential as a 

commercial root promoting compound (7, 76, 60, 77, 35, 47, 38, 39, 40, 

63, 12, 68, 44). However, e thephon is usually not as effec tive a 

stimulator of rooting as auxin (38, 39, 40, 59, 54). The response 

appears to be species-dependent (63, 68, 76, 59, 8). Before useful 

recommendations can be made to the commercial plant propagation in-

dustry, more information is necessary. The following research on 

woody cuttings was designed to evaluate the potential of ethephon as a 

root-promoting compound for several species of woody plants. 

Experiment I: The Effect of Ethephon Concentration 
on the Rooting of Five Species of Woody Plants 

This experiment was designed to determine the optimum ethephon 

concentration for root promotion for several species of woody plants 

a nd to determine whether the occurrence or absence of preformed root 

pr imordia (26) had an effect on the response. 

Materials and Methods 

Cuttings of five s pecies of woody plants were treat ed with a hroa d 

range of ethephon concentrations: 0 ppm, 21 ppm, 213 ppm, and 1600 

ppm. Salix alba and Ribes alpinum were chos en because they have pre -

formed root primordia (26, 24). Rosa hybrida var . 'Forever Yours,' 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

37 

Potentilla fruti cosa and Salix caprea do not have preformed root pri-

mordia (10). The treatments were arranged as a comp l e te factorial 

(Table IV) in a completely randomi zed design. Each treatment included 

t e n replications ( c uttings) f or each spec ies . 

Leafy s hoot cuttings of greenhouse-grown Rosa hybrida consist ed of 

one node and wer e approximately 2.5 inches long. Leafy shoot cu ttings 

from the remaining four sp e ci e s we r e app roximatel y s i x inches long 

and included several nodes, all from the current season's g rowth. Th e 

t erminal end of all branches was discard e d to eliminate th e influenc e 

of an apical meristem on root ing . Cuttings were t aken on 9/25/ 75 . 

Ethephon solutions were prepared with Ethrel a and t ap water imme-

diately prior to treatment. The basal ends of the cuttings were soaked 

i n o ne inch of treatment solution for three minutes and then plnnt e d 

about 1-1.5 inches deep in a greenhouse propagation bench containing 

perlite, with 27°C bottom heat, under intermittent mist. The rooti ng 

time for each species was as follows : ~ - hybrida--36 days; P. fruti-

cosa--36 days;~- caprea-- 29 days; Salix alba--3 2 days; and R. al -

pinum--26 days. 

Upon recording the perc entage of cuttings rooted for each treat-

ment, rooted cuttings were washed a nd the number of roots per cutting 

was determined. Detached r oo ts we re dried at 68°C for at least 24 

hours and root dry weight per c utting was d e termine d . 

A separate two-way analysis of variance (AOV) was calculated for 

each of the three parameters measured. Since only a single percentage 

rooted value was calculated for e ach trea tment, it was necess a r y t o use 

aEthrel is a commerciall y available preparatio n of e thephon p r o-
duced by Amchem Products, Inc . (21.3 % a .i.) . 
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the mean square term for the species x ethephon interaction to calcu-

late th e appropriate F ratio (66). Root number and root dry weight 

data were not available for cuttings which did not root. They were 

treated as missing values rather than zeros since, in most cases, they 

were dead (as opposed to alive but not rooted). Missing values re-

sulted in unequal replication and necess itated performing an unbalanced 

AOV using the method of weighted squares (32). The method of least 

significant differences was used to determine which ethephon treatments 

differed significantly from the controls (66). 

Results and Discussion 

Percent Rooted 

Except for~- hybrida, the controls for all species in this ex-

periment rooted 100%, leaving no room for improvement of this para-

meter by ethephon (Table IV). In no case was there a significant in-

hibition of rooting percentage by e thephon. Although the controls for 

~- hybrida rooted only 60%, this was not significantly increased by 

any of the ethephon treatments (Appendix A). 

Number of Root Per Cutting 

Both a significant species effec t a nd a signi fican t species x 

ethephon interac tion are present (Appendix B). The signi f i cant i nter-

act ion means that ethephon did ha ve a significant effect on the root-

ing of some but not all species. LSD comparisons (Figure 3) showed 

that the rooting of only one species was significantly promoted by 

e thephon--Salix caprea. Cuttings treated with 21 ppm ethephon had 

about twice as many roots as untreat ed controls. There was also a 
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significant promotion of roo ting with 1600 ppm ethephon, but not as 

much as with 20 ppm. Nei ther R. alpinum nor~- alba, both o f which 

have preformed root primordia, showed a response to ethephon. Th is 

was not in agreement with s imilar research with other plants having 

preformed root primordia (54, 76, 77, 59, 53, 40, 47, 44). All such 

experiments showed a promotion of rooting by e thephon. Rooting of 

Ribes nigrum (4 5) and Salix fragilis (41), c losely related t o R. al-

p inum and S. alba, was promo t ed by ethephon concentra tion s simi l ar t o 

those used in this study. S. caprea was th e only species in this ex-

periment in which root number was increased by ethephon. It is, 

however, an atypica l species of Salix in that it does not have pre-

formed root primordia (10). 

Root Dry Weight Per Cutting 

None of the ethephon treatments had a significant effect on r oo t 

dry weight for any of the five species in this experiment (Table V; 

Appendix C). No previous research reports the effect of ethephon (or 

ethylene gas) as root dry (or fresh) weight per cutting. Thus, com-

parative data are not available. The fact that e thephon, in this ex-

periment, had an effect on ro o t number pe r cutting but not on root dry 

weight per cutting for S. caprea suggests that regardless of the effect 

of ethephon on the number of roots per cutting, the total root "bulk" 

remains essentially constant . 

In summary, ethephon promoted rooting of cuttings of on l y one of 

the five species of woody plants--~. caprea. This response was mea-

sureable only as an increase in the number of roots per cutting . 
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Experiment II: The Effect of Treatment Duration and 
Ethephon Concentration on the Rooting of 
Salix caprea and Potentilla fruticosa 

The objective of this experiment was to determine if soaking time 

is related to the effectiveness of ethephon at different concentra-

tions. 

Materials and Methods 

Salix caprea and Potentilla fruticosa were treated with three 

ethephon concentrations (0, 21 and 1600 ppm) at five soaking times 

ranging from 0.5 minute to one hour. The treatments were arranged as 

an incomplete fac torial with a comple tely randomized design (Table 

VI). 

The incomplete factorial arrangement of the treatments is indi-

cated in Tables VI and VII by the blocks which are crossed out. These 

treatments were not included in the experiment because 0.5 minute/21 

ppm was considered insufficient, and 10 minutes/1600 ppm and 60 

minutes/1600 ppm treatments were cons idered excessive.a 

Eac h treatment included ten replications (cuttings). The treat-

ment procedures, experimental conditions and the dat a collections were 

as described for Experiment I. Hardwood cuttings were treated on 

11/30/75 and the experiment was terminat ed after 22 days for S. caprea 

and 31 days for P. fruticosa . 

aAfter the experiment had been completed, a reference was found in 
the literature to a successful promotion of rooting of Salix fragills 
cuttings with a 24-hour/1000 ppm ethephon treatment (40). Hence, the 
10 minutes/1600 ppm and 60 minutes/1600 ppm treatments might well have 
been included in this experiment without toxic e ffects . 
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TREATf'IENT DURATION, MINU1ES 
0.5 1 3 10 ff) 

POJENTILLA FRUTICOSA 0 100% 100% 100% 100% 

ETHEPHON 
CONCENTRATION, 21 100% 9J% 100% 80% 
PPM 

lfffi 100% 100% 100% 

SAU X CAPREA 0 67% ffi% lfr!o 7Wlo 7Wlo 

ETHEPHON 
CONCENTRATION, 21 100% 67% 67% 7Wlo 
PPM 

lffiJ 100% 100% 67% 

Tabl e VI. The effect of tr e atment duration and ethephon concentration on th e perc entage of cu ttings 
rooted for Salix cap r ea a nd Potentilla fruticosa (Exp e riment II). 
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A. fflffi Of Roo.Th ern_ C.UI.I.1.NG B. Roar Im_ rlE!ilii fil .LlHIIH> 

TREAMNT l:lflATICJI, MINtJfES lREAMNT ~TIO-l, MINtJfES 
0.5 1 3 10 f{) 0.5 1 3 10 m 

0 7.3 2.3 3.9 6.ll 3.7 .00'15 .00'21l .00'29 .0071l .0029 
EMPI-ION 
UJNCENTRATION, 21 3.fi 6.7 5.0 2.ll ,())33 .0051 .(l)'l5 .0016 
PPM 

lfiOO 4.7 7.1 ll.8 .OOLl3 .trri8 .0030 

SPECIES MEAN: 5.1 4.14 5.1 5.8 3.1 .00'43 .OO'l2 .0037 .!Thl .00'23 

Table VII. The effect of trea tmen t duration and e the ph on co n cen tration o n (A) th e number of r oo t s per 
cutting and (B) the root dry weight (grams) per cutting for Salix caprea (Experiment II). 
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It wa s not possible to statisticall y analyze the percent rooted 

data for this experiment because the 10 cuttings provided only one ob-

servation per treatment and because of the incomplete factorial. For 

root number and root dry weight per cutting, separate AOV' s were cal-

culated for each species. Unrooted cu t tings were treated as missing 

values. These and the incomplete factorial were accommodated in the 

AOV by the method of fitting constants (32). LSD interval s were com-

puted for AOV's which had significant treatment effec ts. 

Results and Discussion 

Percent Roo t ed 

Nearly 100% of th e P . f r uticosa cut tings roo t ed r egardless of 

treatmen t (Table VI) . _§_. caprea , on the other hand, had a lower over-

all percentage of cuttings r oo ted ( ~80 %) , bu t the r e was no apparent 

effect of e thephon concentra tion or treatment duration on this para-

meter . 

Number of Roo t s pe r Cu tt i n g 

Nei t her ethephon concentra t ion nor treatmen t durati on had a sig-

nificant effect on the number of roots per cutting for _§_. caprea (Ap-

pendix D and Table VII). Root number for.!'._. fruti cosa, howeve r, was 

significantly af f ec ted by some of the treatment s (Appendix E and Figure 

4). Soaking time (treatment duration) did not have a significant 

e ffe ct on the number of roots per cutting (Appendix E), but ethephon at 

3 minutes/1600 ppm produ ce d significant ly more roots than the untreated 

controls (Figure 4, LSD) . 
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ROOTS PER 10 
CUTTING 
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PoTENTILLA FRUTICOSA 
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0.5 MINUTE S 
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• • • • 

LSD, 5% = 3.43 

0 211600 0 21 0 21 

3 MINUTES 10 MINUTE S 60 MINUTES 

Figure 4. The ef fe ct of treatment duration and ethephon concentration o n the number of roots per cutting 
for Potentilla fruticosa (Experiment II). LSD's are indicated b y the intervals at the top of 
each treatment mean bar, and treatmen t s are significantly different only if they do not over-
lap. 
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Root Dry Weight Per Cutting 

For~- caprea , neither treatment duration nor ethephon concentra-

tion had a significant effect on root dry weight (Appendix F and Table 

VII). Thus, for all three rooting parameters, the treatments in this 

experiment did not have any s ignificant effects on S. caprea. 

For R._. fruticosa root dry weight per cutting was significantly in-

creased by ethephon concentration, but not by trea tmen t duration 

(Ap pendix G). Root weight was inc r eased by 1600 ppm ethephon at all 

soaking times (Figure 5). Twenty-one ppm ethephon signi ficantly in-

c reased root we ight at the 10 minute soaking time, but not as mu ch as 

the 1600 ppm trea tments at 0.5 and 3 minutes. 

To summarize the r esults of Experiment II, the r ooting of R._. 

frutico sa measured as root number or r oo t dry we ight was significantly 

promo t ed by ethephon. There were significant differences between dif-

fer ent concentrations of ethephon, but no differences between soaking 

times. The more effective concentration was 1600 ppm r egardl ess of 

soaking time. Ethephon had a greater effect on root dry weight than it 

did on root number. Ro oting of S. caprea was not affect ed by any 

trea tment in this experiment . 

Experiment III: A Comparison of the Effect s of 
Ethephon, IBA and the Combination of Both on th e Rooting 

of Five Speices of Woody Plan ts 

This experimen t was designed to further investigat e the potenti al 

of e thephon as a corrnnercial root promoting compound by comparing it 

separately and in combination with a commercially proven auxin prepa r a-

tion, Amchem 60-88, which contains the synthetic auxin , indole butyric 

acid (IBA) . 
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e.orrtuiLL~ FRUTICOSA LSD, 5% ~.cm .oosr--------------------__:_:.:.:...__, 

.004 

.003 
RooT DRY WEIGHT 
PER CUTTING, 
GRAMS 

.002 

.001 

ETEmJN 
U)NCENTRATION, PPM O 1600 

-- -SOAKING TIME,- 0. 5 MINUTES 
MINUTE S: 

0 211600 
1 MINUTE 

0 21 1600 0 21 
3 MINUTES 10 MINUTES 

0 21 
60 MINUTES 

• 

Figure 5. The effect of treatment duration and ethephon concentration on the root dry weight (grams) per 
cutt ing for Potentilla fruticosa (Experiment II). LSD's are ind icated by the intervals at the 
top of each trea tment mean bar, and treatment s are significant ly diffe rent only if they do no t 
overlap. 
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Materials and Methods 

Five species and two levels of both IBA and e thephon were arranged 

as a comple te factorial in a completely randomized design with 15 re-

plications (cuttings) per treatment (Table VIII). Cuttings were s o aked 

in the treatment solutions for 18 hours. The choice of 18 hours/1000 

ppm ethephon was based on the work of Kawas e (40) with Salix fragilis 

in which a 24 hour /1000 ppm ethephon treatment strongly promoted root-

ing of that species. Experimental methods, conditions, a nd data co l-

lection were as indicated in Exp e riment I with the followin g exce p-

tions: because of the length of the treatment period, a plastic ba g 

was placed over the soaking cuttings t o prevent wilting. Cuttings were 

treated on 6/11/76 and the rooting period for each species was as 

follows: 1· alba--11 days; B_. laxa--26 days; F. neomexicana--25 days; 

P. fruticosa--17 days; and R_. deltoides--19 days. These rooting times 

are considerably shorter than those for the previous experiments be-

cause this experiment was performed in the early summer during the 

period of vigorous vegetative growth rather than during the end of the 

growing season as with the previo us two experiments. 

Data for the three rooting parameters were evaluated s epara tely 

for each species. Unrooted cuttin gs were treated as missing values 

e xcept for R_. deltoides, for which many of the cuttings wh i c h did no t 

root were alive and callused . For these, root number and r oot dry 

weight data was recorded as a zero rathe r than a s a missing va lu e . 

Determination of significant differences between trea tme nt mean s 

was based on significant F probabilities for each of the three f actors 

(auxin, ethephon and the auxin x ethephon interaction) . 
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Po1rn1111 A 
SAu..x 8..LM LAM FRUIICQSA 

IBAo IBA200 , ~ 
IBAn I B/\?n11 IBAo IBA?on 

Eo 100% 100% E 0 33% 38% Eo 76% 95% 

E1Q3 100% 1007. E103 14% 33% E103 fi2% 100% 

EOHESIIEHA eorULUS 
NEOMEXICANA DE LIQ IDES 

!BAO IBA 200 IBAo IBA200 

Eo 66% 76% Eo 80% 76% 

E HY 14% 28% 

Table VIII. The effect of ethephon , IBA a nd the combination of both o n th e percentage of cu tt i n gs rooted 
for five species of woo dy plants (Experime nt III) . E = e thephon, subscripts i ndi ca t e th e 
concentra tion of growth regulator in ppm. 
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Resul ts and Discuss ion 

Percent Rooted 

Salix alba was th e only species for which there was 100% rooting 

(Table VIII). Rosa laxa had the poorest rooting (40%) . 

Neither ethephon nor IBA had a significan t effect on the percent-

age of cuttings rooted for 1· alba,~- laxa and P. fruticosa (Appendi-

ces I and J). In contrast, the rooting percentage for F. neomexi cana 

and R_. deltoides was significant l y inhibited by ethephon either with 

or without IBA (Appendices Kand L; Table VIII). Swanson (68) reported 

that the percentage of£. neomexicana cuttings which rooted was sig-

nificantly promoted by ethephon at nearly the same concentration (960 

ppm) but for only a 3-minute soaking time instead of 18 hours . 

Number of Roots Per Cutting 

For each significant treatment effect, the appropriate F proba-

bility appears in Figure 6 above the species to which it applies. For 

example, the "P(B) = .004" at the top of Figure 6 above Salix alba in-

dicates that IBA ("B" in Figure 6) had a highly significant promotive 

effect on the number of roots per cutting for this species . P(E) and 

P(BxE) refer to the F probabilities for ethephon and the IBA x ethephon 

interaction, respectively. F probabilities not significant at the 5% 

level are not included . 

These results indicate that for Salix alba, IBA increased the 

number of roots per cutting. Although there was no significant 

ethephon effect for this species, there was a significant IBA x ethe-

phon interaction (Appendix M). This interaction (Figure 7) indicat es 

that ethephon, in the absence of auxin (lower line), increased the 
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Figure 6. The effect of ethephon , IBA and the combination of both on the number of r oots per cut ting for 
five species of woody plants (Experiment III). Treatments were a s follows: C=control; E=lOOO 
ppm ethephon; B=200 ppm IBA; E+B=lO ppm ethephon plus 10 ppm IBA. The F probabilities (P( )) 
associated with significant treatment effects are indicated above the species to which 
they apply. 
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40 

35 IBA200 p(IBA)=,004 
p(JBAXE)=,013 

30 

ROOTS 25 
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CUTTING 20 

IBAo 
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5 

0 1a3 
EmEPOON CONCENTRATION, PPM 

Figure 7. Th e int e ra c tion between e thephon and IBA for Sa lix alba wi th respect to the number of r oots 
per cutting (Experiment III) . Th e F probabilities associa t ed with s ignificant treatment 
effects are indica ted in the top right co rner. 
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number of roots p e r cutting over the control. However, in the presence 

of IBA (upper line) , ethephon decr eased ro o t number (comp ared to IBA 

alone). This is a nega tive interac ti on o r an antagonism of IBA-

s timulated rooting by ethephon. In contrast, Michner (47) reported 

that ethyl e ne plus IAA syn erg ized (instead of antagonized) the number 

of r oo ts per cutting for Sa lix sp. 

The number of roo t s per cu ttin g fo r R. laxa was not affected by 

any of the treatme nts (App endix N) . For P. fru ti cosa th e number of 

roots pe r cu tting was increased by IBA alone, and t o a g r eate r extent 

by IBA i n combination with ethephon. This combined effect is reflec-

ted in the significant positive interaction or synerg ism as shown in 

Figure 8 (Appendix 0). For F. neomexicana, IBA had a highly si gnifi-

cant promotive effec t on the number of roots per cutting (App e ndix P) . 

This response to IBA was not affected either way by the addition of 

e thepho n, nor did ethephon alone have any effect on the number of 

r oo t s per cutting. Swanso n (68), however, reported that F. neomexicana 

was the only one of six species of woody plants for which ethephon in-

creased root number per cutting both alone and when used in combination 

wi th IBA or with NAA . 

For P. deltoides, IBA significantly increased root numb er per cut-

tin g , whereas ethephon h a d th e opposite effect (Figure 6; Ap pendix Q). 

Root Dry Weight Per Cutting 

None of th e four treatments ha d a signifi cant effect o n this para-

meter for S. alba or~- laxa (Figure 9; App endi ces Rand S). IBA sig-

nifi cantly increased r oo t dry weight p e r cuttin g for P. fruticosa and 

for F. neomexicana (Appendices T and U) but had no effect on root dry 
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Figure 9. The effect of ethephon, IBA and the combination of both on the root dry weight (grams) per 
c utting for five species of woody plants (Experiment III). Treatments were as follows : C= 
cont rol; 3=1000 ppm ethephon; B=200 ppm IBA; E+B=l0 ppm e th ephon plus 10 ppm IBA. The F 
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weight for thes e species. The significant IBA x e thephon interactions 

present in the root numb er data for S. alba (antagonism, Figure 7) and 

for P. fruticosa (synergism, Figure 8) were not present in the root dry 

weight data. The only significant ethephon effect on root dry weight 

was with R_. deltoides (Appendix V). As in the root number data, eth e -

phon inhibited the root dry weight for this species (Fi gure 9). 

In summary, IBA promoted rooting considerably more effectively 

than ethephon. The only promotion of rooting by ethephon in Experiment 

III was with P. fruticosa, where IBA plus ethephon synergistically pro-

moted root number per c utting . Otherwise the only statistically sig-

nificant effect of ethephon was to inhibit the percentage of cuttings 

rooted for F. neomexicana and P. deltoides and to antagonize IBA-

stimulated rooting off. alba as measured by root number per cutting . 

It should be pointed out that these inhibitory effects mi gh t not 

nec essarily have been due to ethylene gas released from e thephon. The 

data do not rule out the possibility that th e inhibitions of rooting 

by ethephon might have been due to the very acidic pH (2.7) of the 

1000 ppm ethephon solution. 

Summa ry and Conclusions 

Ethephon increased ro o ting of only two of eight spe c ies: S. 

caprea and P. fruticosa. These results are not in complete agreeme nt 

with pr ior studies where ethephon or ethylene gas promoted rooting in 

12 of the 16 species investigated (15, 40, 76, 47, 63, 12, 54, 68, 44, 

64). Rooting of all five of the spec i es with preformed root primordia 

was promoted by e thephon (or ethylene) (40, 76, 47, 15, 44). S . alba 
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and~- alpinum have prefonned root primordia, but their rooting was 

not affected by ethephon. 

The relative lack of root promotion in the experiments report e d 

he r e as c ompared to other exp e riments in the literature i s no t r eadily 

appare nt. The methods and conditions were standard for r oo ting of 

woody cuttings, and the ethephon concentrations were comparable t o 

those used in other experi ments (40, 63, 68, 44) . 

I n Experiment I the only measura bl e effe ct of ethepho n was o n num-

ber of roots per cutting(~. c aprea). In Experiment II e the pho n h a d a 

sl ight e ff e ct on number of roots per cutting for R_. fruti cosa but a 

consid e rably stronger effect on root dry weight for this specie s. I n 

Experiment III the only promotive effect of ethephon (ethephon plus 

IBA synergism with R_. fruticosa) was measured as an increase in the 

number of roots per c uttin g . In none of these experiments did ethepho n 

increase the percentage of cuttings which rooted. 

The lack of consistency from experiment to experiment deserve s 

c omment. In Experiment I e the phon significantly increased root numb e r 

per cutting for S. caprea and had no effect on P. fruticosa. In Ex-

periment II almost the opposite results occurred. Rootin g of S . 

c aprea was not significantly affected b y ethephon, whereas e thephon 

p r omo t e d r ooting of R_. fruticosa (root number and root we i ght) . S. 

c apr ea was not included in Ex p e riment III. The rooting of P. fru t i cosa 

in Ex p e rime nt III was unaffe c ted by ethe phon alon e but was p romo t ed 

syner g is t ically b y IBA plus e the phon. 

The e thephon concentrations and s oaking times wer e comp a r abl e f o r 

Experiments I and II and yet, nearly opposite results wer e ob ser v ed. 

Possibly the time of year was an important factor in this app a r ent 
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inconsistency. Experiment I was started in mid-September when woody 

plants are beginning to enter a dormant period . Experiment II was 

start e d at the be g inning of December when most woody plants would be 

full y dormant. The rooting of woody plants is known to be seasonal 

(27, 19). Plant tissues are known to respond differently to ethy l e n e 

with respect to absciss ion depending o n the physiological age of the 

tissue (17). This might conceivably be true for rooting a s well a l -

thou gh there is no e xperimental evidence to this effec t. 

Based on the results of this study, ethephon could not b e r ecom-

mend e d to the plant propagation industry as a root-promoting co mp o und . 

Th e extremely low pH of ethephon treatment solutions and the sl ow re-

lease of e thylene from ethephon at low pH suggests an experimental 

approach for furt he r research in this a rea. The use of buffer solu-

tions to increase the pH of ethephon treatment solutions might enhance 

its effec tiveness. Chapter 4 of this thesis deals in part with the in-

vestigat ion of this hypothesis . 
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CHAPTER 4 

THE EFFECT OF ETHEPHON, IBA AND TREATMENT SOLUTI ON pH 
ON ROOTING AND ON ETHYLENE LEVELS WITHIN 

MUNG BEAN CUTTINGS 

Ethepho n has been repo rt e d t o p r omot e (55, 77 , 76, 59, 15 , 35, 47, 

16, 38, 39, 40, 8, 7, 63, 12 , 68), i nhibit (59, 53, 64 , 49, 44), or 

have no effect (47, 64, 61, 63, 62, 54, 68, 8) on rooting o f cuttings 

of various species of plants. When e th e phon does not promote rooting, 

the po ssibility exis ts that the cause is the ineffec tive release of 

eth y l ene gas from eth ephon, rather than a l ac k of response to ethylene 

gas per se. No r epo rts were found which correlate tissue eth ylen e 

levels with rooting in e th ephon-trea ted c uttings . 

Likewise, auxin-stimulated rooting may r esult from a uxin-

stimulated e thylene produ c tion by the tre at e d tissue (77). Correla-

tions of e thylen e production with a uxin-stimulated ro o ting have 

y ielded contradicto ry results. Linkins et al. (43) presented tis sue 

e thylene data which, at leas t in part, support th e hypothesis, where-

as Mullins ' data (53) contradict it . 

The objective o f th e following two experimen ts was t o co rr e l a t e 

internal ethylene levels wi th th e roo t i n g r esponse of mung b e an s 

treated with ethephon a nd auxin . 
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Experiment I: The Effect of Unbuffered Solutions of 
Ethephon, IBA and the Combinat ions of Both on 

Rooting and on Ethylene Levels 
in Mung Bean Cuttings 

This experiment was designed to det ermine if unbuff ered solutions 

of eth e phon, IBA and th e combination of both promote rooting of light 

g rown mung bean cuttings , and to investigate the relationship between 

rooting and tissue ethylene levels in response to these growth regula-

tors. 

Materials a nd Methods 

The mung bean rooting bioassay (28) was c hos en becaus e pre liminary 

s tudi es indicated that the rooting of mung beans is less variable a nd 

faster, and it is better characterized in the literature than rooting 

of woody cuttings. Seeds of mung bean (Phaseolus aureus var. 

'Berken') were ge rminated and grown on moist sand in a n on-humidified 

g rowth c hamber under continuous illumination of approximately 400 

foot c andles fr om cool-white flourescent tubes . The temperature of the 

g rowth chamber was 27 ± 1°C . Cuttings from these seedlin gs we re 

treat e d and roo t ed under the same co nditions excep t that th e r ela tive 

humidity was r aised t o a lmost 100% since preliminary experiments in-

dica t ed tha t mun g bean cuttings grown under low humidit y root e d slowl y 

or not at all. Cuttings were prepared from 11-day-old seedlings and 

consisted of 3 cm of hypocotyl and the en tire epicotyl includin g two 

primary leaves and th e api cal meristem. The overall length of the 

c uttings (depending on variation in th e length of the epicoty l) was 11 

to 14 c m . 
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Eight treatments were a rranged a s a compl e t e factorial with two 

levels of IBA (0 , 10 ppm) a nd four level s of ethephon (0 , 5 , 10, 15 

ppm). Treatment solu tion s wer e prepared with distilled wa t er . Cut-

tings we r e placed in 25 x 100 mm glass via ls (5 cuttings /vial ) c on-

taining 10 ml of treatment solut ion and were place d in the humidified 

growth c h a mber . After 24 hours the treatment solutions were poured 

of f and replaced wit h 13 ml of distill e d wa ter. Th e r ooting experi-

me nts were terminated after five days by killing a nd pres e r v ing the 

roo t ed c uttings in 95% ethano l. The number of roots on each cut ting 

was th e n d e termine d . 

Cu tt i n gs u sed for ethy lene det e rminat ions were treat e d i n the 

same manner, except that the treatme nt period was shorter. Internal 

tissue gas was extrac ted and analyzed for ethylene 12 hours af t e r the 

s tart of the trea tmen ts. The decision to sample tissue e thylene at 1 2 

hours was based on the work o f Mullins (53 ) a nd our own preliminary 

work whic h indi ca ted no change in tissue ethyl ene level s o f e the phon-

treated cu ttings b e tween 6 and 18 hours after the start of treatment . 

Internal ti s su e gas for ethylene analysis was extracted from the 

cu ttings by the method of Kawase (36) modified as follows (Figure 10): 

A 400 ml b eaker was placed inside a large vacuum desiccator filled 

wi th degassed water. Fif teen mung b ean c uttings were pl aced i n th e 

beaker and cov e r ed by an inverted funnel. The funnel wa s e ntire ly 

fi lled with degassed wat e r a nd i ts n ec k was sealed with a rubber s e rum 

cap. The desi ccato r wa s the n e va c uat e d with a vacuum pump for fiv e 

minut es. While under vacuum, the gas within the c uttin gs bubbled out, 

mo stly fr om the c ut ends, a nd col lected in the n ec k of th e funnel. 

Fif t een c uttings y ielded 1- 2 ml of gas . One-half ml of this gas wa s 
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removed with nn nir-tight gas syringe, through the serum cap, and im-

mediat e l y injected into a Hewlet t Packard model 5750-B gas chromato-

graph with a fli.lme i onization detector and a ,column 86 cm long packed 

with Porapak® type N (100/120 mesh). The amount of ethylene in a 

treatment s ampl e was determined by compa ring the ethylene peak height 

of the unknown sample to the peak height of a stand a rd containing 

4.53 ppm ethyl ene. 

All treatments for th e rooting portion of the expe riment were re-

plicated at leas t 20 times, excep t for the following four treatment s 

which were replicated 30 times: control, 10 ppm ethephon, 10 ppm IBA, 

and 10 ppm ethephon pl us 10 ppm IBA . Tissue ethylene determinations 

were replicated al leas t three times. Rooting data were analyzed as a 

two-way unbalanced analysis of variance (AOV) using the method of 

weighted squares (32) . 

Results and Discussion 

Ethephon alone, regardless of concentration, had no significant 

effect on the number of roots per cutting (Figure llB and Appendix W). 

IBA, however, strongly promo t ed rooting, either alone or with any con-

centration of e thephon. None of the e thephon l evels synerg ized or an-

tagonized IBA-stimulated rooting. Thus, ethephon had no e ffect on the 

rooting of these mung bean cuttings. Similarly, Mullins (53) reported 

that ethylene gas inhibited the rooting of dark gro~n mung bean cut-

tings. In contrast, Krishnamoorthy (38, 39, 40) and Roy ~- (59) 

reported that e the phon promoted rooting of light grown mung bean cut-

tings. Kri s hnamoor th y (39) r epor ted that IBA plus ethephon promoted 
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rooting synergistically, whereas Roy~ al. (59) found the comb ination 

slightly antagonisti c t o r oo ting. 

The tissue ethylene levels in response to the treatments in this 

expe riment do not indicate a correla tion between ethylene and rooting 

(Fi gure 11). Increasing concentration of ethephon in th e tr ea tmen t 

sol ut ions result ed in increased l evels of ethylene within the cut tings, 

b ut no co n comit an t inc r ease in r oo ting. Likewise, the large stimula-

tion of rooting in response to I BA was not accompanied by a significant 

increase of tissue e thy lene levels. In fact, the data do not indicate 

any IBA stimulatio n of ethylene pro duction whether the tr ea tme nt solu-

tion contained IBA alone or in combination with ethephon. In contras t, 

Mullins (53) r epo rted significant st imulation of ethylene production in 

da r k grown mung b ean cuttings by IBA and an even greater s timulation by 

IAA. Of the two auxins in Mullins' (53) experiment, the one which 

s timulated the lesser ethylene production, IBA, resulted in th e greate r 

stimulatio n of r oo ting. Although Mullins ' (53) results differ from 

those reported here in that auxin-stimula ted ethylene pro ductio n was 

reported in his experiment but no t in this one, the r esults of both ex-

perimen ts tend to dis c redit the hypothesis that auxin- s timul ated r oot-

ing is due to an ethylen e intermediate. However, with a related 

s pecies of bean, Phaseolus vulgaris, Linkins al. (4 3) not only 

measured IM-s timulat ed ethylene product i on , but also presented evi-

dence whi c h sugges ted tha t this e thylene wa s n ecessa r y for auxin-

s timula ted rooting . 

In summary , this experiment indicat es that r oo tin g of mung b ean 

cuttings was not affected by e th ephon in spite o f increased tiss ue 
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et hylene levels, a nd that IBA promoted root i ng without affecting 

tissu e ethylene l evels. 

Expe riment II: The Effect of Treatment Solution pH on 
Rooting and Ethy lene Levels in Mung Bean Cuttings 

Treated with Ethephon, IBA and the 
Combination of Both 

Several authors have assumed that the gen eration of e thy l ene fro m 

ethephon occur s primarily intra cellularly (18, 13), whe r e it would 

occur rapidly due t o the relatively high pH of the cell ( - pH 6) (20, 

46). However, thi s assumptio n i s based o n only o n e study (71) invol-

v ing Bryophyllum cru entum. Since the uptake by ce lls of a " fo reign" 

an i on , like ethephon, would not be expec t e d to be rapid, and since the 

pH of a n ethephon treatment so lution is quite low (a 10 ppm so lution 

ha s a pH o f 3.7) it is a reasonable hypo thesis that the use of buffers 

to inc rease the pH of ethephon treatment solutions would result in 

increased rooting due to increased ethylene evolution. Thi s experi-

ment was designed to test this h ypo thesis by investigating the effect 

of buffe red ethephon solutions on rooting and ethylene leve ls in mun g 

bean cu ttings . 

Materials and Methods 

Mung bean seedlings we re g r own and cuttings prepared as describ e d 

for Exper iment I. Four growt h r egulato r solutions were used, includ-

ing the following: a control, 10 ppm ethephon, 10 ppm I BA, a nd 10 ppm 

IBA plus 10 ppm ethephon. Ea c h of these solutions was buf fered at 

four different pH's including pH 3.7, pH 5.7, pH 7.4 and an unbuff e r e d 

solutio n prepared from di s tilled wate r (Table I X). The pH of each of 
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the unbuffere d treatment solutions is ind icated within the appropriate 

blo ck in the distil led water se t trea tmen ts in Tabl e I X. This table 

also indicates the complete three-way fac toria l arrangement of the 

treatments. The pH 3.7 buffer was prepared from citric acid/sodium 

c itrate and the pH 5.7 and 7.4 buffers were prepared from po tassium 

phospha te/po tassium hydroxide. All buffers were 5 rnM since a prelimi-

nary experiment indicated that 50 rnM bu ffe rs r es ulted i n sla t i njury 

to th e mung bean c uttings. Five rnM was s ufficiently strong to buffer 

the growth regul a t o r solutions to within ±0.2 pH units of the pH 's 

indicated (Tabl e I X) . 

For the rooting part of the experiment, each treatment was repli-

ca ted 30 times (30 cuttings). Root numb e r per cutting d ata was ana-

l y zed in a balanced thr ee-way AOV. Tukey's Honestly Significant Dif-

ference (HSD) was used to determine which means differed significantly 

(66). Tissue ethylene det erminations were r eplicated at least three 

times an d s tandard deviations were determined . 

Results and Discussion 

Regardless of buffer solution pH, e thephon-treated cut tings did 

not have significantly more (o r les s) r oo ts than untreated co ntrols 

(Figure 12; App endices X and Y). Likewise , c uttings treated with IBA 

plus e thephon did not have significantly mor e (or l es s) roots than 

cut tin gs trea t e d wit h IBA alone . Thus, the dat a does not s up port the 

hypothesis that in c r easing the pH of an e thephon tr ea tment solution 

will increase th e e ff ec tive nes s of e thephon as a ro o t -promo ting com-

pound. The lit e ratur e con t ains no ref erences to o ther experiments jn 
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which treatment solution pH was examined for its effect on rooting in 

response to ethephon. 

The amount of ethylene within ethephon-treated cuttings was de-

pendent on the pH of the treatment solution (Figure 13). Cuttings 

treated with ethephon, or IBA plus ethephon, at pH 7.4 had a greater 

than five-fold increase in tissue ethylene levels over those treated 

a t any of the lower pH's. The approximately exponential increase in 

tissue e thylene level with increasing treatment solution pH is not un-

expec t ed considering the logarithmic nature of the pH scale. As in 

Experiment I, the data do not i ndicate any significant stimulation of 

ethylene production by IBA alone or when applied in combination with 

e thephon (Figure 13). 

Figure 14 shows the lack of correlation between rooting and 

ethylene levels in cuttings treated with ethephon or IBA plus ethephon. 

Increasing the pH of the treatment solutions did not increase the 

e ffectiveness of ethephon (alone or with IBA) as a root-promoting com-

pound (Figure 14B), even though it did result in a large increase in 

tissue ethylene levels (Figure 14A). 

Summary and Conclusions 

Bo th experiments indicated clearly that ethephon did not promote 

the rooting of mung bean cut tings regardless of the trea tment solution 

pH, even though measurabl e amounts of ethylene within the cuttings was 

detected . A large stimulation of rooting by IBA occurred without de-

tectable increase in tissue ethylene levels . 

This lack of a promotion of rooting by ethephon is in marked con-

trast to the results of Krishnamoorthy (38, 39, 40) who reported that 
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ethephon promoted the rooting of mung bean cuttings. The only differ-

ence between the two experiments were the variety of mun g bean us ed, 

and the relative humidity under which the cuttings were rooted. Krish-

namoorthy (38, 39, 40) used R_. aureus var. 'T-54', whereas the vari e t y 

'Berken ' was used in this study. The two varieties may respond differ-

ently since similar differences between varieties of other species 

have been reported (27) . 

There appears to have been a difference in the rel a tive humidities 

under which the two studies were carried out. Krishnamoorthy (38, 39, 

40) did not specify the relative humidity for his experiments. It is 

po ss ibl e that they were conducted at less than 100% r.h. since the 

ambient relative humidity of Hisar, India, is approximately 50% and 

ranges from 75% to 20% (65, 73). In preliminary experiment s in our 

labora tory, untreated mung bean cuttings produced about three to four 

roots per cutting in unhumidified air in contrast to an average of 

12.3 r oots per cutting for untreated cuttings rooted at approximat e l y 

100% r.h. In Krishnamoorthy's (38, 39, 40) experiments, the untrea t ed 

cuttings had about five roots per cutting. This suggests tha t those 

cuttings were rooted in a comparatively low humidity situa tion. It 

a ppea r s that mung bean cuttings rooted at lower humidities have a r e-

duced potent ial to root. This i s probably due to reduced turgor at 

lowe r humidi ti es and consequently reduc ed roo t growth . 

Light a ppears to be another factor which reduces the rooting po-

t ential of mun g bean cuttings. Balzich and Heuse r (5) r eported that 

lower light intensities greatly increased the numb er of roots per mung 

bean cutting. Mullins (53) reported that untreated controls o f dark 

grown mung bean cuttings had 23.7 roots pe r cutting , which is more than 
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the number reported for controls of any experiment involving light 

grown cuttings. In this same study, Mullins (53) r eported that ethyl-

ene gas inhibited rooting. It appears that ethylene (or ethephon) 

promotes rooting primarily in situations in which the full rooting po-

tential of mung bean cut tings is reduced by some environmental factor 

such as low rel a t ive humidity, and/or high light int ensity. This 

interpretation would expl ain the seemingly contradictory results among 

the studies by Krishnamoorthy (38, 39 40), Mullins (53) and the study 

repor ted here . 

Tissue ethylene determinations in bo th Experiment I and II indi-

cated that the lack of a promotion of rooting by ethephon was indeed a 

lack of response to ethylene gas and not just a matter of the ineffec-

tive co nversion of e thephon to ethylene. In Experiment I, with unbuf-

fered e thephon solutions, there were increasing levels of tissue 

ethylene with increasing ethephon concentrations (0, 5, 10, 15 ppm) but 

no difference in rooting. In Experiment II tissue ethylene levels in-

creased with increasing pH, but again, no increase in r ooting. Experi-

mental systems in which rooting has been shown to be promo t ed by 

ethylene (55, 77 , 76, 59, 15, 35, 47, 16, 38, 39, 40, 8. 7, 63, 12, 68) 

need to be investigated wi th resp ec t t o the use of bu ffered solut ions 

to in c rease the effectiveness of ethephon. 

The failure to demonstra t e a ux in-induced e thylene production in 

these experiment s was somewhat s urprising since it has been reported 

by others in a wide variety of plant tissues (1), including dark grown 

mung bean cuttings (53). Perhaps IBA-stimulated ethylene production 

occurred in our expe riments as well, but went undet ec ted becaus e of th e 

technique used to extract e thylene from the cuttings. Thi s techniqu e 
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(Figure 10) involved extracting ga s from the tissue without dilut ing or 

concentrating it so that the ethylene (if any) in the sample would have 

been at approximately the same concentration as it was in vivo. 

Mullins' (53) reports of IBA-stimulated ethylene production from dark 

gr own mung bean cut tings involved incubation of auxin-treat ed tissu e 

in an enc losed flask for several hours. With this technique ethylene 

gas may have increased t o levels greater than would have ex isted in 

vivo with non-en closed cuttings . In a c lose system like this, auto-

ca t a l y tic e thylene product ion may occ ur (1) in r espons e to even a 

minute amoun t of a ux in-stimulated ethylene, result i ng in a substantial 

magn ification of the auxin ef fect. 

Regardless of whether IBA-stimulated ethylene production occurred 

a t an undetectable level or not in these experiments, the fa c t remains 

tha t t here were considerably greater levels of ethylene (measur eable 

l evels) in ethephon-treated cuttings (Figure 13), and yet ethephon had 

no e ffect on rooting whereas IBA promoted it strongly. This evidence 

strongly suggests that IBA promotes rooting by some mechanism other 

tha n s timulation of the plant to produce ethyl ene. 

Although several hypotheses have been proposed to exp lain th e 

e ffe c t of ethylene on root formation (76, 77, 43, 53), the one pro-

posed by Linkins al. (43) best accoun ts for the fa c t t hat e thyl e ne 

promotes rooting in some experimental systems but not others (e.g. thjs 

s t udy) . Based on experiments with Phaseolus vulgaris var. ' Red 

Kidney ', Linkins ~. (43) proposed that ethylene promotes the de -

velopmen t, e longation, and ultimately the emergence of auxin-

stimulated root initials by reducing the me chanica l res istance of the 

cortex to root enlargement. They were able to show that ethylene 
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caused an increas e in the activity of an extracellular cellulase 

enzyme which presumable acted on cortical cell walls result ing in cor-

tical swelling and cell s eparation (i.e. mechanical weakening). Al-

though the system with whi ch they worked required exogenous applica-

tion of auxin f or root initiation, it is probable that in many species 

of plants the auxin is supplied endogenously . Extending their hypo-

thes is, it is possible that plants which do not respond to exogenously 

applied ethylene with increased rooting e ither do not have any mechani-

cal barrier to root emergence (e.g. cortex) or they have suff icient 

endogeno us ethylene to loosen that barrier (such as wound ethylene) . 

Such a hypothesis might explain the seemingly contradictory results 

be t ween this study and thos e of Krishnamoorthy (38, 39, 40) and of 

Mullins (53). In the study reported here, the high humidity in which 

the cuttings were r oo ted may have had the effect of increasing turgor 

and thereby increasing root growth to the point where the cortex was 

not an e ffective barrier to root emergence. If this were the case, 

e thephon would have no effect on rooting. Mung bean cuttings r oo t ed 

at lower humidity may have had roots with less turgor, r esul ting in 

reduced ability to overcome the mechanical resistance offered by the 

cortex. In thi s s ituation a "loosening" effect of ethylene on the 

co rt ex would promote r oo ting . Light intensity might have a similar 

e ff ec t on the ability of elon ga ting roots to overcome cortica l resis-

tance. 

The r es ults of this study and of other studie s on th e effec t of 

e thylene on rooting indica t es that the response of cuttings to ethyl ene 

is determined at least in part by the environmental conditions under 

which rooting occurs . 
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CHAPTER 5 

SUMMARY 

Research was conducted on the effects of ethephon on the rooting 

of cuttin gs from th e followin g species of woody plants: Salix caprea, 

Ribes a lpinum, Salix alba , Poten till a fruticosa, Rosa hybrida, Rosa 

laxa, Fo r es tier a neomexi cana and Populus deltoides. Ethe phon promo-

t ed th e rooting of S. caprea and R_. fruticosa only. A three-minute 

soak in 21 ppm and in 1600 ppm ethephon incerased the numb er of roots 

pe r c utting for~- caprea . Number of roots per cut ting fo r R_. fruti-

cosa was promot e d by a three-minute soak in 1600 ppm ethephon . Root 

dry weight per cutting for this species was promoted by 0.5, 1 and 3 

minute soaks in 1600 ppm ethephon and a 10 minute soak in 21 ppm 

ethephon . An 18 hour soak in 200 ppm IBA was more effective than an 

18 hour soak in 1000 ppm e thep hon in terms of both root number and r oot 

dr y weight for R_. fruticosa. An 18 hour soak in 1000 ppm ethephon 

plus 200 ppm IBA promoted rooting synergistically for thi s species. 

Overall, rooting of wood y cuttings was not sufficiently promoted by 

ethephon to warrant recommending its use to commerical plant propaga-

tors. 

The mung bean rooting bioassay was used t o investiga t e the influ-

e n ce of treatment solution pH on the effectiveness of e the ph on, IBA, 

and ethephon plus IBA on rooting and ethylene levels in treated cut-

tings. Ethephon at 5, 10 and 15 ppm did not promote r ooting regardl es s 
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of treatment solution pH (3.7, 5.7 and 7.4), even though it did result 

in a pH depend ent increase in tis sue e thylene l evels . IBA strongly 

promoted rooting but had no effect on tissue ethylene levels. Thes e 

st udi es indicate that ethylene applied as ethephon does not promote 

rooting of mung beans and tha t the promotion of rooting by IBA is not 

caused by stimulation of ethylene synthesis . 
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Appendix A. Anal ys is of variance of percent rooted , Experiment I . 

• Source of Degrees of Sums of Mean F 
Variation Freedom Sq uares Squares F Probability 

Total 19 3080.0 162.105 
Species 4 1830.0 45 7.500 4.858 .015 

• Ethephon 3 120.0 40.000 0 .4 25 .739 
Interaction 12 1130.0 94.167 
Error 0 0.0 

Appendix B. Analys is of varian ce of numb er of r oots per cutting, Ex-• periment I. 

Source of Degrees of Sums of Mean F 
Variation Free dom Sq uares Squares F Probability 

Total 187 110712. 829 • Species 4 46395.260 11598. 815 37 . 457 .000 
Eth ephon 3 2333.871 777.957 2.51 2 .060 
Int eraction 12 9798 .591 816 . 549 2.637 .003 
Error 168 52022.778 309.659 

• Appendix C. Analysis of variance of root dry weight per c utting, Ex-
p e riment I. 

Source of Degrees of Sums of Mean F 
Variation Freedom Squares Squares F Probability 

• Tota l 185 . 3820 
Species 4 .079 2 .0198 12.316 2 .000 
Ethephon 3 .0045 .0015 .9387 .423 
I nteraction 12 .0287 .0024 1.4852 .134 
Error 166 .2669 .0016 

• 
Appendix D. Analysis of variance of number of r oots per c utting for 

Salix caErea , Experiment II. 

Source of Degrees of Sums of Mean F • Variation Freedom Sq uares Squares F Probabilit y 

Total 86 1347. 931 
Soaking Time 4 60.066 15.017 1. 022 .401 
Ethephon 2 13.891 6 . 945 . 4 73 .625 
Interac tion 5 159.555 31. 911 2 .1 72 .066 • Error 75 11 01. 825 14.69 

• 
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App endix E. Analys is of variance of number of roots per cutting for 
Potentilla fruticosa, Exper iment II. • Source of Degrees of Sums of Mean F 

Variation Freedom Squares Squares F Probability 

Total 118 26 61.983 
Soaking Time 4 62.496 15.624 .740 .567 • Ethephon 2 126.937 63. 468 3.005 .054 
Intera c tion 5 228.409 45.682 2.163 .064 
Error 107 2259.856 21.120 

• Appendix F. Analysis of variance of r oot dry wei ght per cutting for 
Salix caErea, Experiment II. 

Sour ce of Degrees of Sums of Mean F 
Variation Freedom Squares Squares F Probabilit y 

• Total 85 .002 
Soaking Time 4 .000 .0000 1.411 .239 
Ethephon 2 .000 .0000 .691 .504 
Interaction 5 .000 .0000 1. 272 .285 
Error 74 .001 .0000 

• Appendix G. Anal ys is of variance of root dry weight per c utting for 
Potentilla fruticosa, Experiment II. 

Source of Degrees of Sums of Mean F 
Variation Freedom Squares Squares F Probability • Total 115 .000 
Soaking Time 4 .000 .000 1. 234 .301 
Ethephon 2 .000 .000 18.269 .000 
Interaction 5 .000 .000 1. 774 .125 
Error 104 .000 .000 • 
Appendix I. Analysis of varian ce of percent root e d for Rosa laxa, Ex-

eriment III. 

Source of Degrees of Sums of Mean F 

• Variation Freedom Squares Squares F Probability 

Total 12 15772.0 
Mean 1 10680.333 

IBA 1 432.0 432 . 0 . 84 7 .384 
Ethephon 1 432 . 0 432.0 . 84 7 .384 

• Int erac tion 1 14 7. 0 147.0 .288 .606 
Error 8 4080 .667 510. 083 

• 
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Appendix J. Analysis of variance of percent rooted for Potentilla 
fruticosa, Experiment III. • 

Source of Degrees of Sums of Mean F 
Variation Freedom Squares Squares F Probability 

Total 12 91878. 0 
Mean 1 83333. 333 • IBA 1 2465. 333 2465.333 3.446 .101 

Ethephon 1 75.0 75.0 .105 .754 
Interaction 1 280.333 280.333 3.392 .103 
Error 8 5 724 . 000 715. 500 

• Appendix K. Analysis of variance of percent rooted for Forestiera 
neomexicana, Experiment Ill. 

Source of Degr ees of Sums o f Mean F 
Variation Freedom Squares Squares F Probability • Total 12 41401. 0 
Mean 1 25854.083 

IBA 1 420.083 420.083 .444 .524 
Ethephon 1 7550.083 7550.083 7.987 .022 

Interaction 1 14 . 083 14.083 .015 .906 

• Error 8 7562.667 945.333 

Appendix L. Analysis of variance of percent rooted for Poeulus del-
toides, Experiment III. 

• Source of Degrees of Sums of Mean F 
Variation Freedom Squares Squares F Probability 

Total 12 42920.000 
Mean 1 26320.000 

IBA 1 560 .330 560.330 1. 340 .280 • Ethephon 1 11781. 330 11781. 330 28.080 .001 
Interaction 1 901. 330 901.330 2.150 .181 
Error 8 3356.670 419.580 

Appendix M. Analysis of variance of number of roots per cutting for 

• Salix alba, Exeeriment III. 

Source of Degrees of Sums of Mean F 
Variation Freedom Sguares Sguares F Probabil it:y 
Total 59 10602.183 
IBA 1 1334.817 1334. 817 9.070 .004 

• Ethephon 1 58.017 58.017 3.980 .533 
Interaction 1 968.017 968.017 6.578 .013 
Error 56 

• 
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Appendix N. Analys is of variance of number of roots p e r c ut ting for 

• Rosa laxa, Experiment III. 

Source of Degrees of Sums of Mean F 
Variation Freedom Squares Squares F Probability 

Total 24 3334 . 960 

• IBA 1 394.423 394 . 423 2.822 .108 
Ethephon 1 21. 890 21. 890 .157 .696 
Interaction 1 3 . 49 7 3 .497 .025 .876 
Erro r 21 

• Appe ndi x 0. Analysis of varia nce of number o f roots per c utting for 
Po t en tilla fruti cosa, Exper ime nt III. 

Source of Degrees of Sums of Mean F 
Varia tion Freedom Squares Squa r es F Probability 

• Total 53 214629.0 37 
IBA 1 51041.933 51041.933 17.420 .000 
Ethephon 1 4316 . 890 4316 .890 1.480 .230 
Interact i on 1 12144.159 12144 .159 4.163 . 04 7 
Error so 145865.571 291 7.311 

• 
Appendix P. Anal ysis ov variance of number of roots per c utting for 

Foresteria neomexicana, Experiment III. 

Source of Degrees of Sums of Mean F 

• Varia tion Freedom Squares Squares F Pro bability 

Total 33 71808 . 029 
IBA 1 24928.933 24 928.933 16.164 .000 
Ethephon 1 4.453 4.453 .003 .958 
Interaction 1 21.153 21.153 .014 .908 

• Error 30 46268 . 776 1542.293 

Appendix Q. Analysis of varia n ce o f numb e r of roots per cutting for 
Populus delto id es , Experiment III. 

• Sou r ce of Degrees of Sums of Mean F 
Variation Freedom Squares Squares F Prohnbilit y 

Total 37 1189. 263 
IBA 1 125.893 125.893 4 .4 50 .042 

• Ethepho n 1 162 .7851 162.785 5.755 .022 
Interaction 1 4.1885 4.189 .148 .703 
Er r o r 34 961.783 28.289 

• 
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Appendix R. Analysis of variance of root dry weight per cutting for 
Salix alba, Experiment III. 

• Source of Degrees of Sums of Mean F 
Variation Freedom Squares Squares F Probability 

Total 60 .208 
Mean 1 .180 

• IBA 1 .002 .002 4.642 .036 
Ethephon 1 .002 .002 3.538 .065 
Interaction 1 .000 .000 .166 .685 
Error 56 .024 .000 

• Appendix S. Analysis of variance of root dry weight per cu tting in 
Rosa laxa, Experiment III. 

Source of Degrees of Sums of Mean F 
Variation Freedom Squares Squares F ProbabiJ ity 

• Total 23 .054 
IBA 1 .002 .002 .861 .365 
Ethephon 1 .003 .003 1.llS .304 
Interaction 1 .000 .000 .107 .747 
Error 20 .050 .003 

• 
Appendix T. Analysis of variance of root dry weight per cutting for 

Potentilla fruticosa, Experiment III. 

Source of Degrees of Sums of Mean F 

• Variation Freedom Squares Squares F Probability 

Total 53 .030 
IBA 1 .008 .008 21. 654 .000 
Ethephon 1 .000 .000 1.094 .301 
Interaction 1 .001 .001 3.657 .062 • Error so .091 .000 

Appendix U. Analysis of variance of root dry weight per cutting for 
Forestiera neomexicana, Experiment III. 

• Source of Degrees of Sums of Mean F 
Variation Freedom Squares Squares F Probability 

Total 32 .039 
Ethephon 1 .003 .003 2 .849 .102 
IBA 1 .009 .009 8.471 .007 • Interaction 1 .000 .000 .336 .567 
Error 29 .029 .001 

• 
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Appendix V. Analysis of variance of root dry weight per cutting for 
Populus deltoides, Exper iment III . 

Source of Degrees of Sums of Mean F 
Variation Freedom Squares Squares F Probab ility 

Total 37 .062 
Ethephon 1 .Oll .Oll 7.655 .009 
IBA 1 .001 .001 .760 .390 
Interaction 1 .000 . 000 .036 .852 
Error 34 .051 .002 

Appendix W. An a l ys is of variance of number of roots per cutting for 
mun g beans, Experiment I . 

---- -----=-====~====-==-========== ====-=--=--..:::-..:::-..:::-~=-===- --=---=--=====--
Source of Degi.:-ees of Sums o f Me a n F 
V. 1ri ,1tion F;-pe cJom Sq uares Squares F Proh abil iL y 

--------- - - . ---- -- -- - -- - . - -- ----- ------ -
Total 198 J 003 25 . 739 
Etllcph on 3 628.387 209.46 2 2.036 . l l 0 
IBA 1 74137.985 74137. 985 720. 682 .000 
Interaction 3 586.135 195.378 1.899 .131 
Error 191 19648.540 102.872 

Appendix X. Ana l ysis of variance of number of roots per cutting for 
mung beans, Experiment II. 

So urc e of Degrees of Sums of Mean F 
Variation Freedom Squares Squares F Probabilit y 

Total 224479.167 
pH 3 3496.833 ll65 . 6ll 8.597 .000 
Ethephon 1 78 .408 78 .408 .578 .448 
IBA 1 141384.675 141384.675 104 2 .800 .000 
pH x Ethephon 3 2134.9583 7ll. 653 5.249 .001 
pH x IBA 3 12932.225 4310.742 31.795 .000 
IBA x Ethephon 1 73. 633 73.633 . 5431 .462 
pHxIBAxE thephon 3 1470.500 490.167 3.615 .013 
Error 464 62907.933 135.577 
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