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SUMMARY. 

The effects of pulsed and continuous beams of ultrasound 

on the roots of Zea mays. 

The ultrasonic beam of the Impulsaphon M55 was 

calibrated usin g a radiation microbalance to measure the 

tota l acoustic energy across the beam at the position of 

the r oots to be sonicated. These measurements were com-

bined with relative intensity measurements within this 

cross section- using a thermistor probe which was con-

structed for this purpose. Schlieren pictures of the 

beam revealed that it is unfocussed. For investigations 

of the pulse shape, frequency and duty cycle, a tantalum 

capacitor probe was used. 

Roots of Zea mays seedlings were exposed to 1.0 MHz 

pulsed (2 ms pulses, 0.2 duty cycle) and continuous beams 

of ultrasound at average intensities in the range 0.02 -

0.82 W/cm 2 for periods of 1 to l ~0 minutes. The beam pa-

rameters used in these experiments are those that the Im­

pulsaphon MSS, a therapeutic instrument , is capable of 

producing. 

No ultrasonic damage was 

at very low average intensities 

observed for sonications 

2 
(less than 0.1 W/cm ) and 

some of the short sonication times at the higher ave rage 

intensities. The beam of a dia g nostic instrument, the 

Diason ogr a ph, a lso did not cau se any obser vable d a mag e to 

the roots. 

Th e soni ca tion eff e ct in crea sed with incr e a s i ng 
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exposure time for a g iven intensity and with increasing 

intensity for a given exposure time. Such a response to 

ultra s onic irradiation has also been observed for the 

roots of the br oa d bean, Vicia faba (Bleaney and Oliver, 

1972a). The ultrasonic exposure (intensity multiplied 

by duration) does not seem to be related to damage pro­

duced in the same way as dose (rads) and~ survival for 

ionizing radiation. 

The damage due to pulsed beams seems to be much 

greater than that for continuous beams of the same aver-

age power. According to Bleaney and Oliver (1972b) who 

have obtained similar results for the roots of Vicia faba, 

the pulses may be long enough for the higher power in the 

puls e to be the relevant parameter rather than the aver­

age power. 

The curve of the fractional growth in the first 

day after sonication vs. the a~erage ultrasonic intensity 

of pulsed as we ll as continuous beams of ultrasound seems 

to be s i gmoid. Thu~ it may b e poss ible to interpret the 

dama ge in terms of t h e target theory. The "hit" in the 

ca se of ultrasound may be a force of a c ertain magnitude 

requ ired to produce an effect on a target. 

In contrast to the response of the roots to treat­

ment with ionizing radiatio n, the gr owth rate after ex­

posure to ultrasound decreased to a minimum in the firs~ 

day after exposure, recovering rapidly to the control 

value in the next few days. The results obtained a r e si­

milar to those by Bleaney and Oliver (1972a) for the roots 

of Vicia, but the roots of Zea seem to be much more 
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sensitive to ultrasonic irradiation than those of Vicia 

which can possibly be explained in terms of the geometry 

of the root tip. As the minimum in the growth rate curve 

is not delayed (as was found for X-rays), it appears 

(Bleaney and Oliver, 1972a) that cells sterilized by ul­

trasound are not able to undergo any divisions, the ra­

diat i on damage being expressed immediately (interphase 

death). 

For the long sonication times at the average inten­

sities of 0.62 W/cm 2 and 0.82 ~/cm 2 (continuous beams) the 

reco v ery was very much slower and the roots did not recov-
/ 

er to control values. This may be due to the meristem 

being reduced to such an extent that it is unable to re­

cover completely (i.e. degeneration of cells may have been 

caused by the irradiatio~. 

The dividing cells of the meristem seem to play a 

major role in the expression of the sonication damage to 

the roots. Ev ide nce supporting this was obtained from 

sonications of different re g ions of the root tip as well 

as fro m surgical experiments . 

Models fo r the cell kinetics in the X-irradiated 

root meristem of the broad bean a s proposed by Oliver and 

Shepstone (1965 ) have been adapted for the s onicat ed mer­

istem of Zea. Theoretical curves of g rowth - rate have been 

computed on the basis of the assumptions that cell death 

occur s in the first on e tenth of the first cell cycl e , 

that the cell cycle time (T) remains constant after ex-

posure to ult rasound and that dying cells are removed from 

th e population a nd do not contribute to root growth . 
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Curves have been computed for a complete recovery of the 

meris tem (e q uilibrium g rowth rate as a fraction of con-

trols, G = 1) or for the meristem being unable to re-
max 

cover compl ete ly so that the growth rate is reduced by a 

constant fraction and G is less than unity. max 

These theoretical growth curves have been compared 

with some of the experimental results for the roots of Zea. 

As we ll as having nearly the correct shape, the curves 

generated on the basis of the above assumptions seem to 

indicate that the maximum proportion of cells that can be 

remo v ed before a reduction in the equilibrium size of the 

meri s tem 1occurs is of the order of 0.50. 

+ The cell cycle time of Jl.l - 1.9 hours for the mer-

istematic cells in the root tip of Zea was determined using 

a colchicine metaphase accumulation technique. There was 

also no evidence of a tendency for diurnal rythm in root 

elongation throughout a 24-hour period. 

Sonicatio n of the dry seeds of Zea at the average in­

tens i ty of o. 82 W/ cm 2 (cont i nuou ~ beam) for one hour did not 

cause any change in the germinat ion rate of the seeds and 

the subsequent growth of the roots. 

Temperature effects . 

A maximum t emperat ure rise of 4°c du r in g so ni cation 

at the highest average intensity of o.82 W/cm 2 was meas u ~ed 

by inserting a n iron-constantan thermojunction int o the 

r oo t tip. This rise in te1nperature is unlikely to be sig-

nificant since the thre s hold for the onset of heat dama ge 
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was found to lie between JO and 45°c and the sonication 

0 
damage for the roots irradiated at 7 C was found to be 

equal to that for the roots sonicated at 19°c. 

The progress of cells through the cell cycle dur­

ing long sonications at 18-22°C does not seem to have any 

effect on sonication damage since roots grown for 48 hrs. 

O O 0 at 7 C, sonicated at 7 C and then grown at 19 C were af-

fected by ultrasound in the same way as roots grown and 

sonicated at the higher temperature. 

The shapes of the growth curves obtained when roots 

were treated in hot water at 45°c for 15 minutes are sim­

ilar to many of the growth curves for the sonicated roots. 

This may indicate an analogy (interphase death) between 

the damage caused by both modalities. 

The effect of dissolved oxygen. 

For various concentrations of dissolved oxygen, 

brought about by passing air, he,lium, oxygen and nitrogen 

through the water in the sonication tank, a marked reduc­

tion in damage to the roots was observed compared to the 

sonication effect in air-equilibrated water. Similar re-

ductions in damage were found for all oxygen concentra­

tions up to 22.2 ml/1, except for the lowest oxygen con­

tent of about 1.4 ml/1 for which the damage was somewhat 
\ 

greater, which may possibly be ascribed to a ''filtering 

effect" of the sound by the gas bubbles. 
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Dose-fractionation. 

The split-dose experiments, similar to those by 

Bleaney and Oliver (1972a) for Vicia faba, revealed that 

any possible damage in surviving cells produced as a re­

sult of exposure to ultrasound at an average intensity 

of o.82 w/cm 2 (continuous beam) is probably not repaired 

within a period of 24 hours. 

Age-response to sonication. 

No age-response was observed in meristems of Zea 

partially synchronized with hydroxyurea, A peak mitotic 

index of 20% at about 16 hours after removal from hydrox­

yurea may, however, not be sufficiently high to detect 

any possible variation of the sensitivity of the cells in 

relation to their position in the cycle. 

Combined effects of ultrasound and X-rays. 

Pulsed and continuous ultrasonic beams of high and 

low average intensities ( see Table 4.8 ) were used in 

conjunc tion with a dose of 775 rads of X-rays which was 

given before, after or simultaneously with the sound. 

These experiments have shown that ultrasound and X-rays 

seem to act independently of each other, suggesting that 

th e .mechanism of damage due to X-rays is different from 

that due to ultrasound, possibly as an immediate type of 

death in the case of the latter, as opposed to a delay e d 

( ? reproductive)type of death 1·n the case of tl f • . • -ie armer 

(Bl eaney and Oliver, 1972a). 
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An increase in the X-ray effectiveness under the 

action of ultrasound as reported by various authors 

(see Table 1 4 Chapte r I ) , has not been found. . ' 

Combined effects of ultrasound and drugs. 

The expression of damage by vincristine was simi­

lar to that due to X-rays and other radiomimetic drugs, 

e.g. 8-ethoxycaffeine. 

Pulsed and continuous beams of ultrasound of high 

and low average intensities (see Table 4.9) were used 

in conjunction with treatments in a 0.004% solution of 

vincristine for one or two hours before or after the sound. 

As for X-rays, ultrasound and vincristine seem to act in-

dependently of each other. 

The growth curve for the roots treated with a 1.25 mM 

solution of hydroxyurea for 36 hours, however, shows an im­

mediate decrease in growth rate after treatment and a sub­

sequent rapid recovery similar to that observed for certain 

ultrasonic exposures. Hydroxyurea and ultrasound also seem 

to act independently of each other. 
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EFFECTS OF ULTRASONIC WAVES ON LIVING MATTER. 

The first recorded effect of ultrasound - acous­

tical waves at a frequency above the audible range - on 

livin g organisms was produced by accident over 50 years 

ago. Chilowsky and Langevin (1916) had been investigat­

ing the ability of ultrasonic signals to detect underwa­

ter obstacles and had noted that if fish swam into the 

ultrasonic beam they were instantly killed. The first 

delib e rate attempt to affect biological material with 

ultras ound was also destructive; Wood and Loomis (1927) 

found that ultrasound could produce such diverse effects 

as the injury and death of small frogs and fish, the dis­

ruption of plant cells and protozoa, and the haemolysis 

of erythrocytes. In research that followed, it was noted 

that the sensitivities of various orga nisms are different 

and that some of the effect, such as partial paralysis, 

may be reversible. Some of the s urviva l curves obtain ed 

in these early experime nt s were of the kind shown in Fig ­

ure 1.1, which have the shape characteristic of the 1 a ll 

or nothing' effect of ultrasound ( Grabar, 1953), i.e. a 

certain minimum sonication time and in tensity is neces­

sary to produce an effect . 

Perhaps the main value of this early work was that 

it stimulated research into the int era ction between ul­

trasound and l iving matter, research which led eventual-

ly to the therapeutic u se of ultra s ound. Gradually it 

was realised that destruction was only one of the proper-
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ties of ultrasonic radiation, and that by careful regu­

lation of the treatment parameters (frequency, intensity, 

treatm ent time and pulsing of the radiation) beneficial 

results could also be achieved (Dyson, Pond, Joseph and 

Warwick, 1968). 

Over the past ten years ultrasound has also become 

well established as the basis of a varied and expanding 

group of medical diagnostic techniques (Blitz, 1967; Brown 

and Gordon, 1967), and some misgivings over possible dan­

gers, immediate or delayed, have arisen (Andrew, 1964; 

Connolly and Pond, 1967; Hill, 1968; Macintosh and Davey, 

1970 and 1972). The clinical use of ultrasound has not 

been preceded by animal experimentation in which the model 

has been as sensitive as that in the clinical situation, 

as was the case when X-rays were first introduced as a di-

agnostic and therapeutic tool in medicine. For X-rays 

the possibility of any adverse effects was only realised 

when it was discovered that they were capable of sterili­

zing guinea pigs without any other obvious change in the 

well-being of the treated animals (Albers-Schoenberg,1903). 

However, recent results of animal experimentation, using 

dia gnostic ultrasoni c devices, have failed to disclose 

any delet er iou s effects (Woodward, Pond and Warwick, 1970; 

Taylor and Dyson, 1972). The natur e and extent of the 

biological effects are, however, still uncertain (Hill, 

1968). It therefore seems important to h ave a clear un-

derstandin g of the factor s that determine whether any po­

tentially harmful forms of biolog ical chan ge may arise in 
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the course of any of the applications to which ultrasound 

is being pu t at present. 

In parallel with this development a revival has 

occurred in studies of the mode of biological action of 

this form of radiation and, at the same time, "it has 

become appar e nt that the significance of much of the ex­

tensive pioneering work in this field is vitiated by the 

lack of an adequate system for measuring and reporting 

physical parameters of irradiation" (Hill, 1970). 

Since the present studies are on the effects of 

ultrasound on the root meristem of the maize plant, the 

next few paragraphs will be devoted to this particular 

aspect of ultrasound biology. 
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FIGURE 1.1. . · 

LETHAL EFFECT OF ULTRASOUND OF DIFFERENT INTENSITIES ON TADPOLES. 

(FROM: BARTH, 1949) 
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SONICATION OF ROOT MER I STEMS . 

As early as 1 9 39 studies were carried out by 

Yamaha and Ue d a on the effect of ultrasound on the root 

mer i s t e m of Vic i a fa ba. They described the vacuolisation 

of nuclei and chromosome fra gmentation. The immediate 

effec t of ultrasound (400 kHz) has been studied in the 

meris tematic cells of Narcissus by Newcomer and Wallace 

(1949 ) . Induction of chromosomal aberrations have also 

been r eported by Slotova, Karpfel and Hrazdira (1967). 

Thes e authors irradiated meristematic cells of Vicia faba 

with ultrasound at an intensity in the range 0.2-J W/cm 2 

for t i mes rangin g from 1-20 min. 

Watmou gh, Oliver and Cavana gh (1969) have reported 

the e ffect of protracted ultrasonic irradiation at 70 kHz 

on the g rowth of seedlings of Vicia faba . The pattern of 

reduction in root g rowth reported by these authors is sim­

ilar t o tha t pr ev iou s ly obs e rved under continuous gamma 

radiat ion exp osure a t some 2.5 r ~ds / hr. 

Sh epstone , 1965 ). 

( Oliver and 

Recent l y, Blea n ey and Oliver (1 97 2a ) ha ve d es cribed 

e x periments i n which t h e roots of Vi cia faba seedlin gs 

ha ve been exposed to 1 , 5 MHz ultrasound a t intens it i es i n 

t he range 1-•4 W/cm 2 (con tinuous beams ) for p er i od s o f 2 -

60 minutes . The subseq u ent average growth in e i g h t days 

expressed as a fraction of the corresponding average gro~th 

for control r o ots, decreases with increasin g exposure time 

and radiation inten s ity (Fi g ure 1 . 2). Figure l . J shows 

the results obtained by Bleaney and Oliver (1972b) when 
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sonicating the roots of Vicia with a pulsed beam of ul-

trasound. They have found that for beams of the same 

average intensity, the use of a long pulse length (lms) 

results in a larger reduction of root growth than when 

the short pulse length of 20 jlS with the same duty cycle 

of 0.25 is used. 

The response of the roots of Vicia to ultrasound 

can be compared to that following an X-radiation dose as 

shown in Figure 1.4 (Bleaney and Oliver, 1972a). The 

seedlings of Vicia have been widely used as a radiobio­

logical test system (Read, 1959), and recently experi­

ments using the roots of Zea mays have also been success-

ful (Fenner, 1970; Hering, 1971). The score of radiation 

damage in . these studies is based on gross inhibition of 

root growth. However, the results have a wid~r meaning 

and importance when it is appreciated that the reduction 

of root growth closely reflects the sterilizing of cells 

in the root meristem. Figure 1.5 illustrates the struc-

ture of the primary root of a Zea ' seedling; it is simi­

lar to that for Vicia which has been widely quoted in 

studies of cell population kinetics as a classical ex­

ample of a stem cell compartment (Gilbert and Lajtha, 

1965). The meristem of Zea (Vicia) contains actively 

dividin g cells with a mitotic cycle of 22 - 29 hours 

(Table 1.J); cells produced by division in the meristern ­

pass into the differentiating zone, and by elongation 

produce the macroscopic lengthening of the root. If the 

root tip is exposed to radiation, a proportio n of the di-
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viding cells are sterilized, and the subsequent g rowth 

of the root is thereby reduced below that of the controls, 

but returns to normal over a period of about ten days. 

The X-ray curve in Fig. 1.4 is completely typical 

of the response to ionizing radiation. The growth rate 

remains unchanged for the first day, falls to ·a minimum 

at about five days, and then increases gradually back to 

the control value by some ten days post-irradiation. 

Growth in the first day is associated with elongation of 

cells which were already differentiated (and so had ceased 

to divide) at the time of exposure, and this process has 

been shown to be unaffected by low doses of X-radiation 

(Read, 1959). As the radiation-damaged cells in the me-

ristem attempt division they may die, leading to a reduc­

tion in the meristem population and a consequent reduc-

tion in root growth rate. At these low dose levels such 

cells may, in fact, still be able to undergo one, two or 

three successful divisions. Thus, the expression of the 

' 
full radiation damage is delayed , and the meristem popu-

lation continues to fall over several cell cycles (of 24-

30 hours for Vicia ) to giv e the minimum growth rate at 

five days. Then, as the meristem is repopulated by di-

vision of surviving cells, the growth rate recovers to 

normal over a further period of abo ut five days. 

In contrast to this response, the growth rate falls 

immediately after exposure to ultrasound (Figure 1.4) , the 

growth rat e durin g the first day bein g lower for highe r 

int e nsity and lon ~e r irradiation t··1· mes (Fi· ~ure 1 c'J) b •• 6 • • 
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This may indicate interference with the process of elon­

gation of the differentiated cells (Bleaney and Oliver, 

1972a). For Vicia the growth rate then recovers to the 

control value by some seven to eight days post-sonication. 

Thus, in view of the similarity of the growth pattern to 

that after X-irradiation, it may again be possible to in­

terpret the inhibition of root growth in terms of damage 

to the dividing cells of the meristem (Bleaney and Oliver, 

1972a). However, as the minimum in the growth rate curve 

is not delayed, it appears that cells sterilized by ul­

trasound are not able to undergo any divisions, the ra­

diation damage being expressed immediately (Bleaney and 

Oliver, 1972a). Because of the similarity in the expres-

sion of the X-radiation and sonication damage, the mathe­

matical models which have been used for explaining the 

behaviour of the root meristem of Vicia after X-irradi­

ation will be modified (as described below) for the be­

haviour of the meristem of Zea after sonication. 

Model systems for the meristem of Zea mays. 

Theoretical models have been described for explai­

nin g the recovery of the root meristem of Vicia faba from 

single exposures of ionizing radiation at high dose rates 

(Hall, Lajtha and Oliver, 1962; Shepstone and Oliver,196J). 

Two of these theoreti cal models (hereafter referred to as 

Model A and Model B) are to be adapted for the behaviour 

of the meri stem of Zea rnnvs after acute (short duration) 
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doses of ultrasound. They refer to the feedback-control 

relation ships which are postulated to determine the re­

duction in the proportion of cells differentiating when 

the meristem is reduced below its normal size (in the 

present instance by a dose of ultrasound), thus provid­

ing an excess of cells produced by division over those 

lost by differentiation so that repopulation of the me­

ristem can take place. 

Model A. 

This model considers the cells in the meristem to 

be in exponential growth with a uniform cell cycle time. 

Under normal equilibrium, production of new cells by di­

vision is assumed to be balanced by removal of an equal 

number of cells for differentiation. To provide for re-

population of a depleted meristem, it is postulated that 

the proportion of cells removed from the population for 

differentiation per unit time is itself proportional to 

the ratio of the meristem population at that time to the 

normal equilibrium population. This results in a corres-

ponding increas e in the proportion of cells dividing and 

a gradua l increase in the total population back to the 

normal l evel. 

Model B. 

Here an attempt is made to provide the right type 

of feedback-control on the basis of possible biological · 

response to a population change . It is suggested here 

that in the normal rneristem all the cells present them-
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selves for division but an equilibrium is maintained, 

because, for the meristem as a whole, only half of these 

cells are able to divide. The other half, failing to 

divide, differentiate. The proportion of cells able to 

divide varies through the meristem from virtually 100 

per cent to zero at the edge of this region, due possib­

ly to a variation in concentration of some substance 

which must be utilized for maintenance of reproductive 

integrity. In a depleted meristem, the given supply of 

this substance provides for more than half the cells 

reaching division to retain their reproductive integrity 

and so divide. This proportion increases as the meri-

stem is reduced, thus enabling repopulation to occur. 

The mathematical derivations of Model A and Model B 

are given in Appendix B. 

Calculation of the model kinetics after a single acute 

do se of ultrasound. 

The method of calculation adopted is similar to 

that which has been used for theoretical considera tion of 

the kinetics of the bone-marrow stem cell system (Lajtha, 

,Oliver and Gurney, 1962), and which has also been em­

ployed for obtaining theoretical growth - rate curves for 

Vicia faba and Zea mays roots under continuous radiation 

expo s ure at low dose-rate (Oliver and Shepstone, 1965; 

Herin g , 1971). 

It is assumed that the intermitotic cycle time is 

divided into ten eq ual se ction s or compa rtm e n ts (to b e 
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denoted by the subscript n in any instance) and the ap­

propriate proportion of the cell population occurring in 

each of these cell cycle compartments is calculated for 

the particular model which is assumed to apply. The pro-

gress of the group of cells in each cell cycle compart­

ment to the next compartment at each time step can be 

calculated, considering the necessary changes in numbers 

as they are transferred from one compartment to the other. 

In the case of the unirradiated meristem the change 

in the number of cells is due to the removal of cells from 

the population for differentiation. 

In Model A,the population is regarded as being in 

exponential growth, a sufficient proportion of the cells 

throughout the cell cycle being removed for differentia­

tion per hour to maintain a constant total population, 

and as a result the number of cells per compartment must 

vary exponentially through the cell cycle (Oliver, 1963). 

Then if there are say ten cells in the compartment before 

mitosis, the distribution of cells in each compartment 

will be initially as set out in Table 1.1 for t=O. The 

value of 1 Q 1 in the above-mentioned table is found from 

the relation QlO =½(i.e. Q=0.933). It is the time con­

stant for the exponential distribution of the cells 

throughout the cell cycle in accordance with the require­

ments of the model outlined earlier . 

Thus a constant proportion, Q, of cells are being 

lost due to differentiation in each period of one-tenth 

of the cycle time, corre spond ing to transrer fron1 one 
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compartment to the next, to leave a total of say 10 . in 

the compartment prior to mitosis. A number 10 in this 

compartment will be doubled at division, to give 20 cells. 

This will be the state of affairs in the meristem at the 

onset of ultrasonic radiation. 

After sonication, we proceed to find the number 

of cells being transferred from each compartment (n-1) 

to the next compartment (n) at the end of each interval 

of time (t) equalling one tenth of the cell cycle time T. 

The principle of calculat~on is then to set out a table 

as shown in Table 1.1, listing the number of cells in 

each of the ten cell cycle compartments. During each 

one tenth of a cell cycle, the cells in each cell cycle 

compartment will progress through this compartment to 

the next (adjacent) compartment. 

(1-Q) is the fraction of the cells of the com-

partment which are removed by differentiation per one 

tenth of a cell cycle and this will be reduced in pro-

' portion to (F)t , the total. meristem population as a 

fraction of the steady state value at the time t after 

sonication. The value of Fis changing continuously, 

but its value at the beginning of each time interval is 

assumed to apply throughout that short interval. Thus 

the fraction of cells differentiating per one tenth of 

the c ell cycle will be (1-Q)F. Therefore at the time t, 

the number o:f cells proceeding from compartment (n-1) to 

compartment n is given by: 

(A )t == Xt(A 1) n n- t-1 
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where Xt = 1-(1-Q)Ft. 

There is, however, a further proportion (P) of 

cells lost due to sonication damage in the first one 

tenth of the first cell cycle and therefore the number 

of cells actually reaching (An)l is: 

where k (= 1-P) is the fraction of the cells of the com­

partment which are removed by sonication in the first one 

tenth of the first cell cycle. 

Transfer of cells from compartment number 10 at 

the time t to the next, i.e. compartment number 1 at the 

time t=t+l involves the special change at division. Cells 

must be removed for differentiation as before and the re-

mainder is doubled to correspond to division. 

Thus the number of cells proceeding from compartment num­

ber 1 at the time t to compartment number 2 at the time 
\ 

t=t+l is given by: 

Accoun ting a ga in for the loss of cells due to so­

nication damage in the first one tenth of the first cell 

cycle, we have 



23 

The fractional size of the meristem at any time t 

would be: 

2 3 10 
20 (Q+Q +Q + ..... +Q ) 

10 

where L_ (An)t represents the sum of all the cells at 
'!1.•I 

the time t. 

The growth rate G (at the time t) as a fraction of controls 

is therefore: 

f_ 
2 3 10) 20 (Q+Q +Q + ..... +Q • 

This would be the growth rate if the population of 

cells in the meristem increases back to the normal level. 

For some of the ultrasonic doses used in the present ex­

periments (Chapter IV) the growth curves level off at val­

ues of G less than l, i.e. the meristem population at 

equilibrium is assumed to be reduced in size due to the 

radiation exposure . The value of G at which the g rowth 

curve s (theoretical and experimental) level off will here-

after be referred tom G 
max. Thus the growth rate as a 

fraction of controls is reduced by a constant fraction, 

and this has been accounted for in the calculation above 

by multiplying each calculated value of G by say m if 
t 

the theoretical g rowth curve is to be compared with the 

experimental one levellin g off at m. 

A Computer pro gram (App e ndix c) has been written 
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in Fortran IV to calculate G for a large number of values 

of k and G on the Univac 1106 Digital Computer. The 
max 

flow diagram for the calculation is also outlined in Ap-

pendix C. 

For Model B,exactly similar considerations can be 

applied. In this case the cells are assumed to come up 

to division, when a certain proportion retain their re-

productive integrity and divide; the remainder, unable 

to divide, differentiate. The dividing proportion is 0.5 

in the normal equilibrium and higher in a meristem of re-

duced size, thus permitting recovery. It is again as-

sumed that the intermitotic cycle time is divided into 

ten equal compartments and that there are ten cells in 

the last stage. In the case of this model there will al-

so be ten cells in each of the other compartmen t s. The 

initial situation will be as shown in Table 1.2 for t=0. 

This arrangement will then account for the fact that in 

this model there is a linear distribution of cells wi th-

in the cell cycle. 

After an acute dose of ultrasound a further pro­

por tion of the cells, which would be expected to divide 

in the first one tenth of th e first cell cycle, fail to 

do so successfully , dying a mitotic death. This means 

that not only do these cells not produce new cells by 

division, but they themselves are also removed from the 

population. An equal proportion, D 
i ' 

of cells ar e re -

moved by sonication from ea ch of the ten compa rtm e nts 

in the fir s t one tenth of th e fir s t c e ll 1 eye e . 

If Fis the frac t iona l si ze of th e me ri s t c m, 
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Model B states that only a fraction Xt of the possible 

2 (A ) will divide per unit time, where 
10 t 

l.595Ft 

The equations describing the population kinetics of the 

meristem after an acute dose of ultrasound on the basis 

of Model B will therefore be as follows: 

Accounting for the loss of cells due to sonication damage 

in the first one tenth of the first cell cycle, we have 

and 

where k is the fraction of the cells of the compartment 

which are removed by sonication in the first one tenth 

of the first cell cycle. 

The fractional size of the meristem at any time twill 

be give n by: 

where 

10 

F = t 
100 

I (An)t is the sum of all the cells at the time t. 
n • I 
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The gr owth r a te G, as a fraction of controls is again 

deriv e d from F : 

G -t -

Alternative ly it can be shown that 

G -t -
5 

0.7975 

Again, for experimental growth curves levelling 

off at values of G less than 1, theoretical growth curves 

have been obtained for a large number of values of G max. 

A Computer program (Appendix C) has been written 

in Fortran IV to calculate G for a large number of values 

of k and G on the Univac 1106 Digital Computer. The max 

flow dia gram for the calculation is also outlined in Ap-

pendix C. 

In the above formulae , no account has been taken 

of any p oss i ble effect o f t h e ultra s o n i c irra diation on 

the l ength of t h e c e l l c y c le . A l ength e nin g of the c e ll 

c y cl e h as b ee n observe d wh e n ro o t me r istems we r e expo sed 

to ionizing ra d iat ion ( Cl owe s and Ha ll , 1 962 ). The sen -

sitivi ty of va r ious mamma l ia n c ells t o X-rays h a s a l so 

been f ound ( usin g synchronized cel l populations ) t o d e ­

pe nd on the positio n of the irrad iated c el l in th e c e l l 

cy c l e ( Si n cla i r, 1 968) . As far as u ltrasound is c on ­

c erned , only a fe w i nvesti ga tions of t h is nature have 

bee n carried out (p. J9 ) . 
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FIGURE 1. 2. . 

GS THE AVERAGE GROWTH OF ROOTS DURING EIGHT DAYS POST-IRRADIATION AS 

A FRACTION OF THE CORRESPONDING AVERAGE GROWTH OF CONTROL ROOTS, 

PLOTTED AS A FUNCTION OF TOTAL EXPOSURE (INTENSITY IN W/cm 2 

MULTIPLIED BY DURATION OF EXPOSURE IN HOURS) 

FOR DIFFERENT RADIATION I NTENS ITY LEVELS. 

(FROM: BLEANEY AND OLIVER, 1972a) 
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FIGURE l.J. 

AVERAGE GROWTH (G8 ) OF VICIA FABA ROOTS IN EIGHT DAYS FOLLOWING 

EXPOSURE TO 1.5 MHz ULTRASONIC RADIATION AS A FRACTION OF THE 

CORRESPONDING AVERAGE GROWTH FOR CONTROL ROOTS, USING CONTIN­

UOUS RADIATION (CIRCLES AND FULL LINE), 1 ms PULSES WITH 0.25 

DUTY CYCLE ( CROSSES AND DASHED LINE), AND 20 )lS PULSES WITH 

0.25 DUTY CYCLE (SOLID POINTS). ABSCISSA REFERS TO AVERAGE 

POWER IN ALL CASES. 

(FROM: BLEANEY AND OLIVER, 1972b) 
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FIGURE 1.4. 

VARIATION OF G, THE AVERAGE DAILY GROWTH OF IRRADIATED ROOTS 

AS A FRACTION OF THE CORRESPONDING AVERAGE GROWTH FOR CONTROL 

ROOTS OF THE SAME AGE, WITH TIME AFTER EXPOSURE. 

(FROM: BLEANEY AND OLIVER, 1972a) 

G 

1.5 MHz ULTRASONIC RADIATION AT 3 W/cm 2 FOR 15 MINUTES 

125 RADS X-RADIATION (FROM HALL, LAJTHA AND OLIVER,1962). 
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FIGURE 1.5. 

THE STRUCTURE OF THE ROOT OF ZEA. 

C. ' ROOT - CAP. 

Q. QUIESCENT CENTRE. 

M. DIVIDING JvfERISTEMATIC CELLS SURROUNDING 

THE QUIESCENT CENTRE. 

E. ELONGATING ZONE. 
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FIGURE 1.6. 

ARIATION OF G1 , THE AVERAGE GROWTH IN THE FIRST DAY POST-IRRADIATION 

SA FRACTION OF THE CORRESPONDING AVERAGE GROWTH FOR CONTROL ROOTS 

AS A FUNCTION OF IRRADIATED TIME AT DIFFERENT INTENSITY LEVELS. 

(FROM: BLEANEY AND OLIVER, 1972a) 
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TABLE 1.1: SCHEME FOR THE CALCULATION OF G 

Time t=O Q=0 . 9JJ 

Cell-cycle compartme nt ( n) 1 2 3 4 5 6 7 8 9 

No. of cells in each 

compartment (A ) (A 1 ) o=20Q (A2)0 - - - - - - -
n 

=20Q 2 

Time t=l (=1/10 of the cell cycle) X1 =1-(1-Q)F0 Y=X1k 

Cell-cycle compartment ( n) 1 2 J 4 5 6 7 8 9 

No . of cells in each 

compartment (A ) (Al ) l (A2)1 - - - - - - -
n 

=2Y(Al0 )0 =Y(Al)O 

Time t=2 (=2/10 of the cell cycle) X2=1-(1-Q)F 1 

Cell-cycle compartment ( n) 1 2 3 4 5 6 7 8 9 

No. of cells in each 

compartment (A ) (Al)2 (A2)2 - - - - - - -
n 

=2X2(A lO)l =X2(Al)l 

MODEL-A 

10 

• 10 
(A10)0=2 0Q 

10 

(AlO)l 

=Y(A9)0 

10 

(AlO) 2 

=X2(A9)1 

,. 
r 0 _ 4- (A,..'). 

lo( Q. + Q.? t- • •• + Q,10 ) 

£1. = r/· = I 

,. 

w 
l\.) 

F, - L (~j 
lo (G. t- Q,!\ .. ··· +Q!•) 

1 G, = I=, . 

•• 
F~ _ ~ (A.,.u, 

MC 0.-t-D-.'I.+· •• • t ~·) 

S .. = F.i. 
:i. 



TABLE 1.2: SCHEME FOR THE CALCULATION OF G MODEL-B 

Time t=O 

Cell -cycle compartment (n) 1 

No . of cells in each 

compartment (A ) (A1 ) 0 =10 
n 

Time t=l (=1/10 of the cell cycle) 

Cell -cycle compartment (n) 1 

No . of cells in each 

compartment (A ) (Al)l 
n 

=2Y(Al0)0 

Time t=2 (=2/10 of the cell cycle) 

Cell -cycle compartment (n) 1 

No . of cells in each 

compartment (A ) (Al)2 
n 

=2X2(AlO)l 

X0 = l-exp(-1.595F0 ) 

l.595F0 

2 3 4 5 6 

(A 2 ) 0 =10 - - - -

x1 = l-exp(-1.595F0 ) 

l.595F0 

2 3 4 5 6 

(A2)1 - - - -
=k(Al)O 

X2 = l-exp(-1.595F1 ) 

l.595F1 

2 3 4 5 6 

{A2)2 - - - -
=(Al)l 

- 1_ 
- 2 

7 8 9 10 

- - - (AlO)o=lO 

Y=kX1 

7 8 9 10 

- - - (AlO)l=k(A9)0 

7 8 9 10 

- - - (Al0)2= (A9)1 

F. ~ 
100 

~- = (~ .. 'lo C1- xJ 
5 

w 
w 

• F, = t(R,\ 

~. = 

F1. -

~b. = 

I 00 

(~, 0\ ( 1-X J 
5 

i l¥'.\~\. _, 

100 

(A,.\. (1-X,.) 
5 



" 

34 

TABLE 1. J. 

RATES OF MITOSIS IN REGIONS OF THE ROOT MERISTEM 

Quiescent 
Centre 

174 

167 

OF ZEA MAYS, 

Cap Stele just 
initials above Q.C. 

12 28 

14 22 

Stele 
200-250 ):lm 
above Q.C. 

29 

2J 

Method References 

Metaphase Clowes, 
Accumula- 1961. 

tion. 

Pulse Clowes, 
labelling 1965. 

The figures are average durations of a mitotic cycle in hours. 

From: Clowes, "Anatomical Aspects of Structure and 

Development." 1968. 
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The cell cycle time of the meristematic cells in the 

root tip of Zea. 

A number of methods have been devised for deter­

mining the cell cycle time in asynchronous cell popula­

tions (Hoffman, 1953; Clowes, 1961; Clowes, 1965). Ac­

cording to Evans, Neary and Tonkinson (1957) a reliable 

approach is one which depends upon determining the num­

ber of new cells which are produced over given intervals 

of time, and information on the rate of production of 

new cells in the meristem can be obtained by a simple 

colchicine method. The principle of this method rests 

upon the fact that colchicine would not disturb the en­

try of cells into mitosis, but would prevent cells from 

passing out of mitosis by arresting the cells at ±he me-

taphase stage. With this technique the number of cells 

accumulated at metaphase, over a given period of colchi-

cine treatment, can be easily determined. Data on meta-

phase accumulation by colchicine treatment of plant tis­

sues have been published (Hawkes, 1942; Levin e , 1951) but 

the results show an irregular accumulation of metaphases 

with time, particularly with the longer treatments. Evans, 

Neary and Tonkinson (1957) have shown that a steady meta­

phase accumulation rate can be obtained for the root tips 

of Vicia faba if treatments of short durations are used 

( Ii' i g. 1. 7 ) . There is qua n tit a t iv e da ta about the ra t es 

of mitosis of the cells in the apex of Ze~, both from 

continuous and pulse labellin g of 1'1ucl e i with thyrnidine 

and from the accumulation of phases of mitosis blocked 
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FIGURE 1.7. 

METAPHASE SCORES FOR CONTROL AND COLCHICINE TREATED ROOTS 

OF VICIA FABA, FOR TREATMENTS OF UP TO 24 HOURS. 

(Note the steady rate of metaphase accumulation with all 

concentra ti ons of colchicine over the shorter periods 

of treatment). 
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by inhibitors (Table 1.3). 

Synchronization of the cells in the meristem. 

During the past few years a number of ingenious 

methods have been devised to produce synchronously di­

viding populations of mammalian cells cultured in vitro; 

these have been used to study the variation of the X-ra­

diation response with the phase of the mitotic cycle 

(Terasima and Tolmach, 1963; Sinclair, 1965; Sinclair and 

Morton, 1966). Of the methods sugg~sted for cells in 

culture, only those involving drugs would be suitable for 

Zea (Hall, personal communication). 5-Amino Uracil has 

been used successfully on the root meristem of Zea (Clowes, 

1965~, and Hall, Brown and Cavanagh (1968) have ~ynchro­

nized the meristematic cells .of Vicia with hydroxyurea. 

Figure 1.8 shows the labelling and mitotic indices meas­

ured at different times after removal of the seedlings of 

Vicia from hydroxyurea (Hall et al, 1968). 

For Chin ese hamster cells in culture, it has been 

shown that hydroxyurea kills cells that are synthesizing 

DNA but does not affect progression of cells throu gh the 

non-DNA-synthesizing portion of the cycle; consequently, 

cells incubated in its presence accumulate at the end of 

the pre-DNA-synthetic phase (G1 ). In this way hydroxyurea 

produces a synchronously dividing population of cells 

(Sinclair, 1965 and 1967). 
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FIGURE 1. 8. 

VARIATION OF THE MITOTIC INDEX AND PERCENTAGE OF CELLS 

LABELLED WI TH TRITIATED TifYMIDINE WITH TIME AFTER 

REMOVAL FR OM A 24-HOUR EXPOSURE TO HYDROXYUREA. 
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The biological action of ultrasound in relation to the 

cell cycle . 

Although a number of studies have been reported 

on the response of mammalian and plant cells to ultrasonic 

irradiation, there is very little in the literature on the 

age-response of sonicated cells. 

Studies of the changes in the nucleus with regard 

to mitosis have been carried out by Selman (1952) on the 

root tips of Allium cepa. Mitotic figures observed for 

2 
roots sonicated at intensities less than 2.5 W/cm for 

periods of 5 to 10 minutes were found to be normal and 

no marked increase or decrease in the rate of mitosis was 

noted. A possible variation of the response of cells 

throu gh the cell cycle has, however, only been investi­

gated for mouse leukaemia cells in tissue culture (Clarke 

and Hill, 1969). They found that cells which are in mi-

tosis durin g the sonication have a susceptibility to ul­

tra son ic disintegration that is significantly above the 

average for the population. A fractional irradiation re-

gime however, with ultrasound pulses sufficiently short 

( 6 1 ms) so that the disintegration mechanism is inhibited, 

did n ot lead to detecta b le changes in the cell prolifera­

tion pattern. 

So far, only the response of ac tively dividing po­

pulations of cells to ultras onic treatment has been de-

scribed. When metabolically inactive cells are exposed to 

ultrasound, however, the expression of sonication damage 
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in the subsequent growth may be different from that ex~ 

hibited by a sonicated actively dividing population of 

cells. Such an investigation can readily be carried out 

using the dry seed and the growing root of Zea. 

EFFECT OF ULTRASOUND ON SEEDS. 

Interest in the effect of ultrasound on seeds has 

been aroused by various conflicting reports on the pos­

sible stimulation of the subsequent growth of the plant 

by treatment of its seed or roots with ultrasound, e.g. 

on peas (Istomina and Ostrovskij, 1936), on root tips of 

Narcissus following ultrasonic treatment at 400 kHz 

(Newcomer and Wallace, 1949), on seeds of cress (Tomberg, 

1950), on Pisum (Spencer, 1952), on barley (Johnspn and 

Obolensky, 1954), on grain (Busnel and Obolensky, 1955; 

Obolensky, 1957), The increase in germination has been 

questioned by Findley and Campbell (1953) who studied the 

effect of ultrasound on maize seeds. Haskell and Selman 

(1950) also observed a lower germinati on rate of the 

seeds of maize exposed to ultrasound at an intensity of 
. 2 

35 W/cm (1MHz beam) for various times . The subsequent 

growth of the plants was normal, Gordon (1963) has sug-

gested that the increase in germination rate can probably 

be accounted for by increased imbibition, thus forcing 

into action the basic processes of metabolism more quick-

ly than in untreated seeds. The increase in growth rate 

is more complex, however, and would appear to be asso­

ciated with a selective increase in anabolic activity 

(Dy s on, Pond, Joseph a nd Warwick, 1968). 
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At certain intensities and·frequencies, the action 

of ultrasound on biological material can be analogous to 

that of ionizing radiation (described later in this chap-

ter). Cherry (1962) has made a study of the effect of 

ionizing radia tion on the dry seeds of Zea mays and noted 

that a "delayed killing" of' the roots occurred, i.e. no 

difference from controls is observed for several days, but 

later the irradiated group shows a decreased root length 

and a poor development of lateral roots. This effect has 

not been observed in any of' the studies of the effects of' 

ultrasound on seeds. 

None of the processes which occur in the growing 

root, namely division, elongation and differentiation, 

take place in dry, ungerminated seeds. Seeds are more re-

sistant than growing roots to environmental changes and 

survive ionizing radiation treatments that would kill 

roots (Sheps to ne, 1964). Furthermore, dry seeds are re-

latively inactive metabolically, so the effects of radi­

ation can be modified experimentally without the immediate 

intervention of active cell metabolism. 

Davidson (1960) has classified the factors produc­

ing modifications of' the effects of ionizing radiations 

on seeds. Some of these factors may also apply wh en seeds 

are exposed to ultrasonic radiation. 

These factors are as f'ollows:-

(1) Factors operative before irradiation: 

(a) Storage conditions: composition of the atmos-

phere, humidity, temp e rature, and de g ree of' 

ploidy of the seed; 
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(b) Sensitivity of seeds varies with size, age 

and conditions of the season in which they 

were produced. 

(2) Factors operative after irradiation but before ger­

mination, when irradiation and germination are se-

parated in time: 

(a) Water content and changes in water content; 

(b) Temperature and 

(c) the composition of the atmosphere. 

As soon as germination begins, all treatments are 

related to cell metabolism and the reaction of the seed 

root approaches that of the growing root. 

Several effects of radiation can be measured. These 

include (1) inhibition of germination, (2) chromosome 

aberrations at first mitosis in roots and shoots of seed­

lings and at meiosis in mature plants, (3) inhibition of 

mitosis, (4) reduction in the growth of coleoptiles and 

of roots and shoots, (5) decrease in the number of plants 

surviving to maturity, (6) lower fertility, as indicated 

by pollen fertility or seed set and (7) increased mutation 

frequ enc ies in the proge ny of irradiated plants. 

Struc ture of the seed of Zea mays. 

The seed of Zea mavs is represented diagramatical~y 

in Figure 1.9. It is relatively sin1ple in structure, con­

sisting essentia lly of an embryo and a reserve food supply 

(endo sperm ) surrounded by an envelope or testa . The em-

bryo consists of a radicle, a plumul e , a sin g le cotyl e don 
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P . Weatherwax: 

"The story of' the maize pla nt," p.J2. 
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and a hypocotyl which connects the radicle and the plu-

mule. The process of germination leads eventually to the 

deve lopment of the embryo into a seedling. 

In the early embryonic stages of development cell 

division occurs throughout the young organism, but as the 

embryo enlarges the addition of new cells is confined to 

the meristems. Thus at the time of sonication one may 

assume that the embryonic radicle has a well-defined, al­

though metabolically inactive meristem. 

As mentioned earlier, there is a similarity in the 

expression of the radiation damage observed when roots 

are exposed to ultrasound and X-rays respectively. A study 

of the combined action of both modalities may, therefore, 

throw some light on the actions of ultrasound. 
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INTERACTION BETWEEN ULTRASOUND AND X-RAYS. 

Although the direct use of ultrasound in tumour 

therapy, as advocated by Hovarth (1944; 1946) is now con­

sidered to be of very limited value (Herrick, 1953; 

Lehman and Krusen, 1955), it has been reported by Woeber 

(1959; 1965) that the use of ultrasound in conjunction 

with X-ray therapy can increase the effectiveness of the 

latter. In his study Woeber reported complete regression 

of Walker carcinomas in rats following 350 rads of X-rays 

accompanied by ultrasonic irradiation at 1 W/cm 2 . Equiva­

lent results were reported following 600 rads of X-rays 

alone, implying that the ultrasonic irradiation increased 

the X-ray effectiveness by a factor of about 1.7. 

Woeber 1 s results suggested that synergism between X-irra­

diation and ultrasound would occur with the use of an ul­

trasonic intensity which, by itself, had no observable 

effect on the tumour cells. 

Experience of a similar nature has been reported 

by Pydorich (19 66 ). In his treatment of eyelid ep itheli­

oma with ultrasound (o.8 MHz, 0.8 W/cm 2 ) in combinat ion 

with 40-50 kV X-rays , the X-ray doses could be r educe d 

by 40-42 per cent. 

By application of 2 MHz ultrasound at an intensity 

2 60 less than 0.001 W/cm simultaneously with Co gamma ra-

diation, Spring (1969, 1972) was able to report a demuni­

tion from 90 krads in the 37 per cent dose in observa­

tions of the germ inative capacity of grass s eed s (Lolium 

i t a 1 icmn). 
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Detailed combined irradiation studies were also 

made by Clarke, Hill and Adams (1970) on mouse lymphoma 

cells in suspension as well as on transplanted tumours 

in Marshall rats. The effects observed by Woeber were, 

however, not detected and the authors attribute this dis­

crepancy to possible temperature effects in the in vivo 

system . 

M.H. Repacholi, Woodcock, Newman and Taylor (1971) 

in their studies on the electrophoretic mobility of 

Ehrlich ascites-tumour cells have found that the irradia­

tion with ultrasound at 1 MHz frequency, with a peak in­

tensity of 10 W/cm 2 , pulsed 1:10 for 5 minutes, gave 15% 

reduction in mobility; 1000 rads of 220 kV X-rays gave 

the same reduction, while combined treatments gave JO%. 

Th~s suggests that the individual effects of the X-rays 

and ultrasound on the cell membrane may be additive. 

A compilation of all the related studies is given 

in Table 1.4. The figures in the column entitled "In-

creas ed X-ray Effectiveness" are the ratio of the dose 

of ionizing radiation to the do se of ionizing radiation 

given in conjunction with ultrasound to obtain the same 

result or reaction. 

The effects of certain dru gs on tissues have been 

de scribed as being similar to those of X-rays (Read,1959). 

Some of these drugs, e.g . vincri stine , have also been sue-

cess f ully us ed in cancer chemotherapy, It has b ee n s hown, 

as described above, that the sensit ivity of c e ll s to X-rays 

can be increased by simultaneous treatment with ul traso und 
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and thu s a possibl e interacti o n between ultrasound and 

vincristi n e may produc e similar effects (which are to 

be invest i gated). 



EXPERIMENTS IN WHICH VARIOUS BIOL . MATER . WAS IRRADIATED BY SIMULTANEOUS ULTRASONIC AND ION:tZING RADIATION. 

AUTHORS BIOLOGICAL MATERIAL IONIZING RADIATION ULTRASONIC RADIATION I NCREASED X-RAY EFFEC -
USED AND DO SES FREQUENCY & INTENSITY TIVENESS ( SEE TEXT) 

:onger , (1948 ) Infloresc e nce of 250 kV X-rays 9100 Hz (sonic) JO% increase in 
Tradescantia 250 rads chromosome 

aberratio ns 

:.,ehrna n and Solid Ehrlich 135 kV X-rays 1 MHz 
-2 2.0 

(rusen, (195 5) ascltes carcinoma s 8.4 Wern 
in vivo 

voebe r, (1 959 ) Walker carcinomas 60 kV X-rays 1 Wern -2 1.7 
in rats 350 R 

> yd or i ch , ( 19 6 6 ) Eyel id epithelioma 40-50 kV X-rays 0.8 MHz 
-2 1.7 

3470-4950 rads o.8 Wern 

pring, (1969) Germi native capaci- 60 
2 MHz 2.6 Co t-rays 

-2 ty of g rass seeds 2500-15000 rads 0.001 Wern 

larke , Hill & L5178Y lym ph oma 250 kV X-rays 1 MHz 1 + 0.2 
-2 -

dams , (1970) cells in v i tro 100-400 rads 5 Wern 

Tumour EICH/M l trans- 250 kV X-rays 1 MHz 1 + O.J -2 -
pla nted i n rats 2000 R 0.5 Wern 

pring,Rytila & HeLa cell s in vitro 60Co '15 -rays 2 MHz 
-2 1.7 at 50 rads lomqvist ,(1970) 50 -lf.oo rads 0.001 Wern 1.0 at 200 rads 

0.7 at 400 rads 

'?pacho l i ,(1 9 70) Eh rlich ascites tu- 220 kV X-rays 1 MHz Reduction in 
-2 mour cells in vitro 10 Wcm electrophoretic 

mobility 

opa choli, Wood- Ehrlich asc ites tu - 220 kV X-rays 1 MHz Reduction in 
-2 Jck, Newman & mour cells in vitro 10 Wcm electrophoretic 

1ylor, (1971) mobili ty 

.vinii tty , Effec t on barley 6oco ~-rays 20 kHz or 80 kHz ? Increase in 
rvarante a nd seeds 0 - 20 krads ? radi oresistance 
tka nen (1 97 1) 

~ 
(X) 



EFFECT OF THE SPINDLE-POISON VINCRISTINE ON CELLS. 

A number of alkaloidal substances with anti-tumour 

activity have been obtained from the plant Vinca rosea Linn. 

(periwinkle). These alkaloids (e.g. vincristine, the mo­

lecular structure of which is shown in Fig. 1.10), produce 

an increase in cells in metaphase (Fig. 1.11) both in tis­

sue culture and in vivo (Cutts, Beer and Noble, 1960; 

Palmer, Livengood, Warren, Simpson and Johnson, 1960; 

Cardinali, 1963; Frei, Whang, Scoggins, Van Scott, Rall 

and Ben, 1964). The mechanism of this stathmokinetic ef-

feet is unknown, and its relationship to the toxicity and 

anti-tumour properties of these alkaloids is obscure (Frei 

et al, 1964). 

The age response (i.e. the relative lethality of 

the agent as a function of cell position in the mitotic 

division cycle) of synchronized lymphoma cells exposed 

in vivo to vincristine has been studied by Madoc-Jones and 

Mauro ( 1970). These authors found that cells in the S-

phase of the mitotic cycle were most sensitive (Fi g . 1.12). 

Similar results were also obtained by these authors when 

synchronized HeLa cells in tissue culture were exposed to 

vincristine (Madoc-Jones and Mauro, 1968). Lower drug 

concentrations or shorter exposure times yielded age-re­

sponse curves identical in shape .to the ones obtained with 

high concentrations. 
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FIGURE 1.10. 

VINCRISTINE SULFATE IS THE SALT OF AN ALKALOID OBTAINED FROM 

THE FLOWERING HERB, THE PERIWINKLE PLANT (VINCA ROSEA LINN.). 

ORIGINALLY KNOWN AS LEUROCRISTINE, IT HAS ALSO BEEN REFERRED 

TO AS LCR AND VCR. THE EMPIRICAL FORMULA IS 

•H2 so4 . THE PROPOSED STRUCTURAL FORMULA IS SHOWN BELOW 

(NEUSS, 1964a; NEUSS, 1964b). 

OH 

Rl = COOCHJ 

R2 = CHO 

RJ = OCHJ 

R4 - CO CH J 
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FIGURE 1.11. 

CHANGES I N THE RAT MARROW MITOTIC INDEX AFTER ADMINISTRATION 

OF VINCRISTINE (0.9 mg/kg). 

(FROM: FREI, WHANG , SCOGGINS, VAN SCOTT, RALL AND BEN, 1964). 
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FIGURE 1.12. 

AGE RESPONSE OF MURINE LYMPHOMA CELLS TO VINCRISTINE, 

O.JJ mg/mouse, J - HOUR EXPOSURE. THE BOX MARKED HU 

DENOTES THE TIME OF SYNCHRONIZ ING PRETREATMENT WITH 

HYDROXYUREA (0.5 mg/mouse); THE LOWER LIMITS DENOTE 

SURVIVING FRACTION AFTER SYNCHRONIZATION TREATMENT ONLY. 

(FROM: MADOC-JONES AND MAURO, 1970). 
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Comparison of the effects on cells of X-rays and 

nucleotoxic dru g s. 

Considerable work has been done on the effects of 

various spindle poisons (also described as "radiomimetic" 

or "nucleotoxic") on the cells of the broad bean meristem 

(e.g. Revell, 1953; Kihlman, 1955; Evans, Neary and 

Tonkinson, 1957; Read, 1959). 

Read 1 s experiments with 8 - ethoxycaffeine (to be 

represented by E O C ), to investigate the analogy between 

the mechanism of action of such drugs and the mechanism of 

damage produced by ionizing radiation, arose from the dis­

covery by Fries and Kihlman .(1948) that caffeine and theo­

phylline could produce mutations in the fungal cells of an 

ascomycete. Kihlman and Levan (1949) then found that var­

ious purine derivatives could induce chromosome changes in 

the root-tip cells of the onion, Allium cepa, if the roots 

were immersed in a solution for a few hours. These changes 

appeared to be of the same kind as those produced by X-rays, 

i.e. a stickin ess of the chromosomes of cells which were in 

divi s i on at t h e time of treatment leading to clumpin g , ana­

phase b ridges , a nd structural chromosome chan g es in cells 

wh ich were in i nt e rphase when treated. A further similari­

t y ar ose when Kihlma n (1955) showed that the producti o n of 

c hromosome abe r ra tions by E O C in Vicia cell s was influ- · 

e n ced by the c on ce ntra tion of di ss olved oxyge n. Read (1 959 ) 

f ound a close s imila rity b etwee n th e e ff e ct o n th e roots of 

Vicia prod u ce d b y X-rays and b y immers ion i n oxy ge nated 

E O C . 



Read (1954) also found that the shape of the growth 

c u rve s for the roots of Vicia treated with nitrogen mus-

tard were similar to those for the X-rayed roots (Fig.1.lJ). 

The g rowth rate of the X-rayed roots, however, began to 

d i mi ni s h about one day earlier than that of the roots trea­

ted with nitrogen mustard. Read attributed this result to 

a difference in age-response since Revell (1953) showed 

that the peak of the sensitivity of chromosomes to break­

age by nitrogen mustard is at the beginning of the resting 

phase, while that to X-rays is at the end, the two peaks 

being s eparated by about 20 hours. 

The minimum growth rate of Vicia after exposure to 

X-rad ia tion occurred about 6 days later, but after E O C 

appreciable recovery had been made by this time (Read,1959). 

Finally, returning to the effects of ultrasound, it 

can be said that since the original work by Lan g evin in 

1916, an extensive literature on the subject of ultrasound 

h a s g rown up (Bergmann, 1954; Elpiner, 1964). Unfortu-

nat ely, howe v e r, it is only comparatively recently that 

there h as b ee n anythin g approachin g a proper appr e ciation 

of the physica l complexity of the subject, and that it has 

become possib l e e ven to formul a te useful hypoth e ses as to 

the var io u s mech a ni s ms of action involve d (Hill, 1968). 
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FIGURE l.lJ. 

COMPARISON OF THE GROWTH ClJRVES FOR THE ROOTS OF VICIA FABA 

WHEN TREATED WITH X-RAYS OR NITROGEN MUSTARD. 

(FROM: READ, 1954). 

• • X-RAY TREATMENT (150 r ) . 

---0----0--- NITROGEN MUSTARD TREATMENT 

(2 MICROMOLE-HOURS). 
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BIOPHYSICAL MODES OF ACTION OF ULTRASONIC WAVES. 

In spite of the efforts of many investigators and 

the multip licity of publications on the subject of the 

mode of biological action of ultrasound, this problem is 

far from being solved even in the cases where there seems 

to be rather good support for the theory in question. 

The various mechanisms of action of the ultrasound 

which can induce effects on biological material can be 

classified as follows: thermal action, "cavitational" and 

"direct" mechanisms of action, 

Thermal effects. 

-The mechanisms leading to absorption of a sound 

wave in a medium are not fully understood and sound is 

absorbed to very different degrees by different media 

(Hill, 1968). Total absorption coefficients quoted in 

the literature, are usually calculated from the reduc­

tion of intensity observed on introduction of the medium 

into the path of the sound beam, and are the sum of at 

least two components, due to true absorption and scatter-

ing respectively. It is only the true absorption compo-

nent that corresponds to energy deposition (and hence, 

temperature rise) directly in the path of the beam, al­

thou gh scattered radiation will, of course, be subject 

to subsequent a b sorption in the vicinity of the primary 

b ea m. 

Temperatu re ri se may in its e lf b e a significant 

factor in a biolo g ical system and its mag n it ude in a 
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particular situation will depend both on the beam para­

meters, in time and space, and on the absorbing and scat­

tering properties of the medium and its properties as a 
'~ 

heat sink (thermal conductivity and heat capacity). 

In fluids and quasi-fluids (such as Soft tissue) 

only longitudinal waves are propagated, transverse waves 

being almost completely absorbed with~n the first half­

wavelength distance from their point of introduction. 

Such absorption may occur in the vicinity of any acous­

tic impedance boundary involving fluid or soft tissue, 

as a result of the partial conversion of energy from lon­

gitudinal to transverse mode that accompanies refraction. 

"Cavitation". 

A group of phenomena that is characteristic of the 

acoustic frequency in the range 16 kHz - 10 MHz (which in­

cludes the frequency range used in medical therapeutic and 

diagnostic beams as well as biological research) is that co­

vered by the general term "cavitation" (Webster, 1963; 

Flynn, 1964). Most ordinary liquids contain stable micro-

bubbles, or other minute nuclei, around which bubbles of 

dissolved gas are found to grow under the action of mo-

derate ultrasonic fields. On reaching a certain size that 

is characteristic of the sound frequency, such bubbles ex­

hibit mechanical resonance, with vibration amplitude that 

may be several orders of magnitude greater than that of 

the particles of the liquid in the absence of the bubble 

( Nyborg, 1965a; 1965b). This enhancement of vibration 

amplitude, together with small-scale patterns of fluid 



movem ent or "micro s treamin g " tha t it induc e s (Kolb and 

Nyborg , 1956), can l ea d to hi gh shear and tensile stres­

ses be ing s et up in the liquid, sufficient to break 

structures such as -macromolecules and cell membranes 

(Hughes and Nybor g , 1962). 

The above phenomenon is commonly termined stable 

cavitat ion to distinguish it from a more violent form, 

known as collapse cavitation (or transient cavitation) 

which occurs when the acoustic intensity is sufficient­

ly great to cause the cavitation bubbles to collapse 

comp letely during a compression phase of the vibration. 

In the c ollapse phase Noltingk and Neppiras (1950,1951) 

predi ct instantaneous temperatures of the order of 104 

0 6 Kand pres s ures of the order of 10 atmospheres. In 

aqueou s media one consequence of this collapse phenome­

non (not fully explain e d theoretically althou gh well 

establishe d expe r im e ntally) is the production of a va­

riety of sh ort-live d chemical free-radical species 

(Graba r and Prud homme , 1 949; Ja r ma n, 1960; Elpin e r, 1964). 

I n this r espect u l traso u nd exh i b i ts an a nalo gy with ion -

izing radiation . Ce l l breakage , however , is ind e p e nden t 

o f free radical f ormat i o n ( Hughes a nd Rogers, 1 9 6 0 ). 

Th e products of d egradation of tri-pept i des ex­

po sed t o ultraso u nd are f ou nd t o be d epe nden t on t he na­

tu re of the ambient gas and it i s a ge n era l observation 

t h at the nature of the gases dissolved i n a solution i r ­

radiated under conditions of transie n t cavitation inf l u­

ences the effect of ult raso nic treatment (Elpiner and 

Sokolskaya, 1962). Solutions of serum albumin were not 
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degraded under an atmosphere of helium, but did degrade 

in the presence of oxygen, hydrogen and nitrogen 

(Ste fanovic, Kostic, Bresjanac and Ziranovic, 1959). 

Such observations suggest that degradation in an ultraso­

nic f ield proceeds, at least partly, through the inter­

action of the macromolecule with an activated species, 

such as a free radical, produced from the solvent. 

Esche (1952) characterized the ''cavitation thresh­

old" as the onset of detectable wide-band noise outside 

the freque ncy band of the applied sound field. It ap-

pears, however, that the generation of such noise results 

from the shock waves associated only with the extreme 

collapse form of cavitation, and the occurrence of cavi­

tation-like phenomena in the megahertz region at inten­

sities much lower than Esche 1 s thresholds has in fact been 

recognized (Figure 1.14), particularly in connection with 

the ultrasonic cleaning process (Neppiras, 1965). The 

methods used by Hill (1972) for determining the dependence 

on frequency of cavitation in air-equilibrated water in­

clude the degradation of DNA molecules in aqueous solu­

tion, sonochemical changes of potassium iodide and obser­

va ti ons of the first sub-harmonic of the driving frequen­

cy. The evidence of sub-harmonic signal measurements in­

dicate that the cavitational mode responsible cannot rea­

dily be stimulated in mammalian tissues (Hill, 1972). 

Hill, Clarke, Crowe and Hamn1ick (1 969 ) as well as Hill 

(1972) have shown that, in a 1 MHz beam, pulsin g condi­

tions may have a marked influence on the cavitation 



60 

FIGURE 1.14. 

FREQUENCY DEPENDENCE OF CAVITATION IN AIR-EQUILIBRATED WATER, 

AS DETERMINED BY VARIOUS METHODS (CONTINUOUS-WAVE ULTRASOUND). 

(FR OM : HILL, 1972) 

EB POSITIVE INDICATION OF CAVITATION (HILL, 1972). 

e NEGATIVE INDICATION OF CAVITATION (HILL, 1972). 

~- NEPPIRAS (1965) 

X BARGER (QUOTED BY APFEL, 1970). 

ESCHE (1952). 
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activity in that a maximum ef'f'ectiveness of' DNA degrada­

tion occurs at a pulse duration of' about JO ms, with a 

rapid decrease as the pulse length is reduced towards 

1 ms (Fi g ure 1.15). Clarke and Hill (1970) in their stu-

dies on the survival of mouse leukemia cells grown in vitro 

have shown that cell death induced by a 1 MHz ultrasonic 

beam at an average intensity of' 1-5 W/cm 2 arises mainly 

due to the vibrating bubble mechanism, chemical ef'f'ects 

playing a relatively minor role and delayed ef'f'ects, of 

the kind known to follow ionizing radiation (i.e. inhibi­

tion of' mitosis, Gray and Scholes, 1951), being absent. 

"D irect" mechanism of' action. 

Most of' the very large number of' types of' change 

that have been reported as having been produced by· ultra­

sound in both physical and biological systems (Elpiner, 

1964) can be explained on the basis of' one or other of 

the above general classes of' mechanism (thermal and cavi-

ta ti ona 1). A third and possibly a more "direct" class of' 

me chanism may, however, be involved. 

Evidence for a "direct" class of' mechanism comes 

f rom a variety of types of experiment, all of which have 

be en carried out in such a way that both cavitation and 

s i g nificant temperature rise were considered to be either 

p re vented or adequately allowed f'or. In biological sys -

te ms , inactivation of the spinal cord of hypothermic mice 

has b e en report e d by Dunn and Fry (1 957), and temporary 

pa ra lys i s of activity in small, unicellular organisms has 
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FIGURE 1.15, 

DEPENDENCE OF CAVITATION ON PULSING PARAMETERS (2-MHz BEAM). 

I NTENSITY IN THE PULSE=4. 7 W/cm 2 ( SPACIAL AVERAGE ) . 

( FROM : HILL, 1972) 

EB POSITIVE INDICATION OF CAVITATION 

e NEGATIVE INDICATION OF CAVITATION 
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been produced by the action of frequencies of 250 and 

500 MHz (Dunn and Hawley, 1965). Considerable accele-

ration of wound healin g und~r the action of ultrasound 

has been reported by Dyson, Pond, Joseph and Warwick 

(1968) and this also appears to be a manifestation of 

a "direct" mechanism of action. 

Another result which appears to lend support to 

the hypothesis of a direct mechanism of ultrasound, is 

the demonstration by Woeber (1959, 1965) of synergism 

between X-rays and ultrasound in tumour therapy. The 

magnitude of the effect observed here was appreciably 

g reater than that to be expected on the basis of tem­

p erature dependence of radiosensitivity. 

Further evidence for the existence of a direct 

mechanism of action comes from work with physical sys­

t ems. Degradation of DNA has been reported to occur at 

i nt e nsities of the order of JO W/cm 2 at 1 MHz in the ab­

s enc e of cavitation (Hawley, MacLeod and Dunn, 1963) 

wh ile certain chan g es such as the breakdown of structu­

r al viscosity ( F reund lich and G~llings, 1938) and varia­

t io n s in acou s tic ab s or ption (Fedorova, 1965) have been 

reported in concentra t e d solutions of certain proteins 

a nd othe r p o l y me rs, at con s id e r a bly lower intensiti e s. 

Such chan g es may be th e re s ult of direct interactions of 

the sou nd f ie ld with t h e poly me r bond structure, and a 

fu rth e r obse rv ed e ff ec t t hat ma y be relat e d to thi s i s 

an i nc r ea se in t he ra t e o f dif f u s io n for c ertain i onic 

spe cies dif f u s in g t h ro u gh a prot ei n ( g elat in) g el 

(Arkll a n g els k ii , 19 62 ). An othe r effect in thi s class 
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that has been reported recently is the acceleration of 

hydrolysis of sucrose, which occurs at intensities of the 

order 
2 

of J W/cm at J MHz (Woodcock, 

The ph e n omena described in the preceding para­

graphs appear to be due in some way to stressing the mo­

lecular structure under the action of the sound field. 

Another physical means by which ultrasound might, in 

principle, exert an influence on biological structures 

is through the fluid microstreamin g that is produced in 

the vicinity of interfaces within acoustically inhomoge-

neous media. It has been shown to occur in living cells 

to which ultrasound at 20 kHz is applied locally from the 

t ip of a vibrating needle (Wilson, Wiercinski, Nyborg, 

Schnitzler and S ichel, 1966). Under these conditions the 

c ell contents, sometimes includin g major structures such 

a s mole cules, can be seen to undergo rapid vortical mo-

t ion. However, the irradiation conditions here are phy-

s ically very different from those in a uniform beam and 

the extent , if any, to which such microstreaming may tend 

to occur in tissue exposed to therapeutic or dia gnost ic 

bea ms has not yet been determined (Connolly a nd Po nd,1 967 ). 



CHAPTER II . 

THE PROBLEMS STATED. 
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THE PROBLEMS STATED . 

In view of the expandin g use of ultrasound in medi­

cine a bett e r understanding of the mechanisms by which ul­

traso nic irradiations produce their effects on living or-

ga nisms is very desirable. For this purpose the following 

exp eriments will be carried out. 

(a) The roots of Zea will be exposed to the beam of the 

Impulsaphon M55 under various conditions for times in 

the range 1-180 minutes. The above-mentioned instru-

ment is capable of producing pulsed (2ms pulses, 0.2 

duty cycle) and continuous beams of ultrasound at a 

frequency of 1 MHz and average intensities in the ran-

2 
ge 0.02 - o.82 W/cm. Where possible, the results on 

Zea will be compared with those by Bleaney and Oliver 

(1972 a and b) on Vic ia . 

(b ) The beam of the generator will be calibrated usin g ra­

diation balance measur ements in combination with beam 

profile measurements, f or which a thermistor probe will 

be built. A tantalum capacitor probe will be us ed to 

determine the frequency, pulse shape and duty cycle of 

the ultrasonic beam. 

( c ) Hall , Lajtha and Olive r (1962) have 6ons id ered the 

growth patt ern of the bean root in terms of the propor­

tion of cell s maintaining reproductive integrity and 

two theoretical kinetic models allowing recovery after 

X-irradiation (acu te doses) have been formulated . Ad­

aptations of these twa models (termed Model A and Mod­

el Il) were used by Oliver and Shepstone ( 1965) to 
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explain the behaviour of the root meristem under con-

ditions of protracted gamma -irradiation. These adap-

ted models will be modified and computer programs will 

be written to calculate theoretical growth curves for 

conditions of acute ultrasonic irradiation. 

Acute sonications of Zea will be carried out in order 

to provide experimental curves for comparison with the 

computer calculated results. 

(d) The characteristic shape of the survival curve for the 

cells in the root meristem of Zea mays exposed to X­

rays is sigmoid (Shepstone, 1964; Fenner, 1970). This 

implies a threshold type of response in which damage 

must be accumulated before its effect becomes apparent. 

A search will be made for such a threshold type of re­

sponse in the present experiments on ultrasound. 

(e) The intermitotic cycle time of the meristematic cells 

in the root of Zea mays will be determined using a me­

taphase accumulation technique described by Evans, 

Neary and Tonkinson (1957) for the root meristem of 

Vicia faba. It will also be necessary to determine 

whether there is a tendancy for diurnal rythm in root 

elongation throughout a 24-hour period. 

(1) It has been found possible to alter the X-radiation sen ­

sitivity by certain changes in the environment of the 

roots durin g , or immediately before irradiation (e.g. 

change in the amo11nt of oxyge n present), which are not 

in th e mse lves harmful . The sensitivity was also found 

to d epe nd on the nature (LET ) of the radiation ( gamma 

rays , alpha rays, etc.) and the manner of d e livery 
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(dose rat e , fractionated dos e s). Bearing this in mind, 

exp e rim e nt s will b e carried out to investigate the ef­

fect on sonicatio n dama ge of the temp e rature at which 

the roots are kept before or during sonication, the con­

centration of dissolved oxygen and the position of the 

meristematic cells in the cell cycle (so-called "age 

response"). The doses of ultrasound will also be frac-

tionated to determine whether there is any recovery of 

the sonicated cells between doses. 

(g) The sensitivity to X-rays has been found to be differ­

ent for the elongating and meristematic cells in the 

root tip. These cells may also respond differently to 

ultrasonic irradiation and the meristematic and elon­

gating regions of the root tip will thus be individual-

ly exposed to ultrasound. Surgical experiments will be 

used to d e termine to what extent the elongating zone 

contribut es to the leng th of the root once the whole or 

part of the meristematic zone has been removed, 

(h) The roo ts of Zea will also be exposed to ultrasound in 

combination with X-rays and the anti-cancer ag e n t vin­

cristine, si nc e there have been reports (ou t lin e d in 

Chapter I) that the use of ultrasound ( continuou s wa ve) 

in conjunction with X-ray therapy can increase the ef­

fectiveness of the latter in the treatment of tumours. 

The effects of spindle poisons on tissues have been de­

scribed as being similar to those of X-rays (e. g .Berry, 

1969) and thus a combin ed tr ea tment with ultra sound and 

vincristine may produce results similar to those ob ­

served for ultrasound and X-rays , which is to b e 



investigat ed . In experiments (Chapter I) in which 

ultrasound and X-rays were used simultaneously, the 

dose of ultrasound was in itself not sufficiently 

large to produce an effect on the tissue involved. 

In similar experiments on Zea the roots will be ex­

posed to high and low doses of ultrasound (pulsed as 

well as continuous beams) which, when given alone, 

will either affect the roots to a considerable extent 

or will hardly affect the growth of the roots at all. 

(i) An attempt will be made to determine whether ultra­

sonic radiation at a very much lower average inten­

sity than that (see Chapter I) used by Haskell and 

Selman (1950) will affect the dry seeds of Zea to 

such an extent that a change will be observed in the 

germination rate and in the growth of the roots af­

ter g ermination of the sonicated seeds. 

(j) If the threshold at which ultrasonic damage to the 

roots becomes apparent is low enough, the roots will 

be used to determine whether certain diagnostic e­

quipment in common clinical use is capable of causing 

a chan g e in the growth of the roots, 
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CULTURE METHODS. 

Seed of Zea mays (Variety "Kalahari Blitz"), were 

germinated , a nd roots g rown as described in detail pre­

vi ously (Hering, 1971). The method of culture employed 

was based on that used by Hall, Lajtha and Oliver (1962) 

for Vicia faba. 

After 2-3 days in moist Vermiculite the seedlings, · 

now havin g a primary root of length of 2-3 cm, were trans­

ferred to the culture tank and grown for two to three days 

at 19 °c +_ 0. 2 °c . Th • t t • t • d • is empera ure was main aine using a 

Bra un thermostatically controlled heater in conjunction 

with a Grant coolin g unit. The Braun heater also comprised 

a vigorous stirrer which effectively aerated the water, 

It was found unnecessary to cover the cotyledons during 

the experiment with moist surgical gauze, a procedure which 

was adopted in previous experiments (Hering, 1971) to pre-

ven t dehydration. The dehydration of the cotyledons was 

f ound not to influence the growth rate of the roots. 

Observations of Mottram (1913) and Jungling & Lan­

g endorff (1930) showed that there is a tendancy for diur­

na l rythm in root elonga tion throughout a 24 hr. period, 

I n order to eliminat e this diurnal fluctuation many in­

ves tigators remove the plumules and culture their seed­

li n g s und er conditions of darkness (Gray & Scholes,1951). 

Unde r the present conditions of culture the g rowth rate 

of the primary root of Zea mays (as measured by root elon­

ga t ion p e r day) decreases from about the third day after 
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germ in a ti on ( F i g . J . 1 ) . In the sonication experiments 

measurements were to be made at different times of the 

day , so that it was necessary to investi gate gr owth rate 

throughout a 24 hr. period within the period of gradual 

decrease in gr owth rate. 

For this purpose measurements of root length were 

made at 2 hr. intervals throu ghout a day and night. Root 

elonga tion me asurem e nts were then continued for a further 

3 days, but over periods of 12 and 24 hrs. only. For this 

experiment the roots were selected as follows. Three days 

afte r transferrin g the roots from the Vermiculite to the 

cul tur e tank, the roots were remeasur~d at daily inter-
• 

vals and their g rowth increments over 2 days were deter-

mi ned. A homo ge neous sample of seedling s was then selec-

ted on the basis of growth increment, and this sample was 

randomized into g roups required for the experiment. The 

latte r comm enced on the day of randomization. For these 

meas urem e nts two gr oups of seedlings were used, each 

g roup consisti n g of twenty seedlings. In one of the 

g roups measurements were made at 2 hr. intervals through-

out a period of 24 hrs. Measurement of the sec ond group 

d id not commence until measurement of the first gr oup 

ha d already been conducted for 10 hrs . I n this way it 

wa s possible to check whether root elongation was affec ­

ted throu gh handling the maize roots , by comparin g the 

mea s urements made on the first group with the meas ur e-

me nt s made on the second g roup . Data for root elonga-

tio n over a 24 hr . period are g iven in Fig . J.2 . The 



curve presented was obtained for root elongation meas­

urements on th e first g roup of seedlings; each point 

thus represents a mean value for twenty roots. Stan-

<lard errors ar e shown so that tabular data are not given. 

No difference was found between the two groups, both sets 

·of data g iving fits to regression lines of virtually zero 

slope (slope= -0.0013 for the first group and 0.0011 for 

the second group). Analysis of the additional "daytime" 

data over the three days following and the two days pre­

cedin g the experiment, showed that the uniformity and the 

r ate of decrease of root elongation was mainta_ined. 

Under the conditions of culture described it is 

cl ear that there is no rythmical fluctuation in root e­

lo n gation over a period of a couple of days, and it would 

appear that the effect of light on the growth processes 

in the root is eliminated by the removal of the plumules. 

Consequ e ntly in all the experiments to be described, no 

a ttemp t was made to re g ulate ligh t conditions, but shoots 

were removed daily at the same time as the adventitious 

ro ots . 
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FIGURE J. 2 • 

THE VARIATION I N ROOT ELONGATION OF THE PRIMARY ROOT 

J OVER A 24 HR. PERIOD (GROUP NO . 1). 
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SCORING RADIATION AND VINCRISTINE DAMAGE. 

Unl ess s tat ed otherwise, the treated and control 

ro ot s in all the present experiments were measured im­

med iat e ly after treatment and then at approximately the 

same time(~ 1 hour) every day following the treatment 

for at least 10 days. The measuring technique is de-

scribed elsewhere (Herin g , 1971). 

Gray & Scholes (1951) reported that in the case 

of Vicia this handlin g did not affect the growth of the 

r oot. The growth rate of two control groups of Zea,the 

on e measured every 12 hrs. and the other every 48 hrs., 

sh owed no significant differences, thereby establishing 

that the process of measuring did not affect the roots 

to any detectable extent. 

After each set of measur ements the avera ge g rowth 

increment fo r the corre spo ndin g time int e rval of the 

t reated roots was evaluated and expressed as a fraction 

of the growth of con tro l roots for the same period (G). 

Ea ch increment was re garded as that pertaining to a tim e 

ha lfway between the times at which the measurements were 

ma de. It was found that the g rowth rate of the controls 

was not constant, but decreased steadily during the course 

of the experiment (Fi g . J .1 ). It was for this reason 

that the g rowth incr eme nts were expressed in terms of con­

tr ol g rowth increments over the same period, i.e. with 

res pe ct to controls of the same a g e . 

For all treatm en ts, curves were drawn showin g the 
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variation of the g rowth rate as a · fraction of controls 

of the same age (G) with time. The minimum value of G, 

referred to as G . , was one of the parameters used to min 

assess treatment dama ge . This parameter has been em-

ployed by various authors (e.g. Gray and Scholes, 1951; 

Hall, Lajtha and Oliver, 1962; Hering, 1971) in their 

studies on the effect of X-radiation on the root meri-

stem of Vicia faba and Zea mays. This entity is marked 

G. in Figure J.J min 

The response to ionizing radiations has also been 

considered in terms of the average growth in ten days 

following exposure for each group of irradiated roots, 

expressed as a fraction (G10 ) of the average growth in 

ten days for the corresponding .g roup of control roots 

(Read, 1952). It is, in effect, the area under the 

curve up to the tenth day in Figure J.J. This parame-

ter, however, has been used for X-irradiated roots whose 

g rowth rate had recovered to normal by ten days after 

exposure. In the present experiments, various treat-

me nts caused a reduction in the g rbwth rate which did 

no t r ecover to normal by ten day s after treatment since 

s ome of the treat e d roots had died and some were g row-

i ng only slowly . Alth ough G10 seems to be a rather 

d oubtful entity in this case, it was calculated for 

t hese g roups as well. 

Since so nicati on dama ge i s expressed immediately 

(C h a pt e r IV), G1 , the average g rowth in the first day 

po st -s o ni cat ion as a fraction of the correspondin g avera ge 
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growth for control roots, has been used in the assessment 

of sonication damage . Errors in measurement , however, 

are more significant in the growth incr ement over one day 

than over ten days (Bleany and Oliver, 1972 a). 
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FIGURE J. J , 

VARIATION IN THE GROWTH RATE OF THE ROOTS OF ZEA AFTER SONICATION 

AT AN AVERAGE INTENSITY OF 0.21 W/cm 2 (PULSED BEAM) 

FOR 90 MIN . G . IS THE 'MINIMUM GROWTH RATE', 
__ _,a... ___ '--m1n 

AND THE AREA UNDER THE CURVE UP TO THE TENTH 

DAY IS THE 1 GROWTH I N TEN DAYS'. 
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METHOD OF SONICATION OF THE ROOTS OF ZEA MAYS. 

The roots of Zea were exposed to ultrasonic radia­

tion at 1 MHz supplied by the Impulsaphon M55, a therapeu­

tic in s trument capable of either continuous or pulsed oper­

ation and giving pulse durations of 2 ms, with a duty fac-

tor of 0.2 (Fi g . J.4). The ultrasound intensity could be 

controlled stepwise from 0.1 to 0.8 W/cm 2 for the contin-

2 
uous beam and from 0.02 to 0.2 W/cm for the pulsed beam. 

The calibration of the ultrasonic beam is discussed else-

where in this chapter. 

The piezo-electric transducer of J.2 cm diameter 

was mounted on a jig which is shown in Fig. J.5 . This 

pe rspex jig was constructed to hold 5 Zea mays seedlings 

at one time so that the root tips were positioned exactly 

in the centr e of the ultrasonic beam (Fi g . J.6). This 

was accomplished by in serting the five roots into a glass 

t ube with a narrow op e nin g at one end throu gh which the 

r oot tips pr otruded by 0.5 - 0.7 cm. Thi s glass tube plus 

s eedl ings was positioned on the jig , the roots then being 

a t a distance of 7 cm from the crystal face. The jig wa s 

immersed in a Perspex tank ( 68cm x 25cm x JOcm d eep ) 

f i lled with a~r-equilibrated distilled water at 18 - 22°c 

(F ig. J. 7 ) . The jig was supported inside the tank by a 

P ers p e x stand, the sli ght an g ulat ion of which was intro ­

du ced to keep the probe out of the water at the far end 

si nce the l atter was not water-tj.ght h ere when it was 

fir st u sed in these experiments . 
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Roots of len g th between 6.o and 7.5 cm were selec­

ted for sonication (and for controls), because this was 

found to be the optium range of the length of the roots 

for the latt er to be easily mounted on the sonication jig 

as described above. 

The absorber (consisting of glass wool mounted on 

an indented neoprene rubber sheet) at the end of the tank 

eliminated any reflected radiation, thus ensuring that 

the roots were subjected to a simple travelling wave pat­

tern. 

The root tips were free in the water but confined 

within a volume of about 0.02 ml in the centre of the 

field. Thus it was considered unnecessary to rotate the 

roots durin g the exposures to equalise the dose received, 

For the experiment in which the roots of Zea were 

s onicated at a low temp e rature, another Grant cooling 

un it was u sed to reduc e the temp e rature of tbe water in 

the sonication tank to 7°c. The roots were then posi­

t ioned on the jig and l eft for 15 minutes to equilibriate 

b efore irradiation. 

To investi gate the effect on sonicat i on dama ge of 

d issolve d gas e s oxyg en , nitro g en , a ir and helium were 

b ubbled (u sin g a diffuser stone ) through the water in the 

s onication tank for a few hours respectively (the supply 

of the gas was not turn e d off durin g the irradiation of 

t h e roots) . Th e se e dlin g s we re th e n positio n ed on th e 

j ig a nd l e ft for 15 minut es to equilibria te before soni-

ca t ion . At thi s s t age mea sur e n1 e nt of the oxyg en content 
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of the wat er commenced using the YSI Oxygen Meter (Model 

51A) and was continu ed throughout the sonication period. 

For th e sonication of different re g ions of the root 

tip, a hollow cylinder was constructed to achieve partial 

shielding of the root tip. The cylinder (open at both ends) 

had a double wall with an air space in between, the metal 

walls (brass) being 0.05 mm thick. The overall length of 

the cylinder was 1.4 cm with an internal and external dia­

meter of 2 mm and 3 mm respectively. 

The elongating zone was sonicated as follows. The 

roots were positioned on the jig so that the tips exten-

ded beyond the glass tube by 0.8 cm. The metal cylinder 

was then used to cover the root tips so that only 0.5 cm 

of the roots between the cylinder and the glass tube was 

exposed to ultrasound, the lower 3 mm of the root being 

shielded. 

For the sonication of the meristema tic zone, the 

roots were pos ition ed on the jig without usin g the g lass 

tube and the lower 2 - 3 mm of the root s were sonicated, 

the e l on gating zo n e being shielded by the metal cylinder. 

In all the sonication exper im ents two g roups of 

f ive roots ea ch were sonicated in turn (at the same a v er­

age intensity and for the same time ) and the l ength of 

the primary root was measured immediately followin g the 

s onicat ion of the second group (or following the second 

s onication of the second group for the fractionated ir­

r a diations). The t e n roots of the control gro up were 

a lso measur e d at this time . The seedlin gs u sed as 
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controls were always handled in the same manner and at 

the same times as the roots treated with ultrasound. 

Subsequent measurements were made at 6, 12 and 24 hrs. 

following the first measurement and thereafter at daily 

intervals for at least ten days. The growth rate of the 

ten sonicated roots was compared with that of the ten 

control roots as described in" Scoring radiation and 

vincristine damage." 
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FIGURE J .4 . 

SHAPE OF THE ULTRASONIC BEAM 

IN THE PRESENT EXPERIMENTS . 

WITH THE TANTALUM CAPACITOR 
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FIGURE J. 5 

PERSPEX ,JIG TO HOLD TRANSDUCER AND MAIZE SEEDLINGS 

(OR TANTALUM CAPACITOR PROBE) 
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FIGURE 3. 6 

POSITION OF SEEDLINGS ON SONICATION JIG. 
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FIGURE 3 . 7 . 

JIG WITH SEEDLINGS AND TRANSDUCER IMMERSED IN WATER 

FOR SONICATION OF THE ROOTS . 



CALIBRATIOl\f OF THE ULTRASONIC BEAM . 

Meas urement of the total ener g v flux. 

Two approaches are available for the absolute mea-

sureme nt of energy flux in ultrasonic beams; calorimetry 

a nd the measurement of radiation force. 

Calorimetry has been used successfully (Wells, 

Bu llen, Follet, Freundlich and Angell James, 1963) but 

is ge nerally less convenient than is a measurement of 

radiation force (Hill, 1970). 

The force exerted on a surface by any form of ra­

diation energy corresponds to the rate of momentum trans­

fe r from the beam to the surface and, for a perfectly 

b b • -P ( -P • 90° .pl t· .p a s oring suriace or ior one causing rei ec ion oi 

t he beam) the radiation force F ( Newtons) along the beam 

a xi s is related to the power intercepted W (Watts) by the 

re latio n W = FV , where Vis the wave velocity (ms- 1 ) of 

t he radiation in the propa ga tion medium . Inserting the 

pr opaga tion velocity of sound in wa ter at 20°c, we find 

th e practical calibration co nstant : 69 mg/W (for total 

re fle ction the correspondin g con sta nt wo uld be double 

th is va lu e ). 

A modifi e d version of the radiation balance de-

signed by Kossoff (1 965 ) has b ee n us e d for t h e calibration 

of the ultrasonic beam u sed in the present experiments 

( Fig . J.8 ). In this balance a circu l ar alumi ni um plate 

( 60 mm diam .) was s u spended in water by means of two thin 

coppe r wir es (0 . 18mm diam .) 0 
so as to ma k e an an g le of 45 
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to the vertical. The frame from which the threads were 

suspended was desi g ned for attachment to the hook of a 

chemica l microbalance, A potential source of instability 

in an arrangement of this type is the effect of tempera­

ture variations on the apparent weight in water of the 

refle ctor plate, Thus the temperature of the air-equi­

librated distilled water in the tank was kept at 20°c 

using a thermostatically-controlled immersion heater if 

the temperature had to be increased, or using a Grant 

coo lin g unit if the temperature had to be decreased, 

The transducer whose beam was to be calibrated 

wa s mounted vertically imm ediately above the reflector 

p late with the crystal face 7 cm from the centre of the 

la tter. The critical angle for acoustic reflection at 

a water/aluminium interface is 14°, and the beam is thus 

t otally reflected into a horizontal orientation and ter­

minates in a scattering and absorbin g structure consis­

t ing of glass wool backed by an indented neoprene rubb e r 

s he et with which the whole tank was lined. 

Any errors aris in g from variations in the angle 

of contact between the water and the suspension fibres 

ca n readily be eliminated by use of an appropiate meas­

ur ing sequence in relation to connectin g the ultrasonic 

ge nera tor and resetting the balance, Under these condi­

tio ns , and apart from the small returned signa l from the 

abs orber arrangement , the method is free of systematic 

err or and it is normally possible to achieve a precision 

of ! lmW (th e variance found for ten measurements). 
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Although it may not represent the ultimate in sensitivi­

ty (Wells, Bullen and Freundlich, 1964; Kossoff, 1965; 

Wemlen, 1968) its performarice appears to be fully ade­

quate in the light of present knowledge of ultrasound 

biology. 

From the beam profile measurements (p. 123) the 

diameter of the ultrasonic beam 7cm from the crystal 

fa ce was found to be 3.0 cm. This figure represents the 

average value of the diameter of some of the profile 

curves drawn usin g the thermistor probe. Thus the aver-

2 age intensity in W/cm was calculated by dividing the 

total beam power (Watts) as measured with the radiation 

2 
bala nce by 7.07 cm , the cross-sectional area of the 

beam 7cm from the transducer. Crossfield measurements 

confirmed the circular symmetry of the beam (p. 123 ), 

which was assumed at first. 

The output of the Impulsaphon M55 was found to 

be reasonably consistent as shown in Table 3.1. Never­

t he less, the output of the generator was checked be-

t we en experiments. 

In some experiments (p. 82 ) oxygen, nitrogen, 

h el i0m and air were bubbled throu gh the water during 

th e so nication of the roots of Zea . It was thought pos-

sible that the different amounts of dissolved gases 

could affect the transmis s ion of the ultrasound throu gh 

the water . Th e aBove n1easurements of the average ul-

t ra s onic intensities (pul sed and continuous b eams ) were 

t h us repeat e d wtth various amounts of dissolved oxygen 
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in the water. Oxygen, nitrogen, helium and air were 

passed through the water, so that the oxygen content of 

the latter was the same as in the experiments in which 

the roots were sonicated. The flow of gas was main-

tained during measurements of the average ultrasonic in­

tensity and the streaming of the water in the tank 

(caused by the rising gas bubbles) was reduced consider­

ably when the diffuser stone was placed between the ab-

sorber and the wall of the tank. "Equal density" · spheres 

we re used to detect the presence, magnitude and direction 

of any currents in the water. The small amount of strea-

ming present when the measurements were made did not 

cause any variation in the zero reading of the balance, 

i.e . the reading of the balance when no ultrasound was 

present. There was hardly any fluctuation in the oxygen 

conte nt of the water (measured with the YSI Oxygen Meter, 

Model 51A) durin g measurements of ultrasonic intensity. 

When air, nitroge n and helium were used th e oxygen con­

te nt during measurements did not change by more than 1%, 

wh e reas when oxygen was used the oxygen content dropp ed 

by about 2% during measurements. The result s of these 

me a surements are listed in Table J.2 and J.J . A com -

pa r ison of · the results in Tables J.l , J.2 and J.J in­

di ca t e s that there is only an appreciable reduction in 

the hi gh e r avera g e ultrasonic intensities measured when 

var ious gases are passed throu gh the water. For the 

diffe rent values of the oxygen content, however, the 

redu ction s in th e avera g e int e nsity were found to be 

s im i lar. 
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TABLE J .1 

AVERAGE ULTRASONIC INTENSITIES OBTAINABLE 

WITH THE IMPULSAPHON M55 . 

AVERAGE ULTRASONIC 

INTENS ITY(W/ cm 2 ) 
MODE 

0.819 + 0.010 CONTINUOUS -

0.618 + 0.007 " -

o_. 384 + 0.008 " -

0.264 + 0.005 " -

0.103 + 0.005 " -

0.205 + 0.005 PULSED -

0.164 + 0.007 " -

0.097 + 0.003 " -

0.050 + 0.002 " -

0.022 + 0 .002 " -

Each va lu e represents the mean of 20 measurements 

with the radiation balance . The errors are stan-

dard errors of the means . 

Measurements 7cm from transducer face . 
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TABLE 3.2 

THE EFFECT OF DISSOLVED GASES ON THE AVERAGE ULTRASONIC 

INTENSITY MEASURED WITH THE RADIATION BALANCE . 

AVERAGE ULTRASONIC I NTENSITY 

W/cm 
2 

CONTINUOUS BEAM 

AIR OXYGEN HELIUM NITROGEN 

6. 9ml/ l 02 22.2ml/ l 02 2.0ml/1 02 2.Sml/1 02 l.4ml / 1 02 
-

0.6 7 6 + 0.035 o . 645 + 0 .03 7 o. 6~-6 + 0.024 0 .695 + 0.024 0.653 + 0.041 - - - - -

0.5 36 + 0 .024 o . 505 + 0 . 022 0.542 + 0.027 0.543 + 0.020 0.518 + 0.026 - - - - -

O.J 31 + 0 .010 0.317 + 0.011 0 . 320 + 0.013 0.345 + 0.018 0.322 + 0.019 - - - - -

0.2 37 + 0.015 0.238 + 0.013 0 . 251 + 0.018 0.226 + 0 .013 0 .231 + 0.010 - - - - -
0.091 + 0 .013 0.091 + 0.013 0.096 + 0.010 0.092 + 0.011 0.095 + 0 .008 - - - - -

Each val ue repre~ents the mean of 4 measurements with the radiation 

balan ce. The errors are standard errors of the means . 

Meas ur eme nts 7cm from transducer face . 
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TABLE 3.3 

THE EFFECT OF DISSOLVED GASES ON THE AVERAGE ULTRASONIC 

INTENSITY MEASURED WITH THE RADIATION BALANCE. 

AVERAGE ULTRASONIC INTENSITY 

W/cm 2 

PULSED BEAM 

AIR OXYGEN HELIUM NITROGEN 

6, 9m1/ l 02 22.2ml/l 
- 02 2.0ml/1 02 2.5ml/l 02 1.4ml/l 02 

0,191 + 0 .009 0.180 + 0,008 0.180 + 0.012 0.197 + 0.008 0.192 + 0.010 - - - - -

0.1 60 + 0.010 0.148 + 0.011 0.153 
+ 0.013 0. 142 + 

0.009 0.158 + 0.010 - - - - -

0.0 97 + 0.003 0.091 
+ 

0.003 0.092 + 0.005 0.092 + 0,003 0.096 + 0.002 - - - - -

0.05 3 
+ 0.006 0.048 + 0.006 0.049 + O.OOJ 0.051 

+ 0,002 0.051 + 0.003 - - - - -
0,021 + 

0 .001 0.022 + 0.002 0 . 022 + + + - - - 0.003 0.020 - 0.002 0.019 - 0.003 

Each va l ue repres~nts the mean of 4 measurements with the radiation 

balan c e . The errors are standard error s of the means. · 

Meas ur em e nts 7cm from transducer face. 
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Beam profile measurements. 

A number of approaches are possible to the prob­

lem of ultrasonic beam profile measurement and factors 

determinin g the choice of method include the intensity 

range to be covered, requirements for resolution in 

both time and space, calibration accuracy and conven-

ience. 

An ultrasonic field may be plotted by measuring 

its intensity distribution by means of a non-directional 

microphone. In addition to being non-directional, a mi-

crophone used for investigating pulsed beams must pos­

sess non-selective frequency characteristics; in the case 

of a continuous wave beam, the microphone must be small 

-
in size to avoid the establishment of standing waves. It 

is not possible to achieve this last condition at fre­

quencies above about 1 MHz (Wells, 1969). 

Schmitt (1961) has described how ceramic capaci-

tors may be used as sound probes for plotting ultrasonic 

field distributions. Such capacitors are inexpensive, 

easily obtainable and quite small sizes are available . 

Measurements using a tantalum capacitor probe. 

In order to investigate the beam profile at a 

distance of 7cm from the crystal face, a sound probe 

was constructed u si n g a tantalum capacitor of 1000 pF as 

a sound-sensitive d evi c e ( F i g . J.9 ). The clipped leads 

were connected directly to a flexible shie ld ed cable. 
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The shield ed cable was supported by a thin glass tube 

of Jmm diameter (external). The sound sensitive tip had 

a cross-s ectiona l dimension in the order of Jmm and was 

used with its output directly coupled to a Tektronix 

stora g e oscilloscope (Type 549) with a high-gain differ­

ential amplifier, Type 1A7A. The capacitor was polarized 

by applyin g a bias voltage of 1.5 volts. 

The glass tube could be moved inside a guide on 

the s on i ca ti on j i g ( Fig . J . 10) s o t ha t the microphone 

could probe the sound field across the beam 7cm from the 

crystal face. As shown in Fig. J.11 the probe could be 

turned on its own axis and be fixed at any desired angle 

on the jig using a circul~r protractor and the pointer 

that c-0uld be clamped in any position on the stem of the 

probe. At the same time it was also possible to move the 

probe across the beam whilst maintaining a particular 

angle of incidenc e of the ultrasound to the probe. This 

was achieved using a graduated scale that could be fixed 

at right an g l es onto the circular protractor. 

Figure J.12 shows the variation of the output of 

the prob e with angle for a pulsed beam with an average 

2 
intensity of 0 .21 W/cm as measured with the radiation 

balance . The receiving pattern for a continuous beam was 

found to b e similar to that for the pulsed beam. 

0 Th e output at an an g le of O was measured ~ith the 

probe at various positions (1111m apart) on a line per-

pe ndicula r to the b ea m axis ( F i g . J.lJ). This profile 

curve for the 0 . 82 W/c m2 continuous beam was found to b e 
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2 
similar in shape to the one obtained for the 0,21 W/cm 

pul sed beam as shown in Figure J. 14 . Figure 3 .15 shows 

the profile curve obtained for the very low intensity 
') 

of 0.02 W/cm- (p~lsed beam). The values of the nominal 

powers quoted represent average values measured by pres­

sure balance in the absence of the probe and jig. The 

profile curves drawn for all other intensities were si­

milar to the ones depicted in Figures J.lJ, J.14 and 

J.15 

These profiles with the probe at o0 were drawn 

for various average intensities of the pulsed and con-

tinuous beam. The average ultrasonic intensities were 

then plotted against the corresponding areas under the 

profil~ curves as shown in Figures J,16 and J.17 

From the latter it can be seen that the output of the 

tantalum capacitor probe is directly proportional to 

the average ultrasonic intensity for the continuous beam 

but not for the pulsed beam. A straight line was fitted 

to th e points in F i g .J.16 employing a method of least 

squares and the correlation coefficient was found to b8 

0.9977, A polynomial of the 2nd. de g ree was fitted to 

the data in Fig.J .17 again employing a method of least 

squares. 

For the prob e at an angle of 225° a variation of 

the average ultrason ic int e nsity with the area under the 

correspondin g profile curv e was obtained as shown in 

F i g . J.1 8 :for the continuous beams . At this angle the 

c urve was n ot a · straight line . For the pulsed beams 

(Fi g . J.1 9 ) the r e l ati on ship betwe e n the area und e r the 
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profile c urve and th e average intensity was also found 

to be non-linear. A polynomial of 2nd. degree was also 

fitted to these results. The shapes of the profile curves 

0 obtained with the probe at 225 were found to be similar 

to those obtained with the probe at o0 • 

Because of the non-linearity of the tantalum capa­

citor probe as well as the change in the output of the 

probe with the an g le of incidence of the ultrasonic beam, 

a thermistor probe was built for the beam profile measure-

ments. Apart from being non-directional this probe has 

much smaller dimensions than the tantalum capacitor probe 

and the formation of standing waves will be reduced even 

further when a continuous beam is used. Since the ther-

mistor probe has much smaller dimensions than the tan­

talum capacitor probe, the former is much more suitable 

than the latter for observing a change in ultrasonic in­

tensity for a small displacement of the probe, especial-

ly for measur ements near the periphery of the ultrasonic 

beam. 

The thermistor prob e is, however, only useful for 

int e nsity measurements and the tantalum capacitor probe 

will have to be used for obtaining information involving 

pulse shape , duty factor ,and frequency of the ultrasonic 

beam as shown in Figure J.4 

present experiments. 

for the beam used in the 
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FIGURE J. 9 . 

CIRCUIT DIAGRAM FOR THE TANTALUM CAPACITOR PROBE . 
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FIGUHE J. 10 . 

POSITION OF THE TANTALUM CAPACITOR PROBE 

ON THE SONICATION JIG . 
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FIGURE 3. 11 . 

PICTURE INDICATING HOW THE POSITION OF THE TANTALUM 

CAPACITOR IN THE ULTRASONIC BEAM WAS DETERMINED. 
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FIGURE J.12 

VARIATION OF THE OUTPUT OF THE TANTALUM CAPACITOR PROBE WHEN THE 

LATTER I S TURNED THROUGH AN ANGLE IN THE ULTRASONIC BEAM. 

(AVERAGE INTENSITY 
• 2 

= 0.21W/cm , PULSED BEAM). 

INCIDENCE OF BEAM 

PROBE 
REFERENCE MARK 

180° 

/ 

(T he se measuren1e nt s we re made with the c a p ac itor in the centre 

of t he ul traso ni c bea m. S imilar res ult s were obtained with th e 

ca pa c itor 1 cm away fro m the cen tr e ). 



16 

105 

FIGURE 3. 13 . 

BEAM PATTERN TAKEN WITH THE TANTALUM CAPACITOR PROBE 

7 cm FROM THE CRYSTAL .FACE ( AT AN AVERAGE INTENSITY 

OF o.82W/cm 2 , CONTINUOUS BEAM ). PROBE AT o 0 • 
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FIGURE 3. 14 . 

BEAM PATTERN TAKEN WITH THE TANTALUM CAPACITOR PROBE 

7 cm FROM THE CRYSTAL FACE ( AT AN AVERAGE INTENSITY 

OF 0.21W/cm 2 , PULSED BEAM) . PROBE AT 0°. 
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FIGURE J. 15. 

BEAM PATTERN TAKEN WITH THE TANTALUM CAPACITOR PROBE 

7 cm FROM THE CRYSTAL FACE ( AT AN AVERAGE INTENSITY 

12 

OF 0 . 02W/cm 2 , PULSED BEAM ). 
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FIGURE J .16 . 

VAR I ATION OF' THE AREA UNDER THE PROFILE CURVES (TOTAL WATTS ) WITH THE 

AVERAGE ULTRASONIC INTENSITY ( CONTINUOUS BEAMS ). PROBE AT o0 • 
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FIGURE J. 17 . 

VARIATION OF THE AREA UNDER THE PROFILE CURVES (TOTAL WATTS ) 

WITH THE AVERAGE ULTRASONIC INTENSITY 

(PULSED BEAMS ). PROBE AT o0 • 

Each point represents the mean obtained for 2-J profile 

curves. The errors are standard errors of the means. 
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FIGURE J.18. 

VARIATION OF THE AREA UNDER THE PROFILE CURVES (TOTAL WATTS ) WITH THE 

AVERAGE ULTRASONIC INTENSITY ( CONTINUOUS BEAMS) . PROBE AT 225°. 

Each point represents the mean obtained for 2-3 profile curves. 

The errors are standard errors of the means. 
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FIGURE J.19 . 

VARIATION OF THE AREA UNDER THE PROFILE CURVES (TOTAL WATTS) 

WITH THE AVERAGE ULTRASONIC INTENSITY 

(PULSED BEAMS). PROBE AT 225°. 

Each point represents the mean obtained for 2-J profile 

curves. The errors are standard errors of the means. 
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Intens ity measurements using a thermistor probe. 

The thermistor probe used consisted of an ITT 

Thermistor (Type U2J, US) of ve_ry small dimensions 

(0.4mm diam.) glued to the tip of a Pasteur pipette 

(external diameter= 1.2mm) 

in Fig. 3. 20 . 

as shown schematically 

The output of the probe was amplified using a 

Wheatstone bridge, the circuit diagram of which is 

shown in Fig. J.21 and this amplified signal provided 

the Y-input to an X-Y Recorder (Omnigraphic 2000). For 

all the intensity mea s urements care had to be taken 

that the water in the sonication tank was earthed pro­

perly. 

The probe was attached to a movable clamp moun­

ted on a stand above the tank (Fig. J.22) and any dis­

placement of the probe perpendicular to the beam axis 

could be read off from a vernier scale to the nearest 

0.1mm. The correct distance between the crystal face 

and the probe was obt a in e d by moving the stand a ccord­

ingly . The di sp lacem e nt of the probe was recorded 

usin g the potential difference across a sliding resis­

tor (10k~ max. ) coupled to the mova bl e clamp as the X­

input to the abovementioned recorder. The pen of the 

recorder moved 4.Jl ~ 0.01cm along th e X-axis for a dis­

place111 e nt of 1cm of the probe. The error is the stan­

dard error oI' the meRn of 12 displacements measured. 

Usin g the probe as describ e d above, profile curves 
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were drawn, indicating the variation of ultrasonic in­

tensity across the beam at 7cm from the crystal face. 

These measurements were done for various average beam 

intensities, with the transducer either 

(a) fixed to the wall of the sonication tank so that 

only th e crystal face is in contact with the water 

in the tank as shown in Fig. J.22, or 

(b) mounted on the sonication jig, but the probe was 

kept in a horizontal position rather than at an 

ang le as described previously, or 

(c) suspended freely in a horizontal position in the 

water (i.e. the entire probe is immersed in the 

water but not mounted on the jig ). 

Between two and four profile curves were drawn 

for each average in te nsity of the ultrasonic beam,pulsed 

and continuous. The areas und e r these profile curves 

were measured using a Hewlett-Packard Digitizer (Model 

9107A) coupled to the Hewlett-Packard Calculator/Printer 

( Model 9120A). The percenta ge standard error of the mean 

for these areas was found to be in the range 1 - lO'fb. 

Measur e me nts to check the circular symmetry of the beam. 

The circular symmetry of the ultrasonic beam was 

checked at three different avera g e ultrasonic int e nsi-

ties, viz. 
2 

0 . 82 W/cm (con t. beam), 
2 

0.21 W/cm (pulsed 

beam ) and 0 . 02 W/cni2 ( pulsed b ea m). 

Cross-~ield measurements were made 7cm from the 
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transducer face, at each of these intensities, as fol-

lows. The d{splacement of the probe perpendicular to 

the beam axis (up and down) could be read off from the 

vernier as before (Y-displac eme nt). The stand holding 

the probe as shown in Figure J.22 could be moved "side­

ways" across the width of the tank perpendicular to the 

beam axis ( X-displacement), and this displacement was 

measur e d on a scale attached to one of the supports. 

The position of the stand could, however, only be deter-

mined to the nearest millimetre. For every displacement 

(2mm) of the stand the distribution of intensity across 

the beam was measured as before. 

The above measurements were made with the trans-

ducer fixed to the wall of the sonication tank. Similar 

meas urem e nts were also made with the transducer mounted 

on the sonication jig which was kept in a horizontal po-

sition. In this cas e profile curves were, however, only 

dra wn for every displacement of 0.5cm of the stand because 

additional hol es had to b~ drill ed into the Perspex tube 

of the s onication jig to make these measurements possible. 

In the case of the latter, cross -fi e ld measurements were 

also made at the same average intensities of 0.82 W/ cm 2 

(cont. beam), 0 , 21 W/cm 2 ( pulsed beam) and 0.02 W/cm 2 

(pul sed beam) as measured on the radiation balance in the 

abse nce of the prob e and jig . 
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FIG. J.20: THERMI STOR PROBE . 
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FIGURE J . 21 . 
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FIGURE J. 22 . 

POSITION OF THE THERMISTOR PROBE (NOT CONNECTED TO THE 

WHEAJSTONE BRIDGE) ON THE SONICATION TANK. 
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Mea s ur e me nt o f the variation in ultrasonic intensity 

near th e orific e of th e double-walled metal cylinder 

used fo r t h e s on i cation of the different regions of 

the root tip (p. 83 ) . 

To make this measurement possible, the metal 

cylinder (described on p. 83 ) was glued onto the 

end of a thin Perspex rod which in turn was fixed to 

the wall of the sonication tank. It was thus possible 

to position the cylinder vertically in the ultrasonic 

beam so that an orifice was exactly in the centre of 

the beam and 7cm from the transducer fixed to the wall 

of the sonication tank as described earlier . In the 

experiments using the cylinder to shield parts of the 

root tip durin g sonication an average . intensity of o.82 
2 

W/cm (cont. beam) was used, and for this reason the 

sam e avera g e intensity was chosen for the present ex-

p e rim e nt . The thermistor probe was used to measure the 

varia tion in ultrasonic intensity inside and outside the 

cylinde r a l on g a v e r t ica l line perp e ndicular to the beam 

ax i s . The va ria t ion in ul t r as onic i nt e nsity alon g this 

path i s s h own in F i g ure J.23. 
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FIGURE J. 23 

VARIATION IN THE ULTRASONIC INTENSITY NEAR THE ORIFICE AND INSIDE 

THE DOUBLE-WALLED METAL CYLINDER USED IN THE PRESENT EXPERIMENTS . 

(AVERAGE ULTRASONIC INTENSITY = 0 . 82 W/ cm2 , CONTINUOUS BEAMr 

7cm FROM THE TRANSDUCER FACE ). 
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Results of the intensity measurements with the 

thermistor probe. 

The profile curves obtained with the transducer 

positioned as described in (a), (b) and (c) above were 

found to be similar in shape. The profile curves were 

also found to be similar for all the average intensi­

ties used, for the continuous as well as the pulsed 

beams. Some examples of these profile curves are given 

in Figures J.24, J.25 and J.26. The peak intensity 

was found to be in the centre of the beam and there was 

an equal decrease of intensity on both sides of the 

maximum. In some of the initial experiments profile 

curves were obtained which were somewhat different from 

those described above. It was found that this was due 

to a fault in the earthing of the water in the tank. 

The shapes of the beam profile curves obtained with the 

thermistor probe were similar to those obtained with 

the tantalum capacitor probe (Figures J.lJ , J.14 and 

J.15 ). 

Figures J.27, J.28 , J.29 and J.JO show the 

variation of the areas under the profile curves with 

the average ultra so nic intensity of the beam as measured 

on the radiation balance for both the pulsed and the 

contin uou s beam. The areas in Figures J.27 and J.28 are 

for the transducer mounted on the wall of the tank, 

whereas those for Fig ur es J . 29 and J.JO were obtained 

with the transducer mounted on the sonication jig. The 
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v a riation of the area s und e r the profile curves with 

the average inten s iti e s of the pulsed and continuous 

beams u s ed, when the transducer was suspended freely 

in a horizon t al position in the water, were similar to 

those shown in Figures 3. 29 and 3. JO 

A polynomial of 2nd de gree was fitted (using a 

method of l east squares) to each of the set of values 

plotted in F i g ures J.27 , J.28, J.29 and J.JO respec-

tively. Except for the very low intensities, the re-

lationship between intensity and area seems to be line­

ar. This is confirmed by the values of the correlation 

coefficient s (of 0.9636, 0.9979, 0.9675 and 0.9913 for 

the data depicted in F i g ures 3.27 J.28 ' • ' 
J.29 and 

J.JO respectively) obtained from the least squares 

fit of strai ght lines to the respective experimental 

v a lues. Since the output of the thermistor probe is 

lin ea r (exc e pt for v e ry low intensities) it seems to 

b e s ui table f or measurin g the variation of intensity 

a cro ss t h e c o n t inuou s a nd puls e d bea ms used in the pre-

se nt experimen t s . 

Th e ul tra son i c int ~nsi t y di s trib u t ion as mea sur ed 

with the tra n s duc e r mo u nt ed o n th e sonicat ion jig s e e me d 

to b e the same as t h a t meas ur e d wi t h t h e p r obe fit ted to 

the side of the t a nk or s u spe nde d fr eely insid e th e t ank . 

Th is was fo u nd by the meas urements d escribed in ( a ), (b) 

a nd ( c ) above . The avera g e area under t h e pr ofil e curves 

ob tain e d with t he p rob e mount e d on the wal l o f t h e t a nk 
') -,if 

e qu a ll e d J .7 7 ~ 0.05 in~ , wh ereas the avera g e area wi th 

-'ii<· Ca Jculator computes nr e as i n sq llare inche s . 
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the probe on the jig equalled 4.06 ~ 0.11 . 2 
in • The area 

with the prob e s usp e nd e d in the tank,viz.J.73 ~ 0.10 . 2 
in 

was found to be similar to that with the probe fixed to 

the wa ll of the tank. The errors are standard errors of 

the mean s . Four areas were obtained in each case and the 

avera g e intensity (as measured on the radiation balance) 

of 0.82 W/cm 2 (cont.beam) was used to obtain these areas. 

Similar results were obtained with various other average 

intensities (pulsed and continuous beams). 

With the transducer mounted on the jig, it was 

found that there was no significant variation in the pro­

file curves when the thermistor probe was moved across 

the beam at 7 ~ 0.Jcm from the crystal face, 0.7cm being 

the radius of the hole in the jig through which the probe 

was passed for intensity measurements. (The same hole 

was used wh e n positioning the roots for sonication as de-

s crib e d earli e r). The areas obtained were 4.06 ~ 0.11 in 2 

(Prob e in th e centr e of the holes), 4,12 ~ 0.08 . 2 
in 

pa ssing throu gh th e hol e s at 6.7cm) and 4.10 ~ 0.10 

(Probe 

. 2 
in 

( Pr obe pass in g t h ro ugh t h e ho l e s at 7.Jcm). For these 

8 . I 2 meas u reme n ts th e a v e r age int e n s ity of o. 2 W. cm (cont. 

beam) 7 c m f r om t h e c r ys tal f a ce wa s used. 

From t he p r o f il e curves plot te d in th e exp e ri­

ments above a mean was obta in e d for th e diam e ter of the 

ultraso n ic b ea m 7 cm from t he c r y s ta l f a c e . Th e dia me t e r 

of the pulsed beams was fo u nd t o b e simila r to th e dia -

111etor of' the con,:;in u ou s b ea ms . A l s o, th e b ea m diame t e rs 

we re found to be similar for al l th e d iffer e n t a v e r age 
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int ens it ie s u sed, i r r espe ctive of wheth e r the trans-

duc e r wa s fix e d t o the wall of the tank, position e d on 

the s onica ti o n jig or suspend e d freely in the sonica-

tion t a nk. Thus th e di a met e rs obtained from 20 pro-

file curves we r e pooled, g iving a mean diameter of 

+ J.O - 0.05cm. The error is the standard error of the 

mean. 

Results on the circular symmetry of the b e am. 

The measur e ments (with the transducer fixed to 

the wall of the sonication tank) of the cross-field 

distribution with X- as well as Y-displac e ments of the 

probe (p. 113 ), indicated that there was virtually no 

deviation from circular symmetry for the beams at the 

three avera g e intensities used. The profile curve in 

F i g ure J.Jl (which is similar to the profile curve in 

F i g ur e J.24), shows the variation of ultra s onic inten­

s ity alon g a lin e in th e X-dir e c t ion throu gh the c e ntre 

of, and p erpe nd i cu lar to , the ultraso nic beam. The 

poi n ts o n th i s c urve are th e c entra l peak valu e s of in­

tensity ob t a i ned f r om the se t of profil e curv e s plo t t e d 

as d esc r ibed earlie r ( p . 113 ). Also, from the se t of 

pr ofi l e c urves d rawn, the poin ts at whi ch the ult ra­

sonic i ntensity reached zer o were ob ta in ed and p l otted 

as show n i n Figure 3 . 32 . S i mi l ar res ults we re ob -

ta in e d for a l l the other average i n te n sities used. 

From the measurements with t h e transd u cer o n the 

s onication ji g , curves sim i lar to t h ose in F i g ures J , J l 

a nd J.32 were obtained. 
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FIGURE 3. 24 . 

BEAM PROFILE OBTAINED WITH THE THERMISTOR PROBE 7 cm 

FROM THE CRYSTAL FACE (AT AN AVERAGE I NTENS ITY OF 

0.82 W/cm 2 , CONTINUOUS BEAM). 

THE ULTRASONIC TRANSDUCER WAS MOUNTED ON THE SONICATION JIG. 
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FIGURE J.25 . 

BEAM PROFILE OBTAINED WITH THE THERMISTOR PROBE 7 crn 

FROM THE CRYSTAL FACE (AT AN AVERAGE INTENSITY OF 

2 0.21 w/cm , PULSED BEAM ). 

THE ULTRASONIC TRANSDUCER WAS MOUNTED ON THE SONICATION JIG. 

1 6 12 8 4 

~ 
H 
Cf) 

z 
(ii 
t"-1 z 
H 

(ii 
:> 
H 
t"-1 
j 
(ii 
0::: 

0 

10 

8 

6 

4 

2 

4 8 12 16 

RADIAL DISTANCE FROM THE CENTRE OF THE BEAM (mm) 



12 6 

FIGURE J. 26 . 

BEAM PROFILE OBTAINED WITH TTJF, THERMISTOR PROBE 7 cm 

FROM THE CRYSTAL FACE (AT AN AVERAGE INTENSITY OF 

2 
0.02 W/cm , PULSED BEAM ). 

THE ULTRASONIC TRANSDUCER WAS MOUNTED ON THE SONICATION JIG . 
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F I GURE 3. 27 

VARIATION OF THE AREA UNDER THE PROFILE CURVES (TOTAL WATTS ) 

WITH THE AVERAGE ULTRASONIC INTENSITY , PULSED BEAM . 

TRANSDUCER FIXED TO THE WALL OF THE SONICATION TANK. 

Ea ch poi nt represe n t s the me an obtain e d for 2-4 profile 

curves. The error s are standard errors of the means. 
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FIGURE J. 28 . 

VARIATION OF THE AREA UNDER THE PROFILE CURVES (TOTAL WATTS) 

WITH THE AVERAGE ULTRASONIC INTENS ITY, CONTINUOUS BEAM . 

TRANSDUCER FIXED TO THE WALL OF THE SONI CATION TANK. 

Each point represents the mean obtained for 2-4 profile 

curves. The errors are standard errors of the means. 
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FIGURE J. 29 . 

VARIATION OF THE AREA UNDER THE PROFILE CURVES (TOTAL WATTS) 

WITH THE AVERAGE ULTRASONIC INTENSITY, PULSED BEAM. 

TRANSDUCER MOUNTED ON SONICATION JIG. 

Each point represents the mean obtained for 2-4 profile 

curves. The errors are standard errors of the means. 
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FIGURE 3. JO . 

VARIATION OF THE AREA UNDER THE PROFILE CURVES (TOTA L WATTS) 

W:[TH THE AVERAGE ULTRASONIC INTENSITY, CONTINUOUS BEAM. 

TRANSDUCER MOUNTED ON SONICATION JIG. 

Each point represents the mean obtained for 2-4 profile 

curves. The errors are standard errors of the means. 
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FIGURE J. Jl . 

VARIATION OF THE ULTRASONIC INTENSITY ALONG A LINE I N THE 

X-DIRECTION THROUGH THE CENTRE OF, AND PERPENDICULAR TO, 

THE ULTRASONIC BEAM ( SEE TEXT). 
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FIGUHE J. J2 . 

DIAGRAM SHOWI NG THE CI RC ULAR SYMMETRY OF THE ULTRASONIC 

BEAM USED IN THE PRESENT EXPERIMENTS. 

( AVERAGE ULTRASON IC I NTENSITY= o.82 w/crn 2 , CONTINUOUS 

BEAM, 7cm FROM THE TRANSDUCER FACE). 

---s 
0 

'--' 

f-i z 
r,::i 
~ 
r,::i 
0 

j 5 
P-, 
Cf) 

H 
4 ~ 

I 
?--< 

2 

1 

5 4 5 

X-DI SPLACEMENT (cm) 

4 

5 



133 

SCHLIEREN PICTURES. 

The propagation of an ultrasonic wave is associ­

ated with cha nges in the density of the medium through 

which it travels. Working independently Debye and 

Sears (1932) and Lucas & Biquard (1932) demonstrated 

that a transparent me dium supporting an ultrasonic wave 

diffracts light. This diffraction occurs because the 

density of the medium varies in sympathy with the ul­

trasonic wave, and the refractive index of the medium 

depends upon its density. 

Several Schlieren systems have been d escribed in 

the literature for the visualization of ultrasonic waves. 

They all share the same basic principles. A beam of 

light is arran ged to pass throu gh a transparent medium, 

usually water, in which is established the ultrasonic 

field to be investigated. The light is then focussed 

on an obstruction (e. g . razor bla de), near the edge of 

the lat ter so that n one reaches the obse rver when the 

ultrasonic field is zero . However, when ultrasound is 

present and changes the refractive index of th e medium, 

the light which passes throu gh the d isturbed areas no 

longer falls at the ori g inal focus, but it i s de viat ed 

and falls on a screen behind the obstruction. 

The Schli eren system employed in the pres e nt e x­

periments was based on that constructed by Willard 

(19l+7 ) and Barnes & Burto n (19h 9 ). In this system 

(Fi g . J.JJ) a slit source of' light was used which was 
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brought into parallel beam by means of a lens. This 

beam was arranged to travel throu gh a water tank in which 

the ultras onic disturbance was occurring, and was then 

focussed by means of a second lens on a knife-edge ob­

struction (razor blade). 

A Schlieren picture of the beam used in the pre-

sent experiments is shown in Fig. J.J4. The Schlieren 

pictures taken at various distances from the crystal face 

and with all the possible average intensities of the 

pulsed and continuous beams that the Impulsaphon is ca­

pable of producing (p. 94 ), revealed that the beam is 

unfocus sed. 
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FIGURE J.JJ . 

SCHLIEREN SYSTEM USED IN THE PRESENT EXPERIMENTS . 
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FIGURE 3 . 34. 

SCHLIEREN PHOTOGRAPH OF THE 0.38 W/cm 2 ULTRASONIC 

BEAM USED IN THE CURRENT EXPERIMENTS ( AC TUAL SIZE ). 

THE CONVERGING BEAM AT THE BOTTOM OF THE PICTURE IS 

DUE TO THE FAULTY IMAGE FORMED AT THE EDGE OF THE LENS . 



137 

METHOD OF SONICATION OF THE DRY SEEDS OF ZEA. 

From the introductory discussion in Chapter I 

it will be realised that it is imperative that the irra­

d1at ed and the control seeds must, in such an investiga­

tion, all be s ubjec ted to exactly the same stora ge and 

growi n g conditions, and must also have been obtained from 

the same crop. This requirement was meticulously adhered 

to in the present experiments. 

In each of thr ee individual experiments, twenty 

dry seeds of Zea were sonicated and twenty seeds were 

u sed as controls. The ultrasonic ge nerator was a gain the 

Impulsaphon M 55. For each exposure to ultrasound, ten 

s eeds were placed in a single layer on some g lass wool 

coverin g the floor of a Perspex tank (30cm x JOcm and 15cm 

deep) filled with distilled water. Thus for each experi-

ment two groups of ten seeds were sonicated. The area 

covered by the 10 seeds was made to correspond to the area 

of the crystal face, i.e. approximately 7 2 
cm. The latter 

was positioned vertically above the seeds to be sonicated 

as shown in Figur e J.J5, so that the distance between the 

top of the seeds and the face of the transducer was equal 

to 7 cm. The seeds were placed on the g lass wool wi th 

their embryos facing the transducer because the embryo is 

obviously the part of the seed which the ultrasound must 

a ffect to cause any chan ge in the normal development of 

t he scedli11g . Althou gh some of the ultrasonic factiation 

is expected to be refl ec ted from the surface of the seeds, 
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the overall reflection of ultrasound will be reduced by 

havin g glass wool as an absorber of any sound reachin g it 

throu gh the layer of seeds, particularly the open spaces 

between them. The walls of the tank were also lined on 

the in s ide with indented n e oprene rubber sheeting to ab­

sorb any stray ultrasonic radiation. 

In all three experiments the seeds were exposed for 

60 min. at an avera ge intensity of 0.82 W/cm 2 (cont. beam). 

The quot ed intensity of 0.82 W/cm 2 represents the average 

value measured by pressure balance as described previous-

ly. 

The thermistor probe was used to measur e the varia­

tion of the ultrasonic intensity at the position of the 

seeds. The valu es of the output of this probe at various 

points across the beam at seed-level were compared with 

the correspo nding values obtained from the b eam profile 

2 
curve which was plotted for the 0.82 W/ cm con t . beam 

(wi th n o obstac l e i n the path of th e beam) as d escrib ed 

earlier (p. 112 ). The values or the outpu t of the probe 

+ in the present experiment did not differ by more than~ 

15% from those obtained for the unimp eded beam. 

The temperature of the water i n the sonication tank 

was kept at 19°c ~ 0 , 2°c u sing a Braun thermosta~ically 

controlled heater and a Grant coolin g unit. The tempera-

t ur e did not rise durin g sonication . The control seeds 

0 + 0 6 were also kept in water at 19 C - 0 . 2 C for O min. 

After sonication, the seeds were subjected to the 

s n111e proc ess of' soaking and planting in Vermicul ite as 
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described earlier in this chapter. After soaking for three 

days, a ll th e seeds were transferred to the Vermiculite, 

i rrespective of whether they had g erminated or not. After 

three days i n th e tank of Vermiculite, all the seedlin g s 

were dug up and the ge rmination rate scored. Seeds which 

had not ge rminated were discarded, and the remainder were 

transferred to the culture tank maintained at 19°c ~ 0.2°C 

after plumule and adventitious roots had been removed as 

before. The control groups were treated in exactly the 

same way. 

After tran sfe r to the culture tank the lengths of 

the roots were measured immediately and thereaft e r at daily 

intervals for fifteen days. 
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FIGURE 3. J5 . 

DIAGRAM SHOWING HOW THE DRY SEEDS WERE SONICATED . 
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METHOD S OF EXPOSURE OF THE ROOTS OF ZEA TO X-RAYS IN 

CONJUNCTION WITH ULTRASOUND . 

In the synerg istic experiments on Zea mays, the 

roots of the latter were exposed to continuous and 

pulsed beams of ultrasound of various avera ge intensi­

ties as listed in Table 4.9 . The roots were exposed 

to ultra so und in combination with an X-ray dose of 775 

rads and the latter was applied before, after or simul­

taneously with the sound, Ultrasonic intensities (pulsed 

and continuous beams) were chosen such that, on their 

own, they either reduced the growth rate of the roots 

to a considerable extent or hardly affected the growth 

at all. 

In the experimental methods to be described, the 

ultrasonic and X-ray beams were mutually independent,so 

that the dose d el ivered by one system was in no way af­

fected by the presence of the other . 

The method s of irradia tio n used in the experi­

me nt s in wh ich the X-ra ys and the ultrasonic beams were 

applied separately are de scr ibed elsewhere (Herin g ,1 97 1; 

this Chapt e r, p. 8 1 ). The X-radiation source was a 

Ph ilip s 250/25 X-ray Therapy Unit op e rat e d at 250 kVp, 

15 mA with a n a dd ed Thoraeus filter (3,5 mm Cu H.V.L.). 

A l OxlO applicator was u sed. This bea m was ca librated 

by means of a Ba l dwi n Farmer Dosemeter at the sit e of 

irradiatio n as d es cribed previously (H e rin g , 1 9 71). 

For the exper im e n ts in which the root s were si ­

multa n eously exposed to X-rays and ultrasound, it was 
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found necessary to immerse the sonica t ion jig vertical­

· 1y in the sonication tank s o that t he former could be 

moved closer to the wall of the la t ter as shown in 

- F i g ure J.J6. The j -ig could now be placed close enough 

to t he applicator of the X-ray unit so that it was 

possible to expose the roots to 775 rads of X-rays ih 

a time equalling the sonication times used in the exper­

iments in which the roots were exposed to X-rays and 

ultrasound separately. This was, however, not possible 

for the short sonication times of 2 and 5 minutes used. 

In this case beams of very much lower average intensi­

ties, viz. 0.05 W/cm 2 (pulsed beam) and 0~10 W/cm2 (con­

tinuous beam) respectively, were used which, on their 

own, hardly changed the growth rate of the roots if ap­

plied to the latter for 40 min. (Figures 4.39 and 4.40). 

The roots, now being parallel to the axis of the ­

X-ray beam (instead of being perpendicular to the beam 

axis as was the case when the roots were exposed to ul­

trasound and X-rays separately), were again exposed to 

7 75 rads on their own in order to obtain the growth curve 

f or the roots when irradiated in this position. The X-ray 

d ose rate was determined using a Baldwin Farmer Dose­

me ter at the site of irradiation in the absence of the 

ro ots and jig. There is no change in the average intensi-

ty of the ultrasonic beam at the position of the roots if 

the jig is turned throu gh an angle (p. 113 ). No air was 

pass ed throu gh the wat e r in the sonication tank when the 

ruo ts were simultaneously exposed to X-ray s and ultrasound. 
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FIGURE 3. 36 . 

DIAGRAM SHOWING THE POSITION OF THE SEEDLINGS AND THE 

JIG FOR THE EXPERIMENTS IN WHICH ULTRASOUND AND 

X-RAYS WERE APPLIED TO THE ROOTS SIMULTANEOUSLY . 

A: TANK WALL 

B: APPLICATOR OF X-RAY UNIT 

C: X-RAY BEAM AXIS 

D: LEAD SHIELD FOR COTYLEDONS 

E: SONICATION JIG 

F: SEEDLINGS 
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METHOD S OF TREATMENT OF THE ROOTS OF ZEA WITH 

VINCRISTINE IN COMBI NATION WITH ULTRASOUND . 

The vincristine treatments were carried out by 

s usp ending the seedli n g roots in a Perspex container 

(10 cm x 0.5 cm and 5 cm d e ep) containing 25 ml of a 

0.004% vincristine solution (Fi g . J.37 ). The vincri­

stine solution was made up by dissolving 1 mg of lyo­

philiz e d vincristine sulfate (purchased from Eli Lilly 

and Company,Indianapolis,U.S.A.) in 25 ml of distilled 

wa ter. 

Ten se edl in gs were used for each treatment, and 

these were tr ea ted simultaneously in a solution of vin-

o + 0 cristine which was k ept at 19 C - 0.2 C by suspendin g 

the Perspex container in the water of the culture tank. 

The vincri st in e s olution wa s freshly prepared for each 

treatment si nc e for a s olution wh ich was used a second 

time , the reduction in the subseq u ent growth of the 

roots was found t o be less than that obtai n ed with a 

fre s hly pr e p a r e d solution (Fi g ure J.J8). A simila r ef -

f eet was ob s erved when the numb e r of roots per treatment 

was incr ea s e d from t e n to thirty (Fi g ur e J.J8). 

Th e prese nc e of 10 mg of lactose with e ach 1 mg 

of vin c ri s tin e s ulfat e s uppli e d h a d no adverse effect 

on th e g rowth of th e vincri s tin e treat e d roots ( F i g .3. 39) . 

Th i s was ch ec k e d by tr ea ting r o ot s in a solution of lac­

tose (10 rn g of l a c t ose in 2 5 ml of' distill e d wa t e r) in 

t he same way a nd f or · th e s a me t im e a s for the vincris ­

t i n e tr eat me n ts . 



In all treatments the solutions were continuously 

aerated. Under these conditions of continuous aeration 

the complicating factor of a possible mitotic inhibition 

due to anoxia was removed. The groth curves obtained 

with the roots treated in an 0.004% vincristine solution 

for 1 and 2 hours respectively, but with nitrogen being 

passed throu gh the water, were found to be similar to 

those obtained under aerated conditions (Figures J.40and 

J.41 ). The oxygen content of the vincristine solution 

was measured during treatment with the YSI Oxygen Meter 

(Model 51A) and found to be a steady 2.2ml/litre when 

nitrogen was used and 6.8 ml/litre for the aerated water. 

The roots were always transferred from the culture tank 

into the vincristine solution after air (or nitrogen for 

the experiment mentioned above), had been bubbled through 

the container for 15 minutes. The temperature of the 

water in the container was found to be equal to that of 

the water in the culture tank at this stage. 

Care was taken that the mucilaginous substance 

covering the root tips was removed from each root before 

treatment. This was achieved by gently wiping the root 

tips with filter paper. The removal of this substance 

did not cause any chan g e in the growth rate of the un-

treated roots (Fi g ur e J.39). When this substance was 

not remov e d, however, widely diff e rin g (and inconsistent) 

resul t s were obtained for the sa1ne vincri s tine treat-

me nt times (Fi g ur e 3.38). 

The s eedlin g s u sed as controls (10 for each 
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experime n t) were handled in the same manner and at the 

same time as the vincristine treated roots, but were 

s usp ended with the roots in a similar vess e l containin g 

distilled water. The mucilaginous layer was also re-

moved from t he root tips of the controls. It was con-

sidered possible that this change from tap water to 

distilled water could g ive rise to a chan g e in the sub-

sequent growth rate of the roots. Thus twenty roots 

were kept in distilled water (as described above) for 

2 hrs. and the growth as a fraction of controls com­

pared with a g roup of twenty seedlin g s kept in the cul­

ture tank (Fi g ur e J.39). No difference in growth was 

obs e rved between treated and untreated roots. 

The curves in Figures J.J8, J.J9,J.40 and J.4lre­

present the means of at least two experiment s (For er­

rors, se e p. 17J ). 

Two di fferent vincristine treatment times were 

used in the current experime n ts , viz. 1 hr. a nd 2 hrs. 

After vincristine treatment the roots were rinsed in 

distilled water and then transferred back to the cul­

ture tank or were positioned on the sonication jig . 

The roots were sonicated ( as described earlier 

on p . 81 ) before or after vincristine treatment and 

as b efore, ten root s were used for each exposure . 



FIGURE 3. 37 . 

VINCRISTINE TREATMENT. THE PERSPEX CONTAINER WITH 

SEEDLINGS AND VINCRISTINE SOLUTION I S SUSPENDED IN 

THE WATER OF THE CULTURE TANK. 
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FIGURE J. J8 . 

VARIATION OF THE GROWTH RATE AS A FRACTION OF CONTROLS (G) 

WITH TIME AFTER TREATING THE ROOTS IN A O. ool~% SOLUTION 

OF VINCRISTINE FOR 2 HOURS IN VAR IOUS WAYS. A SMALL AIR­

PUMP WAS USED TO BUBBLE A STEADY STREAM OF AIR THROUGH THE 

VINCRISTINE SOLUTI ON . FOR A,B AND C BELOW THE MUCILAGINOUS 
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TIME AFTER TREATMENT (DAYS ) 
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FIGURE J. 39, 

GROWTH CURVES INDICATING THAT THERE ·IS NO ADVERSE EFFECT 

ON THE ROOTS WHEN TRANSFERRED FROM THE TAP WATER IN THE 

CULTURE TANK TO DISTILLED WATER OR A LACTOSE SOLUTION. 

FOR A AND B THE MUCILAGINOUS LAYER WAS REMOVED. 

A ROOTS TRANSFERRED TO DISTILLED WATER 
FOR 2 HRS . 

B --x x-- ROOTS TRANSFERRED TO A LACTOSE SOLU-
TION (lOmg/25 ml) FOR 2 HRS . 

C ~ ROOTS TRANSFERRED TO DISTILLED WATER 
FOR 2 HRS . (MUCILAGINOUS LAYER NOT 
REMOVED). 

1. 0 

G 

0.5 

0 

0 2 4 6 8 10 

TIME AFTER TREATMENT (DAYS ) 
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FIGUTIE J. 40 . 

EFFECT OF TREATING THE ROOTS FOR 1 HOUR IN AN 0.004% 

VINCRISTINE SO LUTION WITH EITHER AIR OR NITROGEN BEING 

G 

PASSED THROUGH THE WATER IN THE TREATMENT VESSEL . 

THE MUCILAGINOUS LAYER WAS REMOVED. 

AIR 

-X--X- NITROGEN 

1.0 
\'\ 
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\:\ /✓ 
~/x ,.. 

0 . 5 
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x y 
~x 
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6 8 10 

TIME AFTER TREATMENT (DAYS ) 
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FIGURE 3. 41 . 

EFFECT OF TREATING THE ROOTS FOR 2 HOURS IN AN 0.004% 

VINCRISTINE SOLUTION WITH EITHER AIR OR NITROGEN BEING 

G 

PA SSED THROUGH THE WATER IN THE TREATMENT VESSEL. 

THE MUCILAGINOUS LAYER WAS REMOVED. 

AIR 

--x---X-- NITROGEN 

1.0 

0.5 

0 

0 2 4 6 8 10 

TIME AFTER TREATMENT (DAYS ) 
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MEASUREMENT OF THE TEMPERATURE RISE INSIDE A 

ROOT DURI NG S ONICATION OF THE LATTER. 

For the measurement of the temperature rise inside 

a root of Zea an iron-constantan thermocouple probe was 

constructed. The thinnest iron and constantan wires ob-

tainable in this country had a diameter of about 200 pm 

and a junction as small as 100 J-1m (as used by Bleaney and 

Oliver, 1972 a) could thus not be made. After soldering 

the two wires together, the junction was covered with a 

thin layer of lacquer to avoid any possible corrosion of 

the metals at the junction. The diameter of this thermo-

junction was measured and found to be about 600 pm. 

One of the two thermojunctions was kept in melt­

ing ice (reference temperature) and to avoid any fluctu­

ations in this temperature a double-walled Perspex con­

tainer was constructed, the inner chamber containing the 

thermojunction surrounded by meltin g ice and the outer 

chamb e r also containing melting ice. (Fig. J.42). The 

water formed was drained away throu g h an outlet at the 

bottom of the contain e r. Th e other thermojunction was in-

serted in a sing le root. The root with the inserted ther-

mo junction was then plac e d in the ultrasonic beam, 7 cm 

f rom th e crystal face of the tran s ducer which was mounted 

on th e s onica tio n jig . 

The out p ut of thi s thermocouple was measur e d using 

a Tektronix storage oscillos co pe (Typ e 549) with a hi gh-

eai n differential a mpli fie r, Type 1A7A. It was found 
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necessary to earth the water in the sonication tank. 

Table 3.4 s hows the variation of the electromotive force 

with temperature for the iron-constantan thermocouple 

used in the present experiments. 

The temperature of the water in the sonication 

0 
tank was found to be 19.8 Cat the time when the above 

measurements were made. 

Method of exposure of the roots to various high temperatures. 

In this experiment the terminal 0.5 cm portions 

of the root tips were immersed in water at 30°c, 45°c 
0 

and 60 C for 15 minutes respectively. A Braun thermo-

statically controlled heater was used to keep the water 

( +_ 0) at the requir e d temperature 0.2 C . Ten roots were 

were simultaneously treated at each of the abovementioned 

temperatures. 

After treatment, the roots were return ed to the 

culture tank and their daily growth was measured and com­

pared with that of the ten control roots as described 

previously . The len g th of the roots at the time of treat-

ment was a gain in the range 6.o to 7.5 cm . 
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FIGURE 3. 42 . 

THE USE OF THE IRON- CONSTANTAN THERMOCOUP LE 

TO MEASURE THE TEMPERATURE RISE INSIDE A 

ROOT OF ZEA DURING SONICATION . 
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TABLE 3.4. 

ELECTROMOTIVE FORCE FOR THE IRON - CONSTANTAN THERMOCOUPLE 

USED IN THE PRESENT EXPERIMENTS. 

mV OF °F/mV 

0.5 49.43}-
. 34.108 

1.0 66.49 

}-33.963 
1.5 83.47 

] JJ,632 
2.0 100 .28}-· 

33.360 

2.5 116.96}-
33.338 

3.0 113.63 

F rom R . A . Louw, 1971. "Velocity and temperature 

distributi ons for mercury in turbuler,it flow." 

M.Sc. Thesis ( Un iversity of Ca pe Town) . 
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DETERMINATION OF THE CELL CYCLE TIME OF THE MERI STEMATIC 

CELLS I N TlJE ROOT TIP OF ZEA MAYS USING A METAPHASE 

ACCUMULATION TECHNIQUE . 

The methbd emp loyed was that used by Evans, Neary 

and Tonkinson (1957) for Vicia faba. 

Maize seed were germinated and roots grown as 

de s cribed previously (p. 72 ). After 2-3 days in moist 

Vermiculite the seedlings, now havin g a primary root of 

leng th 2-3 cm, were transferred to the culture tank and 

0 + 0 grown for 2 days at 19 C - 0.2 C. Cytological studies 

commenced at this stage. 

Squash preparations were made using the Feulgen 

squash method (Heitz, 1936; Darlington and La Cour, 1938; 

Hillary, 1940), The root tips were fixed in acetic -

alcohol (1:3) for 10 minutes at room temperature, rinsed 

in distill ed water and macerated by hydrolysis in 1N HCl 

at 6o 0 c for 6 mins. Af t er rinsing, the root tips were 

stained in l e uco-bas i c fuchsin for 2-3 hrs. For com-

parative mitotic c ount s between roots it was thou ght ad­

visab l e to u se root tips of equal length, and this was 

ach i eved by first ex ci sing th e root cap of each root, 

a nd th e n cutting off the terminal 0 , 6 milljm etre of the 

r oot und e r a dissection micro scope . A Neubauer rulin g 

was us e d to provide a measure of len g th . Ea ch o.6 mm 

ro ot tip was th e n u sed to ma ke one slide, the tip bein g 

s quashe d in a drop of 45% ac e tic acid . Scorin g was 

a ided by the u se of a Polaroid photomicro g raphic attach-
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ment to a Nikon microscope (Model L-Ke). Pictures were 

taken of meristematic cells along randomly selected tra-

verses ( F i g .J.43). In each slide two samples of 500 

cells were scored so that 1000 cells were used from . each 

root tip. The criteria used to distinguish petween the 

mitotic stages of these cells were those adopted by Gray 

and Scholes (1951) for Vicia faba as shown in Fig.J.44 . 

In the colchicine treated roots no distinction was made 

between the various types of metaphase configurations 

(Barber and Callan, 1913; Eigsti and Dustin, 1955), or 

between the early restitution nuclei and the true ana­

phases and telophases which are found in the shortest 

treatments. For convenience the anaphases, telophases 

and early restitution nuclei were all classified as 

ana-telophases (Guttman, 1952). 

Colchicine tr eatme nt: 

The colchicine treatments were carried out by sus­

pending the seedlin g roots in a Perspex container (10 cm x 

0.5 cm and 5 cm deep) containing 20 ml of an 0.05% col­

chicine so lution (p. 147 Fig .J.37). For e ac h tr e atm e nt­

time ten seedlings were u sed, and these were treated si­

multaneo u s ly in a solution of col ch icin e which was d is -

ca rded after bei ng used once. Th e latter was kept at 

19 °c ~ 0.2°c by suspendin g the Perspex cont a in e r in the 

wa ter of the culture tank . In a ll treatments the solu -

t ions were continuou s ly aerated. Under these conditions 

of continuous a e ration the complica ting factor of mitotic 



inhibition due to anoxia was removed. Care was taken 

that the mucilaginous substance covering the root tips 

wa s removed f rom each root before treatment (see p.145). 

The seedl i n gs u sed as controls were handl e d in the same 

ma nn er and at the same times as the colchicine treated 

roots, but were suspend e d with the roots in a similar 

vessel containing distilled water. 

Fixations were made after O,l,2,J,4,5,6,l2 and 

24 hr. treatments. Five slides were made for each treat-

ment time and the first 4 slides were scored. The remaining 

five roots were discarded. The mean values obtained from 

each group of four slides are given in Table J.5 

In the control experiments the seedlings were trans­

ferred from the tap water in the culture tank into dis-

tilled water. It was considered possible that this change 

could g ive rise to a change in the M.I. (Mitotic Index 

be ing defined as the number of cells in mitosis expressed 

as a percenta ge of the total numb er of cells scored), but 

a n analysis of variance on the data did not reveal any 

signif icant change either in M.I. (P>O.l for 6 and 27 d.f.) 

or in metaphase cou nt s (P>0.1). Simi lar ly , it was found 

that the fixation made at O hr. in the colchicine series 

d id not differ from the fixations made in the contr ol 

s eries , so that the total results were pooled. The pool ed 

da ta gave a mean value of 18.4 ! 0 , 7 metaphase cells per 

1 0 3 ce ll s scored (Tabl e J.5 ), and this mean was taken 

as the metaphase score at time O. For the analysis of 

va riance , a pro g ram was written to perform the calculation 
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on the Wang 370 Desk Calculator. 

The effect of the dura tion of colchicine treatment on 

metaphas e accumulation. 

The number of metaphases accumulated was found to 

be regular over the period from 1 to 6 hrs. (Fig.J.45). 

This suggests that colchicine treatment does not inhibit 

the entry of cells into mitosis during this period. 

Metaphase accumulation was found to become irregular af­

ter the 6 hr. treatment, the rate of accumulation from 

6 to 12 hrs. being very much lower than that found in the 

first 6 hrs. of treatment. After 24 hrs. of treatment 

the number of metaphases decreased considerably. These 

results are similar to those obtained by Evans, Neary and 

Tonkinson for Vicia faba (Fig . . 1.7). These authors also 

found that the rate of accumulation of metaphases from 

1 to 6 hrs. was the same for different concentrations of 

colchicine. In view of the differ~nt efficiencies of 

various cencentrations of colchicine for disruptin g al­

ready form ed spindles (Inou&, 1952), the rate of accu­

mulation of metaphases over the first hour of treatment 

wa s n eglec ted. 

The pre se nce of a few ana-telophase cells in roots 

trea ted from 2 -6 hrs. s u ggests that the number of meta ­

phases which are accumula t e d per hour is not quite the 

sa me as the numb er of metaphases which e nter mitosis in 

1 hr. Evid e ntly some cell s which are held up at the meta-

pha se stage n1ust somet imes pass on into int e rphase . 
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If we assum e tha t the time taken for these cells to 

escape from c - metaphase to interphase is roughly equi­

valent to the t~me an untreated cell takes to complete 

telophase , i.e. about JO min., the n Evans, Neary and 

Tonkin s on (1957) deduce that about 2 ! 1 cells escape 

from rnetaphase each hour. Allowing for this small cor-

rection, the mean number of cells which pass into meta­

phase between 1 and 6 hrs. in colchicine-treated roots 

is 24.6 ! 2.0 per hour. 

From these results, the value for the cell cycle 

time of Jl.l ! 1.9 hrs. was calculated as indicated in 

Appendix A . 
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FIGURE J.4J. 

SQ,UASIIES PREPARED FROM THE ROOT TIPS OF ZEA MAYS 

SHOWING CELLS IN VARIOUS PHASES OF DIVISION ( x450) . 
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FIGURE 3. 44 . 

DRAWINGS TO ILLUSTRATE THE DIFFERENT PHASES OF DIVISION OF 

A VICIA FABA MERISTEMATIC CELL BASED ON THOSE OF 

GRAY AND SCHOLES ( 1951). 
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f IGURE J. 4 5. 

METAPITASE SCORES FOR THE COLCHICINE SERIES, FOR TREATMENTS 

OF UP TO 24 HRS. EACH POINT IS A MEAN VALUE FOR FOUR SLIDES 

( 4000 CELLS) . FOR STANDARD EHR ORS SEE TABLE J. 5 

U) 

...:l 120 ...:l 
~ 
0 

C""'\ 
0 
r-1 so '-..._ 
U) 

~ 
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.::;:: 
:-r:: 
P.. 

~ 40 . 
~ 
~ 

0 
0 2 4 6 8 12 24 

DURATION OF TREATMENT (HOURS) 

The slope of the regression line f it ted to the points in the 

figure above was found to be 22 . 6 + The error is the 

sta nd a rd error in the value of the slope (Toppin g , p. 106). 

Th o correlation coefficient was found to be 0.9888. The meta­

phases /10 3 cells for the treatments of 0,12 and 24 hrs. were 

not includ ed in the calculations ( see text). 
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TABLE 3. 5 . 

EFFECT OF COLCHICINE ON THE MITOTIC INDEX . 

Tr eatme n t Duration No . of 
of treat - sl i des Mea n No. of c e lls/1000 scor e d 
ment(hrs .) s cor ed Int e r- Pro- Meta-

phase phase phase 

Tot a l 
c on t r ol 40 892.4 56 .3 1 8 .4 + 0.7 - -
+ 0 h r . 

Co l ch i - 0 4 905.7 49.0 16.5 + 1.9 -
c i ne 1 4 898 . 0 65.1 29.6 + J.2 0. 05% -

2 · 4 8 98.1 55.5 42.0 + 4.o -

3 4 8 65 .2 50.4 8 3.6 + 
7.5 -

4 4 8 54.2 50 .9 9 2 . 5 + 10.1 -
5 4 8 1 6 .6 62 .6 120.7 + 11. 6 -
6 4 806 . 2 54 . 7 13 9 .1 + 12.2 -

1 2 4 793.6 56 . 1 149 . O + 11. 1 -
24 4 87 1. 3 38 . 6 90 . 2 + 8 . 6 -

The error in the number of ce l ls i n me t aphase is t h e 

s tandard e rror of the mea n . 

Ana-
Telo-
phase 

32.9 

20.8 

7.4 

4.5 

0.9 

2.4 

0 

0 

1.3 

0 

M. I. 

10. 8 

9.4 

10.2 

1 0 . 2 

13. 5 

14. 6 

18. 3 

1 9 . 4 

20 . 6 

1 2 . 9 



SYNCHRONIZATION OF THE MERISTEMATIC CELLS IN THE ROOT TIP OF ZEA 

AND SONI CATION OF THE CELLS IN DIFFERENT PHASES OF THE MITOTIC CYCLE. 

Hydr oxyurea was used to synchronize the cells 

since 5-Amino-Uracil was not available at the time when 

these experiments were carried out. The minimum time 

nec essary to leave the roots in the hydroxyurea solution 

is equal to the period G2 + M + G1 (Hall, personal com-

municat ion), but to be on the safe side a time period e ­

qual to 36 hours was chosen, which is slightly longer than 

the cell iycle time of Jl.l hours determined previously 

( p. 160 ) . 

Th e method of the treatment of the roots in a 1 . 25 mM 

solution of hydroxyurea and the subsequent sonication was 

similar to that us e d for the combin e d vincrist ine and ul-

trasonic treatments (p. 144 ) . The concentration of the 

so lution of hydroxyurea was th e same as that us e d by Hall, 

Brown and Cavana gh (1 968 ) for the root meristem of Vicia 

faba . 

Asse s sme nt of th e d egr ee of syn chrony . 

At various tim e s after removal from the hydroxyurea 

t h e t e rmin a l 1 cm of e ach of 4 roots was cut off, fix e d in 

a c e tic al c ohol, and squa sh pr e para tions we re made and the 

s lid es s cor e d for th e prop ortion of c e ll s in mitosis (mi­

t otic ind ex ) as des c r ib e d e l se wh e r e (p. 156). 

I: 
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THE EFFECTS OF PULSED AND CONTINUOUS BEAMS OF 

ULTRASOUND ON THE ROOTS OF ZEA . 

F i g ures 4.1 , 4.2, and 4.3 show the variation 

of the fractional growth rate (G) with time after expo-

sure to continuous beams of ultra so und at avera ge inten­

sities of 0. 82 , o.62 and 0.38 w/cm 2 respectively and for 

sonication times ran g ing from 1 to 150 minutes. The 

curves for the pul sed beams a t avera g e intensities of 

2 
0.21 and 0.1 6 W/cm and for sonication times ran g ing 

from 2 to 180 minut es , are shown in Fi g ures 4.4, 4.5 , 

4. 6 and 4. 7 . 

For the sonications at the avera ge intensities of 

0.38 W/cm 2 (cont. b e am) for 15 min. (Fi g . 4 .3) and 

0.16 W/cm 2 (pulsed beam) for 2 and 10 min. resp e ctively 

( F i g . 4.6 ), no effect of irrad~ation is appar ent in the 

gr owth curves . A similar r es ult was also obtained with 

the lowest po ss ibl e average intensity (7cm fr om transdu­

cer) that the Impulsaphon i s capable of producin g , viz. 

2 
0 , 02 W/cm (pul sed beam ), when the roo ts were sonicated 

for 180 min, ( Fig . 4. 8 ). For all the other son icat ion 

times and average intensities used, th e growth curves 

are found to reach a minimum immediately after sonication 

as shown in Figures 4 . 1-4 . 7 . The curves in Fi g ures 4 .1 -4 . 7 

i ndicate that this minimum is reached during the first 

day po st-so nicati on . Meas ur ement of root l ength at 6hrs . 

a nd 12hrs . after sonication resp e ctively, indicated that 

t he minimum in g rowth rate was already reached in the 



first 6 hours after treatment. Errors in measurement 

as well as variations between repeat experiments, were 

found to be very much more significant in the growth 

increm e nt over 6hrs. (or 12hrs.) than over 1 day, and 

it was thus thou ght that the growth increment over the 

first day would provide the best estimate of the mini­

mum in the growth rate (Bleaney and Oliver, 1972a). 

The initial decrease in g rowth was followed by 

a recovery, which was found to be more rapid for the 

short sonication times and lower average intensities 

(Fi g ures 4. 1-4. 7 ) . Also, there was a complete recovery 

of all the roots in these situations and the growth 

curves levelled off at about unity ten days post-soni­

cation. For the longer sonication times at the average 

intensities 
2 

of o.82 and 0.62 W/cm (cont.bea ms) respec-

tively, the recovery was not complete and the growth 

curves l evell ed off at values of G less than unity by 

about the tenth day after sonication. These values de-

creased with increasin g exposure time for a g iven aver­

age intensity and with i ncr eas in g ave ra ge intensity for 

a g iven exposure time as show n in F i g ure 4.9 In this 

figu re, the average g rowth in the ten th day post-irradia­

ti on as a fractio n of the correspondin g g rowth for the 

contro l roots , was taken as an approximatio n of the value 

a t which the g rowth curves l eve l off. 

Th e shapes of the growth cur v es are found to be 

s imilar for al l irradintion times a nd intensities, except 

f or the very lon g sonicatio n ti.mes ( > 60 min.) at the 
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2 
avera ge int e nsity of 0.82 W/cm , where there was hardly 

any recovery of the roots after sonication (Fi g . 4.1). 

An appr eciab l e proportion of the roots in these groups 

died and the remaind er were g rowin g slowly after recei­

vin g the dos e of ultrasound. 

The number of roots in a sonicated group that 

died or were g rowing more slowly than the corresponding 

control roots 10 days after sonication, are listed in 

Table 4.1. for the continuous beams. For the pulsed 

beams used in these exp~riments, none of the sonicated 

~oots were either dead or growing slowly ten days after 

irradiation. For all the intensities and sonication 

times for which the g rowth curves levelled off at val ­

ues less than unity, some of the roots in the group had 

died and/or some were growing slowly (Table 4.1 ). In 

this table the fi g ures in the column entitled 1 % roots 

with reduced gr owth' were obtained from the number of 

roots with a len g th less than half of the avera ge length 

of the roots in the corresponding control gr oup ten days 

after sonication . The gr owth r a te of some of the root s 

of len g th less than half of that of t h e contro ls , was 

equal to th e avera g e g rowth rate of the latt er at this 

time . These roots were not included in the figures 

g ive n in Tabl e 4 .1 A root was considered dead whe n 

i t s tot a l gr owth in t e n d a y s after sonication was l ess 

t h a n 1 cm . Me asur e me nt of root len g th up to 18 d ays 

af t e r sonica tion ind icat e d t hat the irradiation with 

u lt ras ound a t t h e in te n s ity levels us e d in th e pr e sent 
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experim e nts, did not cause any "delayed death" of the 

roots (see p. 41 ) . On the other hand there was also 

no "delayed recovery" of any of the roots after ten 

days post-sonication. 

The mean diameter of the roots that recovered 

completely from sonication dama g e was found to bee­

qual to that of the control roots ten days after irra-

diation. For the sonication times and average intensi-

ties at which the g rowth rate of the roots did not re­

turn to normal, the mean diameter of the roots ten days 

post-sonication was found to be slightly less than that· · 

of the c on t r o 1 r o o t s (Tab 1 e 4 . 2 ) . For the measure-

ments of the diameter of the sonicated roots, no dis­

tinction was made between roots that had died or were 

growin g slowly and roots that had recovered. It was 

sometimes impo s sible to measure the diameter of the 

dead roots since these had started to necrose by ten 

days after sonica tion. 

Th e fractional g rowth in ten days (G 10 ) for the 

vari ou s s onica ti on tim es and int e nsities are listed in 

Table 4.J f or the pul sed a s well as the continuous 

b e am s . Alth ou gh G10 is a rather doubtful quantity when 

a n appre c iab l e p r oportion of th e root s in a g roup die 

a nd/or grow slow l y as a re s ult of s onication, th e values 

of G10 h ave bee n c a l culated f or these g roups as well. 

The va lu e of thi s para meter d e cr eased wi t h incr eas ing 

ex pos u re t ime for a g ive n in te n sity a nd wi t h increas in g 

inte n s i ty fo r a g ive n expos u re tim e . In F i g ur es 4 . 10 
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and 4.11 the average valu es of G10 from Tabl e 4.J for 

the pulsed and cont inu ous beams, are plotted against 

tota l expos u re ( W/cm 2 multipli ed by hours) indicating 

that for a g ive n exposure, hi gh e r intensity always pro­

duc ed a greater r eduction in root growth. 

Figures 4.12 and 4.lJ show the variation observed 

in the value of G1 , the avera g e g rowth in the first day 

po s t-irrad i at ion as a fraction of the corresponding av­

era ge g rowth for th e control roots, with the duration of 

exposur e at the average intensities of the continuous 

and pulsed beams us e d in the present experiments. 

For sonication times less than or equal to JO min., 

the values of G10 in Tabl e 4.J and the g raphs in Figures 

4.1 - 4.8 r e pres e nt the me an obtained for three experi-

ment s , F or soni cat ion tim es longe r than JO min ., the 

values of G10 a nd t h e g raph s in Figures 4,1 - 4.8 represent 

th e mean obtained for two experiments. The three g raphs 

in Figure 4.14 were obtained for the root s of Zea treated 

2 
with ultrasound at an average in te nsity of 0.82 W/cm 

(cont. beam ) for JO min . Th e curves indicate th e consis-

t e ncy in the r es ults obtained when experiments were re-

peat e d . Th e mea n of these three curves is also shown in 

F i g ure 4 . 14. Th e consist e ncy i n all the ot h er experi -

ments was of the sam e ord e r a s that d e picted. Th e values 

of G10 in F i g ur e 4 . 14 
, 

gi v e an indi ca tion of the variation 

of this para mete r between experime n ts . 

In Figure 4 , 1 5 the v a lu es of G1 ( for an exposure 

ti me of 60 minutes ) are plott e d a gai n s t the avera g e 
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ultrasonic intensities of the pulsed as well as the con­

tinuous beams, showing that continuous irradiation is 

less damaging than expos ure to a pulsed ultrasonic beam 

at the same average power . 

The errors in these experiments are expressed as 

the standard error of the mean for the ratio of the means 

of the irradiated and control groups . Error bars are not 

included on all the g raphs in order to preserve clarity 

of presentation, but are always of the same order as 

those depicted in Figure 4.1. Errors were calcµlated 

for each individual experiment and the standard errors 

of the means for two or three repeat experiments were cal­

culated according to the method given by Topping (p.63). 

For all experiments in which the sonication times are 

1 es s t ha n or e qua 1 t o JO minutes , the errors in Fig . 4 . 1 

and Table 4.J are standard errors of the means for three 

experiments. For all experiments in which the sonica-

t{on times are greater than JO minutes, the errors are 

the standard errors of the means for two experiments. 

Pr ograms were written to perform these calculations on 

t he Wang 370 and Hewlett - Packard 9 120A Desk Ca lculators. 

In a control experiment two g roups of roots 

(five seedlings in ea ch g roup) were mounted in turn (as 

des cribed on p . 81 ) on the jig in the sonication tank 

a nd left in th i s position for three hours. The varia-

tio n in the g rowth rate of th e ten tr eated roots as a 

f ract ion of control s ( te n seed lings kept in the culture 

ta nk) with time after treatment, indicates (Fi g . 4.16) 
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that such handling of the roots does riot affect the 

growth of the latter. 

Results of the fractionation experiments usin g equal 

divided do s e s . 

To investigate the possibility of recoverable 

dama ge , the radiation effects were compared for a single 

JO-minute exposure (average of J experiments) and for 

two exposur es of 15 minutes at the same average inten-

2 sity of 0.82 W/cm (cont. beam) separated by 1, 2½, 5 

and 24 hours respectively. 

Figure 4.17 and Table 4.4 . 

These results are shown in 

The sonication damage was 

found to increase with an increasing time interval 

between the doses. 
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FIGURE 4.1 . 

PATTERNS OF THE GROWTH RATE OF THE ROOTS OF ZEA AS A FRACTION 

G 

OF CONTROLS (G) AFTER SONICATION AT AN AVERAGE 

INTENS ITY OF 0.82 W/cm 2 ( CONTINUOUS BEAM ) 

FOR VARIOUS TIMES AS INDICATED. 

1.0 ~:_=_= -= __ =:::~~===::~ ____.-------t" 
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FIGURE 4. 2 . 

AS FOR FIGURE 4.1, BUT AT AN AVERAGE INTENSITY OF o . 62 w/cm 2 

G 

(CONT . BEAM) FOR VARIOUS TIMES AS INDICATED . 

1.0 

0.5 

0 

0 2 4 6 

_____ ....... 1 min . 

-------------- 2 ...___ _ __ ~5 

15 
30 

60 

150 

~--90 
---...120 

8 10 

TIME AFTER SONICATION (DAYS) 

12 



177 

FIGURE 4. J . • 

2 AS F OR FIGURE 4.1, BUT AT AN AVERAGE I NTENS ITY OF O. J8 W/cm 

G 

( CONT . BEAM ) FOR VARIOUS TIMES AS INDICATED. 
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FIGURE 4. 4 . 

AS FOR FIGURE 4 . 1, BUT AT AN AVERAGE INTENSITY OF 0.21 W/crn 2 

(PULSED BEAM) FOR VARIOUS TIMES AS INDICATED. 
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0 2 6 8 10 12 

TIME AFTER SONICATION (DAYS ) 
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FIGURE 4. 5 . 

AS FOR FIGURE 4. 4 , FOR VARIOUS TIMES AS INDICATED. 
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FIGURE 4. 6 . • 

2 AS FOR FIGURE 4 .1 , BUT AT AN AVERAGE INTENSITY OF O. 16 W/ cm 

( PULSED BEAM ) FOR VARIOUS TIMES AS INDICATED. 
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0 2 4 6 8 10 12 
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FIGlffiE 4.7 . 

AS FOR FIGlffiE 4.6, FOR VARIOUS TIMES AS INDICATED. 
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FIGURE 4. 8 . 

GROWTH CURVE FOR THE ROOTS OF ZEA SONICATED AT THE VERY LOW 

2 AVERAGE INTENSITY OF 0 . 02 W/cm (PULSED BEAM) FOR 18 0 MIN. 
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FIGURE 4.9 . 

THE VARIATION OF THE AVERAGE GROWTH IN THE TENTH DAY 

POST-IRRADIATION AS A FRACTION OF THE CORRESPONDING 

GROWTH FOR THE CONTROL ROOTS. WITH THE DURATION OF 

EXPOSURE AT THE AVERAGE INTENSITIES OF 

0 . 82 AND 0.62 W/cm 2 RESPECTIVELY . 
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FIGlJRE 4- . • 1-0 • 

GlO' THE AVERAGE GROWTH OF ROOTS DURING TEN DAYS POST-IRRAD IATION AS A FRACTION OF THE 

CORRESPONDI\TG AVERAGE GROWTH OF CONTROL ROOTS , PLOTTED AS A FUNCTION OF TOTAL EXPOSURE 

( I\TTENSITY .:IN W/cm 2 MULTIPLIED BY DURATION OF EXPOSURE IN HOURS ) FOR THE AVERAGE 
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FIGURE 4. 11 . 

AS FOR FIGURE 4. 10, BUT FOR THE AVERAGE INTENSITIES 

2 2 OF 0.21 W/cm AND 0.16 W/cm (PULSED BEAMS) . 
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FIGID1E 4 . 12 . 

VARIATION OF G1 , THE AVERAGE GROWTH IN THE FIRST DAY 

POST-IRRADIATION AS A FRACTION OF THE CORRESPONDING 

AVERAGE GROWTH FOR CONTRO L ROOTS, AS A FUNCTION OF 

SONICATION TIME FOR DIFFERENT AVERAGE INTENSITIES 

OF A CONTI NUOUS BEAM AS I NDICATED. 
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FIGURE 4. 14. 

VARIATION OF THE GROWTH RATE AS A FRACTION OF CONTROLS (G) 

AFTER SONICATIONS AT AN AVERAGE INTENSITY OF 

o.82 w/cm 2 (CONTINUOUS BEAM) TO SHOW THE 

VARIATION OBTAINED BETWEEN EXPERIMENTS . 
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0 
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~ MEAN OF THE J EXPERIMENTS 
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.G, 0 =0·47 ±0·15 

10 

TIME AFTER SONICATION (DAYS ) 
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FIGURE 4. 15. 

VARIATION IN THE AVERAGE GROWTH OF THE ROOTS OF ZEA IN THE FIRST DAY 

FOLLOWING SONICATION AS A FRACTION OF THE CORRESPONDING AVERAGE 

GROWTH FOR CONTROL ROOTS (G1 ), WITH THE AVERAGE INTENSITIES OF THE 

PULS ED AND CONTINUOUS BEAMS OF ULTRASOUND (APP LIED FOR 60 MINUTES) . 

(Ea ch point r e pr ese nts the mean of at least 2 experiments). 
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FIGURE 4. 16 . 

GROWTH CURVE SHOWING THAT THERE IS NO ADVERSE EFFECT 

ON THE ROOTS WHEN THEY ARE POSITIONED ON 

THE SONICATION JIG ( SEE TEXT). 

1. 0 

0 . 5 

0 

0 2 4 6 8 10 
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FIGURE 4.17. 

PATTERNS OF THE GROWTH RATE OF TI-IE ROOTS OF ZEA AS A FRACTION 

OF CONTRO LS ( G) FO LLOWING TWO SONI CATIONS 0~ 15 MIN . EACH, 

SEPARATED BY TIME I NTERVALS I N TI-IE RANGE OTO 24 I-IRS. AS 

2 INDICATED. (AVERAGE I NTENS ITY = 0 . 82 W/cm , CONT . BEAM). 

( Each curv e represe nts th e mean of at least 2 experiments). 
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TABLE 4.1 . 

PERCENTAGE OF THIE ROOTS THAT HAD DIED OR WERE 

GROWI NG "SLOWLY" AT TEN DAYS POST-SONICATION . 

AVERAGE ULTRASONIC SONICATION % ROOTS WITH 

INTENSITY MODE TIME REDUCED 

W/cm 
2 

MIN. GROWTH 

0.82 CONT. 1,2,J,5 0 
II " 10 1 

" " 15 2 

" " JO 15 

" II 60 20 

" " 90 12 

" " 120 15 

" " 150 18 

0.62 CONT. 1,2,5,15 0 
II 11 JO 8 

" " 60 10 
II 11 90 15 
II " 120 11 
II II 150 16 

0.38 CONT. 15,60, 90 0 
II II 120 1 

% OF 

DEAD 

ROOTS 

0 

8 

10 

25 

40 

53 

59 

56 

0 

0 

0 

3 

4 

2 

0 

0 

For s onication times of up to and includin g JO min., the figures 

in th e last two columns r epresent the mean of three experiments. 

For t he sonication times g reater than JO min ., the fi g ures in 

th e l as t two columns represent th e mean of two experiments . 

Th e p e rc e nta ges ar e g ive n to the nearest 1%. 
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TABLE 4. 2 . 

CHANGE IN THE DIAM ETEH ( MEAN OF TEN ROOTS ) OF THE ROOT OF ZEA 

2 WITH DISTANCE FROM THE ROOT TIP, FOR SONICATED (0.82W/cm CONT. 

BEAM FOR JO MIN .) AND CONTRO L ROOTS TEN DAYS AFTER EXPOSURE . 

DISTANCE FROM MEAN DIAMETER (mm) 

TIP 

(mm) SONICATED ROOTS CONTROL ROOTS 

0.1 0.28 + 0.04 0.37 + 0.06 - -
0.2 o.44 + 0.03 o.49 + 0.06 - -
O.J o.49 + 0.02 0.58 + 0.06 - -
o.4 0.51 + 0.02 0.61 + 0.07 - -
0.5 o.49 + o.o4 0.62 + 0.07 - -
o.6 0.50 + 0.03 0.62 + 0.06 - -
o.8 0.51 + o.o4 0.63 + 0.05 - -
1.0 0.50 + o.o4 0.63 + 0.06 - -
1.2 0.52 + 0.03 0.62 + 0.06 - -
1.4 0.53 + 0.04 0.65 + 0.06 - -
1.6 O. 5l-4- + 0.03 0.65 + 0.06 - -
1.8 0.55 + o.o4 o.64 + 0.07 - -
2 .0 0.55 + o.o4 o.64 + 0.07 - -

Ea ch va lu e repr ese nt s the mea n of ten measur eme nts with a 

d i s sect ion micro scope . A Neubauer ruling was used to 

pro vide a measure of l e n g th. 

Th e errors are standard errors of the means. 



TABLE 4.J 

AVERAGE GROWTH OF THE ROOTS IN TEN DAYS POST IRRADIATION AS A FRACTION OF THE CORRESPONDING 

AVERAGE GROWTH FOR CONTROL ROOTS (G10 ). 

AVERI\.GE UL-

TRI\.SO~IC MODE EXPOSURE TIME (MINUTES) 

I ~TE\' SITY 1 2 J 5 10 15 JO 60 90 120 150 180 
,,,; c m 2 

0 . 8 2 CONT . 1 . 00 1.00 0 . 95 0.94 0.79 o.68 0.56 O.JJ 0.23 0.17 0.16 -
:!: o . 06 :!:o. 06 :!: o . 07 :!: o . 06 :!:o. 06 :!:o. 08 :!:o. 08 :!:o. 09 + -0.07 :!: o. 08 :!:o. 07 

0 . 62 CONT , 1.02 0 . 97 - 0.95 - o.86 0.72 0.67 0.58 0 , 57 0 . 55 -
+ + :::o. 05 :!:o. 07 :!:o. 07 + :::o. 06 :!:o. 08 :::o. 07 - 0 . 07 - 0.06 -0.07 

O. J8 CONT . - - - - - 1.01 - 0.97 0.96 0,94 - -
:!:o. 08 + -0.07 + -0.07 :!:o. 08 

0 .21 PULSED - - - 0.99 - 1.00 0.94 0.92 0.91 0.87 0.85 o.86 

:!:o. 05 ::: o . 06 :::o. 06 :!:o. 06 + -0.07 :!: o . 07 :!:o. 06 :!:o. 06 

0 .16 PULSED - 1.02 - - 1.00 - 0,95 0,95 0.92 - 0,96 -
:!:o. 07 :!:o. 05 :!:o. 07 :!:o. 05 :!:o. 06 :::o. 07 

0 , 02 PULSED - - - - - - - - - - - 0.97 

:!:o. 06 

' 

f-1 
\0 
~ 
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TABLE 4.4 . 

COMPARI SON OF THE EFFECT OF A GIVEN TOTAL EXPOSURE DELIVERED 

AS A SINGLE DOSE OR AS TWO EQUAL FRACTIONS . 

AVERAGE SONICATION TIME INTERVAL GlO 
ULTRASONIC TIME BETWEEN 

INTENSITY (MIN ) EXPOSURES 

W/cm 
2 

(HRS.) 

0.82 CONT. 30 0 0.56 + 0.08 -
II 15 15 1 o.48 + 0.13 + -

II 15 15 2 .1_ 0.33 + 0.09 + 2 -
II 15 15 5 0.35 + 0.11 + -
II 15 15 24 0.28 + 0.09 + ..,. 

Th e errors are standard errors of the means (seep. 173 ). 
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Morpholo g ica l changes af ter sonication. 

Some of the sonicated root tips were found to turn 

sideways after sonicat ion (i.e. at right angles to the 

normal downward g rowth) but turned back into the original 

direction with subsequent g rowth (Figure 4 .18). This 

"kinking " of the roots was not observed for the short son­

ication time s and/or low average ultrasonic intensities. 

For the sonications lasting for 1-J hours, the root tips 

turned slightly towards the transducer face during sonica­

tion. 

Some of the roots sonicated for more than15 minutes 

at the high average ultrasonic intensities of the pulsed 

and continuous beams, viz. 0.21 W/cm 2 and 0.82 W/cm 2 re­

spectively, were found to have translucent tips after 

sonication. With subsequent growth, however, the appear-

ance of the newly added length of the root was similar to 

that before sonication. 

Squash preparations were made of sonicated roots 

usin g the Feulgen squash me thod as described elsewhere. 

The squashes we re mad e immediately after sonication, one 

day lat e r and finally on the fifth day post-irradiation. 

A squash of a n untr eated root is shown in Figure 4.19. 

Immediat e ly after sonicat ion at a n avera ge intensity of 

0. 82 W/cm 2 (c ontinuou s beam) for JO minut es , a large num­

ber of l ysed c e ll s seem to be present as shown in Figure 

4.20 Characteristic is a l so the a pp eara nce of small 

densely stai n ed areas in some of the cells of the sonica-

ted tis s ue . S ince Feul ge n stai n s nucleic ac id (Darlingto n 



197 

and La Cour, 1938) the constituents of these areas may 

have originated from the nuclei. These areas are also 

sometimes fragmented ( Figure 4.20). There are some 

cells which seem to b e intact but have an abnormal shape. 

These abnormalities are still present on the first day 

after sonication, although to a lesser extent (Figure 

4.21 ) and there seem to be fewer disrupted cells. Five 

days after sonication the tissue looks virtually normal 

and the small densely stained areas have disappeared 

(Figure 4.22 ). Similar damage was observed for all the 

other intensities of the pulsed and continuous beams 
, 

used in the present experiments although the degree of 

dama ge varied with the average ultrasonic intensity used 

and the sonication time. At the very low average inten-

sities no damage was noted. 
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FIGURE 4.18. 

PHOTOGRAPH OF A ROOT OF ZEA TWO DAYS AFTER SONICATION AT AN 

AVERAGE INTENSITY OF 0.21 W/cm 2 (PULSED BEAM) FOR 60 MINUTES, 

SHOWI NG THE "KINK" CAUSED BY SONICATION . 
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FIGURE 4. 19, 

SQUASH PREPARATION OF AN UNTREATED ROOT ( x 450 ). 
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FIGURE 4.20. 

SQUASH PREPARATION OF A ROOT OF ZEA IMMEDIATELY AFTER 

SONICATION AT AN AVERAGE INTENSITY OF o.82 W/cm 2 

(CONT. BEAM) FOR JO MINUTES ( x 450 ). 
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FIGURE 4. 21 . 

SQUASH PREPARATION OF A ROOT OF ZEA ONE DAY AFTER 

SONICATION AT AN AVERAGE INTENSITY OF o . 82 W/cm 2 

(CONT. BEAM) FOR JO MINUTES ( x 450 ). 
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FIGURE 4. 22 . 

SQUASH PREPARATION OF A ROOT OF ZEA 5 DAYS AFTER 

SONICATION AT AN AVERAGE INTENSITY OF 0.82 W/cm 2 

(CONT . BEAM) FOR JO MINUTES ( x 450 ). 
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Results of the s oni c ation of different regions of the 

root tip. 

In order to determine which part of the root tip 

(i.e. the meristematic region or the elongating zone) is 

primarily re s ponsible for the immediate drop in growth 

rate after sonication, the regions mentioned above were 

individually exposed to ultrasound at an average inten­

sity of 0.82 W/cm 2 (cont. beam) as described previously 

(p. 83 ). 

In Figures 4.23 and 4.24 the resulting growth 

curves for the sonication times of 15 and JO minutes re­

spectively, are compared to those obtained for the roots 

irradiated in the normal way (p. 81 ). These figures in-

dicate that the simultaneous sonication of the meristem 

and elon gating zone causes an immediate dr~p in the 

g rowth rate after sonication which is greater than that 

observ e d when the elon gatin g zone is exposed to ultra­

s ound and the me ristem is shielded. When the meristem is 

e xpos e d and th e elonga tin g zone is shielded from ultra­

s ound, th e imm e diate drop in g rowth rate is also larger 

t h a n tha t obse rv e d for the shield e d meristem. 

Th e v a lu es of G10 (Tabl e 4.5 ) also indicate that 

if th e mer i stem only is sonicat e d, the g r owth of th e 

roo t s i s l ess than if th e me rist e m is shi e ld e d and the 

e l o n ga tin g zone i s s on i c ate d on it s own. 

Th e e l o ngati n g z on e i s con s id e r e d to s ta rt at a­

bo u t 2 mm f r om t h e ro ot t i p si n ce th e divi s ion of me ri­

s temat i c ce ll s occ u rs u p to thi s poin t ( Co ok, 1959 ). 
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Acc ordin g to Cook the re g ion of great exte nsion is be­

t ween 2 mm and 8 mm. 

In a su r g ical experim e nt v a rious lengths of the 

root t ip were removed in order to find to what extent 

th e elongat in g zone contributes to root g rowth subse­

quent to the removal or complet e dama ge of the whole 

meristematic re g ion or part of the meristematic region. 

Root len g ths ranging from 0,2 to 3 mm were re-

moved und er a dissection microscope and a Neubauer rul-

ing was used to provide a measure of length. 

The subsequent g rowth of the roots treated in 

this way (Fi g . 4.25) indicates that if the first 3 mm 

is comple t e ly removed, the growth as a fraction of con­

trols decr eases to about 0,25 within the first three 

hours after r emova l of the tip and growth ceases alto-

ge ther with in the first day. 

of the roo t tip are removed, 

2 , 4 a nd 6 days respectively. 

If 2, 1, o.8 and o.6 mm 

gr owth ceas es within 11 
2 ' 

Whe n 0 , 5 or 0.4 mm of the tip i s remov ed , the 

root does not c ea se to g row a ltogether but continues to 

g row at a reduc e d rate . The gr owth rate as a fractio n 

of controls decreases for the first 5 days and the n le­

ve ls off at about 0 . 5 . 

It is p erhap s of in terest to n ote h e re that if 

only part of the root cap is r e mov e d ( say 0 . 2 mm ) th e 

g rowt h rate as a fraction of controls l eve ls off at a ­

bo u t 0,9 i nstead of the expected 1 . 0 . Repetiti o n s of 

t hi s ex p e rim e n t always res ult ed in a fr a ctional g rowth 

ra te less tha n 1.0. 
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FIGURE 4.2J. 

EFFECT OF SHIELDING THE ROOT TIPS . 

(Each curve repr ese nt s the mean of at least 2 experiments. 

For errors, seep. 17J ). 

2 
~-~-0 .82 W/cm CONTINUOUS BEAM FOR 15 MIN., MERISTEM SHIELDED 
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II If II If If If MERISTEM EXPOSED ONLY 

1.0 

G 

0 .5 

0 
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FIGURE l+. 24 . 

EFFECT OF SHIELDING THE ROOT TIPS. 

(Each curve represents the mean of at least 2 experiments. 

For errors, seep. 17 J ) . 

- >(- - 0.82 W/cm 2 CONTINUOUS BEAM FOR JO MIN., MERISTEM SHIELDED 
II II II II II II NO SHIELDING 
II II II II II MERISTEM EXPOSED ONLY 
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FIGURE 4,25 0 

GROWTH RATE AS A FRACTION OF CONTROLS AFTER REMOVAL OF 

VARIOUS LENGTHS OF THE ROOT TIP. 

-----6-------b- 0.2 mm OF THE ROOT TIP REMOVED 
o.4 II II II 11 II II 

0.5 II II 11 II 11 11 

------0----0--- o.6 II II " II II II 

0,8 II 11 II 11 " 11 

~ 1,0 11 II 11 II II 11 

2,0 " II " II " 11 

• • J.O II 11 II II 11 " 

LO 

G 

T 
0 . 5 

l 

0 

0 2 L,. 6 8 10 12 14 

DAYS 

Tile e rrors r1re standard errors of t h e mea n s . Each point 

r Pp rose nts th e 111 ea n for 15 roots . 
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TABLE l.j • • 5 . 

VALUES OF GlO SHOWING THE EFFECT OF SHIELDING 

VARIOUS PARTS OF THE ROOT TIP. 

GlO 

0.82 W/ c m 
2 CONT. BEAM FOR 15 MIN., MERISTEM SHIELDED + 0.97-0.12 

II " " " " " II NO SHIELDING 0.68:0.08 

II YI " II ,, 
" " MERISTEM EXPOSED ONLY 0.74:0.17 

II II " " II JO " MERISTEM SHIELDED + 0.88-0.09 

II II II " " II II NO SHIELDING 0.56:0.08 

II II " II II II " MERISTEM EXPOSED ONLY 0.55:0.10 

I 



209 

Influence of dis solved oxygen on the se nsitivity of 

Zea mays to ultra sou nd. 

The oxygen content of the water in the sonication 

tank could be changed from that in air-equilibrated (i.e. 

non-aerated) water by passing oxygen, nitrogen, helium 

and air through the latter. Nitrogen was used to dis-

place the oxyge n in the water, but it was thou gh t pos­

sible that nitrogen could also influence the sonication 

dama ge since the effect of ultrasound on certain organic 

compounds was found to depend on the nature of the am-

bi en t gas ( p . 58 ) • Thus the totally non-reactive gas, 

helium, was also used instead of nitrogen. 

The method of sonication, the measurement of the 

oxygen content of the water and the measurement of the 

average ultrasonic intensities used in these experiments, 

are describ e d elsewhere. 

The growth curves and the values of th e fractional 

g rowth in ten days ( G10 ) for the roots sonicated with 

various concentrations of dissolved oxyg en in the water 

are shown in Figure 4.26 and Table 4.6 respectively. 

For these experiments the hi ghest possible out­

put of the ul t rasonic ge nerator was used since an ap­

prec i ab le r e duction in the average intensity was only 

obser v e d for the higher intensities of the continuous 

beam (p. 95 ). The reduction in th e hi ghes t a vera ge 

i ntensity obtainable in a ir- eq uilibrat ed water 7 cm from 

t he crystal face, viz. 0 . 82 W/cm 2 (cont. b eam), was 

f ound to be similar for all the oxyge n conc e ntrat ions 
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achieved by passing various gases ·throu gh the water 

( Tab 1 e 4 . 6 ) . Whe n gases were bubbled throu gh the water 

the average int e n s ity of 0.82 W/cm 2 was reduced to val­

ues which were approximately equal to the average in­

tensity of o.62 W/cm 2 (cont. beam) in air-equilibrated 

water. Thus the g rowth curve for the roots irradiated 

at this intensity (mean for three experiments in air­

equilibrated water) is compared with those obtained when 

the roots were sonicated for the same times but with_ the 

various gases being bubbled through the water (Fig.4.26). 

There was a significant difference in the growth 

of the roots when sonicated in air-equilibrated and aer-

ated water respectively (Fig. 4.26 ). The oxygen content, 

however, did not change appreciably, viz. 6.9 ml/1 for 

the aerated water as compared to 6.7 ml/1 (mean for three 

experiments, viz. 6.70, 6.80 and 6.65 ml/1) for the non-

aerated water. 

In th e presence of large amounts of oxygen (22.2ml/1) 

the sonication dama g e was found to be not significantly 

d iffer e nt fro m the dama ge produced under aerated condi­

tions (Fi g . Li.26 ). 

When th e oxygen cont ent was reduced to 2.5 ml/1 

a nd 2 . 0 ml / 1 by passing nitro ge n and helium throu g h the 

water r es p ect ive ly, there was again a similar amount of 

damage as I'or the ae r a ted conditions. When the amount of 

oxygen was reduced to 1.4 ml/1 there seemed to be a larg er 

a mount of sonication dama g e (Fi g . 4.26) . 

Control experilllc n ts revea l ed that in the absence 



211 

of ultra so und the changes in the concentration of dis­

solved oxygen as mentioned above had no adverse effect 

on the subsequent gr owth of the roots (Fig . 4.27 ) . 
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FIGURE 4.26 0 

THE EFFECT OF DISSOLVED GASES ON THE ULTRASONIC DAMAGE TO THE R00 '1'S . 

0 .70 W/cm 2 CONT . BEAM FOR JO MIN. IN N2 (2.5 ml/1 02) a 1111 

0.65 " " " " It " " N2 ( 1. 4 ml/ 1 02) • • 
0.65 " " " " " " " He 2 (2.0 ml/1 02) A A 

0.65 " " " " " " " 02 (22.2 ml/1 02) 

----0----0- o.68 " " " " • " " " AERATED WATER 

(6.9 rnl/1 02) 

----/,----6--- 0.62 " " " " " " " AIR-EQUILIBRATED 

WATER 

(6.7 ml/1 02) 

( Each curve represents the mean of at least two experiments). 

1.0 

G 

0 . 5 

0 

0 2 4 6 8 10 

DAYS 
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FIGURE 4. 27 . 

Efii'ECT OF A CHANGE IN THE CONCENTRATION OF DISS OLVED OXYGEN ON 

THE SUBSEQUENT GROWTH OF THE ROOTS . (30 MINUTE TREATMENTS). 

• • USING 

" 

~ " 

~ 
11 

" • • 

1.0 

G 

0.5 

0 

0 2 

N2 

He 2 

02 

4 6 

DAYS 

(1.4 ml/1 02) 

(2.0 ml/1 02) 

(22.2 ml/1 02) 

AERATED WATER 

(6.9 ml/1 02) 

AIR-EQUILIBRATED 

WATER 

(6.7 ml/1 o2 ) 

8 10 

( I◄~nc h curve r e p rese nt s th e me an of' a t least two experiments ). 
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TABLE 4. 6 0 

VALUES OF G1O TO SHOW THE EFFECT OF DISSOLVED GASES ON THE 

ULTRASONIC DAMAGE TO THE ROOTS . 

GlO 

w/ cm 
2 

CONT. 0.7 0 BEAM FOR JO MIN. IN N2 ( 2.5 ml/1 02) 
+ 0.91-0.12 

0,65 11 II " 11 II II II N2 ( 1.4 ml/1 02) 
+ 0.72-0.09 

0,65 " II II II II " II He 2 ( 2.0 ml/1 02) o.s3:!:o.14 

0,65 " II " " " II II 02 (22.2 ml/1 02) o.s9:!:o.06 

o.6 8 " II " " " " II AERATED WATER + l.OJ-O.17 

( 6.9 ml / 1 02) 

0.62 11 " " " " " " AIR-EQUILIBRATED + 0 .72-0 . 07 

WATER 

( 6.7 ml/1 02) 
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Temp e ratur e effects. 

Blean ey and Olive r (1972 a) have used a 100 ?m 

therm oj uncti on in serted in a single root of Vicia to 

measure th e temperature rise during ultrasonic irradi-

ation. 

maximum 

0 This was found to be only about 2 C for the 

2 intensity of 4 W/cm used in their experiments. 

In a similar experiment using the root of Zea 

(as describ e d on p. 152 ) the maximum temperature rise 

observed when the root plus junction was moved across 

o I 2 the beam was found to be J.7 C for the 0.82 W cm con-

2 
tinuous beam. For the 0.21 W/cm pulsed beam, the high-

o . 
est temperature rise was found to be 0.9 C. The quoted 

values of the intensity are avera g e values measured by 

pressure balance in the absence of the roots and jig, 

and r e present the hi ghest avera g e intensities of the 

pulsed and continuous b ea ms obtainable with the present 

equipm ent . Since the maize roots can be gr own at a tern-

0 • 40 perature of JO C, a t emperat ur e rise of about C seems 

udlikely to be s i gn ificant . Th is was confirmed by an 

experiment in which the roo t tips o:f Zea were subjected 

to a rapid temperature change from 1 9 ° c in the culture 

tank to water at 30°c, 45°c and 6o 0 c respectively, as 

descr ib ed ear li er (p. 153 ) . The g rowth curves in 

F i g ure ~-. 28 indicate that a temperat u re chan ge from 19°c 

t o J0°C (f or 15 min.) do es not affect the subsequent 

g rowth of the roots . F or the roots exposed to a temper-

a ture of 4 5°c , however , th e ~row th curve decrea ses ~a­

p idly and reaches a minimum withi n the first d ay after 
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treatment ( Fig . 4.28). There was virtually a complete 

recov e ry of all the roots in the following two days. 

0 The roots exposed to 60 C died immediately. The re-

sponse of th e roots to a sudden temperature change of 

45°c may be compared with the curve which represents 

the correspondin g variation in fractional growth rate 

2 
followin g sonication at an average intensity of 0,16 W/cm 

(pulsed beam) for 150 minutes (Fig. 4.29). Figure 4.JO 

shows the variation of the fractional growth in ten days 

(GlO) for th e roots treated for 15 minutes at tempera-

tures of 7 ' JO, 45 and 6o 0 c respectively. This figure 

indicates that the threshold for the onset of damage 

caused by a sudden change in temperature (lasting for 

15 min.) lies between JO and 45°c. When the roots were 

allowed to g row in water at 7°c (instead of 19°c) they 

continued to do so at a reduced rate ( ~ 2mm/day) but the 

gr owth rate returned to normal when the temperature was 

0 
ra is ed to 19 C. The growth curve for the roots at a tern-

0 
perature of 19 C i s shown in Fig. J.l . 

Roots were also son icated at the average intensi-

ties 
2 • 2 

of 0 . 82 W/cm (cont. beam) and 0.21 W/cm (pulsed 

beam ), but with the wa ter in the sonication tank at 7°c 

instead of the normal l8-22°c as described earlier 

( p . 82 ) . The valu es of the fractional g rowth in ten 

d ays ( G10 ) observed for the roots treat ed for vari ous 

t im e s at this l ow t empe ratur e are listed in Ta ble 4.7 

t og ether with the correspondin g values obtained when the 

r oots were sonicated in the no rmal way . Th ere i s no sig-
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nificant differehce between the values of G10 obtained 

for the sonications at the two different temperatures. 

The shapes of the growth curves were also similar. In 

Fi gur es 4.Jl,4.J2 and 4.JJ the growth curves obtained 

when the roots were kept at 7°c for 48 hrs. and were 

then sonicated (at 7°c) at the average intensities of 

2 2 
0.21 W/cm (pulsed beam) and 0.82 W/cm (cont. beam) 

respectively, are compared with the ones obtained for 

the roots grown at 19°c and sonicated at 18 - 22°c. 

After sonication, both groups of roots were grown at 

The ultrasonic intensity distributions at the 

0 position of the roots in water at 7 C were found to be 

similar to those plotted in 0 water at 18 - 22 C, for the 

pulsed as well as the continuous beams. The areas ~n~ 

der these profile curves (average of three) did not 

differ by more than 6% from those obtained at the higher 

temperature, The method for plotting these curves is 

described elsewhere. 
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FIGURE 4. 28 . 

PATTERNS OF THE GROWTH RATE AS A FRACTION OF CONTROLS (G) FOLLOWING 

TREATMENT FOR 15 MIN . IN WATER AT VARIOUS TEMPERATURES AS INDICATED . 

G 

Each curve represents the mean of at least two experiments. 

F or errors, seep . 173 . 

1. 0 

0 ,5 

0 

0 2 4 6 

-x-x-

• • 

--o----<>-

45°c. 

J0°C. 

-------

8 10 

TIME AFTEH TREATMENT (DAYS ) 
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FIGURE 4. 29 . • 

COMPARISON OF THE PATTERNS OF THE GROWTH RATE AS A FRACTION 

OF CONTROLS (G) AFTER TREATMENT WITH ULTRASOUND AND IN WATER 

AT A TEMPERATURE OF 45°c RESPECTIVELY. 

G 

ULTRASONIC RADIATION AT AN AVERAGE INTENSITY 

OF 0.16 W/cm 2 (PULSED BEAM) FOR 150 MINUTES. 

"" ________ TREATMENT I N WATER AT 4 5 °c FOR 15 MINUTES. 

1.0 

0.5 

0 

0 

' I 

I 

' I 

/ 

' ' --------.... , __ --

2 4 6 8 10 

DAYS 
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FIGURE 4. JO . 

THE VARIATION OF THE FRACTIONAL GROWTH IN TEN DAYS (G10 ) WITH THE 

TEMPERATUTIE TO WHI CH THE ROOTS HAVE BEEN EXPOSED FOR 15 MINUTES. 

Ea ch value of G10 represents the me an of at least 2 experiments . 

Fo r e rrors, see p. 173. 

0 10 20 JO 40 50 60 

TEM PEHAT1J11E ( 0 c ) 

70 
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FIGURE 4.Jl. 

EFFECT OF SONICATION OF THE ROOTS AT A LOW TEMPERATURE USING AN 

2 
AVERAGE INTENSITY OF 0,21 W/cm (PULSED BEAM)FOR JO MINUTES. 

Each curve represents the mean of at least two experiments. 

• • SONICATION AT 18 - 22°c . 

---0---0- SONICATION AT 7°c. 

1.0 

G 

0 .5 

0 

0 2 4 6 8 10 

TIME AFTER SONICATION (DAYS ) 
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FIGURE 4.J2. 

AS FOR FIGURE 4. Jl , BUT AT AN AVERAGE INTENSITY OF 

2 0.21 w/cm (PULSED BEAM) FOR 60 MINUTES. 

Ea ch curve represents the mean of at least two experiments, 

0 • SONICATION AT 18 - 22°c . 

~ SONICATION AT 7 °c. 

1,0 

G 

0.5 

0 

0 2 6 8 10 

TIME AFTER SON ICATION ( DAYS ) 
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FIGURE 4. 33 . 

AS FOR FIGURE4.Jl, BUT AT AN AVERAGE INTENSITY OF 

2 0.82 W/cm (CONT . BEAM) FOR JO MINUTES. 

Each curve represents the mean of at least two experiments. 

F or errors seep. 173 . 

• • SONICATION AT 18 - 22°c 

--o-------0--- SONICATION AT 

1.0 

G 

o.s 

0 

0 2 4 6 8 10 

TIME AFTER SONICATION (DAYS ) 
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TABLE 4. 7 . 

EFFECT OF SONICATING THE ROOTS OF ZEA AT A LOW TEMPERATURE (7°c). 

AVERAGE ULTRASONIC MODE SONICATION GlO 
INTENSITY TIME 

W/cm 2 
MIN. 7°C 18 - 22°C 

0.82 CONT . 15 0 . 70 + O. lJ o.68 + 0.08 - -

0.82 CONT. JO 0.61 + 0 . 11 0.56 + 0.08 - -

0,21 PULSED 60 0 . 90 + O. lJ 0.92 + 0.06 - -

0.21 PULSED 180 0 . 82 + 0.10 o.86 + 0.06 - -
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Result s of the experiments in which the seeds of Zea were 

expo sed to ultrasou nd. 

All the seeds used in the present experiments ger­

minated, except for one single seed in one of the control 

groups and there was no delayed germination of the soni-

cated seeds. Also, all the roots were still growing at 

the end of two weeks. It may therefore be concluded that 

the sonication time and average intensity of the beam 

were not sufficient to induce any "delayed killing" as 

observed by Smith and Kersten (1941) 

ation. 

for ionizing radi-

The g raph of the growth rate as a fraction of con­

trols of equal age (G) as a function of time is given . in 

Figure 4. 34 . Similar results were obtained in each of 

three experiments and thus the results were pooled. 

Each point in Figure 4.34 represents the mean obtaineq 

for the three experiments. The error is expressed a s the 

standard e rror of the mean for the ratio of the means of 

the irradiated and cotrol g roups. 
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FIGURE 4. J4 . 

PATTERN OF THE GROWTH RATE AS A FRACTION OF CONTROLS (G) 

FOR THE ROOTS OF ZE'.A MAYS WHEN THE SEEDS ARE EXPOSED TO 

2 ULTRASOUND (0. 82 W/cm CONT. BEAM) FOR 60 MIN. 

1. 0 

G 

0 ,5 

0 

0 2 4 6 8 10 12 14 

DAYS 
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THE RESPONSE OF THE ROOTS OF ·zEA TO ULTRASOUND 

GI VEN IN CONJUNCTION WITH X-RAYS . 

Eff ect of exposing the r o ots f i rs t to ultra s ound a nd 

t h e n to X- rays o r v ice ve r s a. 

The growth curves obtained for the roots exposed 

to X-rays on their own, (Fi g ures 4.35 and 4.39) are typi-

cal of th e response to ionizin g radiation as described 

earlier ( Chap t er I ). 

For the X-ray dose of 775 rads used in the present 

experime nts, th e re was virtually complete recovery of all 

the root s and the growth curves level off at about 0.8. 

The f e w roots that did not recover were g rowin g more slow­

ly than the controls, but did not die. 

2 F or th e av e ra g e intensit y of 0.82 W/ cm (cont.beam) 

g ive n a lon e fo r JO minutes an appreciable propor t i o n of 

t he ro ots d i ed and some we re gr owing sl ow l y as di s cus sed 

previously ( p . 1 70 ). An a dd it i o na l X-ray d ose did no t 

change the number of roots which we r e d y in g and growing 

slowl y as a resu l t of the so ni catio n . Al t h ough G1 0 i s a 

rather doubtful entity in t his c ase ( see p. 78 ), it h as 

been calculated for these groups as we l l . The observed 

values of thi s parameter, for t h e var i ous sonicatio n t i mes 

and intensities delivered in conjunction with the X-ray 

dose , are listed in Table 4 . 8 . It seems , therefore , that 

it is more suitable to assess the effect of the radiatio n 

o n the roots in terms of G . rather than in terms of G10 nnn 
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(Gmin and G10 are defined on pa g e 78 ). 

The errors in these experiments are expressed as 

the standard error of the mean for the ratio of the 

means of the irradiated and control groups (10 roots in 

ea ch g roup). In order to preserve clarity of presen-

tation, error bars have been omitted on most of the 

graphs, but were always of the same order as those shown 

in Figure 4.39. 

For the ultrasonic intensities which, on their own, 

had virtually no observable effect on the growth of the 

root, the additional X-ray dose given before or after son­

ication resulted in growth curves similar to that obtained 

when the dose of X-rays was given alone. There is, how-

ever, a more rapid decrease in growth in the first day due 

to the immediate reduced g rowth resulting from sonication 

(Figures 4. 35 and 4. 36 ) , and which has been described pre-

viously (p. 168 ) . The subsequent rapid recovery, charac-

teri s tic for roots treated with ultrasound, is modified by 

the eff e c t of the X-ray dose g iven and the growth curve 

r e a c h es a minim~m equ a l to. that if the X-rays were given 

on their own. For both the pulsed and the continuous 

bea in s a ppli ed for 5 and 2 minut e s r e spectively, the growth 

c u r v es are s imila r on the addition of a dose of 775 rads 

of' X- r ays . 

For th e lon g er son icat ion tim e s (puls e d or contin­

uo u s b eams ), the growth cu rve s s h ow a g r e at e r imm edia t e 

drop i n growt h rate af t e r soni c a ti o n. This i s simila r to 

t hat observe d wh e n th e ultras oni c rad i a ti o n i s a ppli e d to 

t he roots a l o n e ( Ji'i g ur es L~. J7 a nd 4.JS ). Th e r eco v e r y of 
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the roots after the first day post-irradiation is again 

modified by the X-ray dose g iven before or after sonica­

tion, and no effect of the latter is observed in the 

growth curve from about the third day onwards. 

Effec t of exposing the roots to ultrasound and X-rays, 

both radiations being delivered simultaneously. 

In these experiments the roots were placed paral­

lel to the X-ray beam axis as described earlier and the 

shape of the gr owth curve obtained when the roots were 

exposed in this position to 775 rads of X-rays alone, is 

found to be similar to the curve obtained with the roots 

irradiated in the "normal" way (i.e. orthogonal to the 

beam axis) as shown in Figures 4. J5a nd 4. 39. 

For all the experiments in which the roots were 

expos e d to X-rays to ge ther with ultrasonic doses which 

did not produce a large dama ge (i.e. the g rowth rate did 

not decr ease to below th e minimum attained by X-rays when 

both radiations were applied separately on t wo dif fe rent 

groups of roots ), the growth curves are al l similar to 

that when the roots are treated wi th X-rays only as s hown 

in Figures4.J9 and 4. 40 . 

The g rowth curve for the roots when irradiated to 

an X-ray dos e of 775 rads in 60 mins . and at an average 

ultra s onic intensity of 0.21 W/ cm 2 (pulsed beam ) for 60 

mins . ( g ive n at the s a me time), shows a gain the immediate 

dr op in g rowth rat e du e to s onica tion . The s ubsequ e nt 
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rapid recovery is modified by the effect of the X-ray 

dose given and the g rowth curve reaches a minimum equal 

to that if the X-rays were given on their own (Fig.4.41). 

For the avera g e inten s ity of 0.82 W/cm 2 (cont. beam) giv­

en in conjunction with the X-ray dose, a growth curve 

was obtained indicatin g a rapid initial decrease in 

growth rate but the damage due to the X-ray dose is hard­

ly apparent in this curve (Fig.4.42 ). 
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FIGURE 4. 35 . 

PATTERNS OF THE GROWTH RATE ASA FRACTION OF CONTROLS (G) 

AFTER IRRADIATION WITH ULTRASOUND AT THE AVERAGE I NTENS ITY 

OF 0.21 W/cm 2 (PULSED BEAM) AND 775 RADS OF X-RAYS, 

1. 0 

0 .5 

0 

0 

THE RADIATIONS BEING DELIVERED SEPARATELY . 

2 
0.21 W/cm FOR 5 MIN. 

---0-----0-- 77 5 RADS OF X-RAYS. 

2 
0.21 W/cm FOR 5 MIN., THEN 775 RADS. 

2 
--x--x-- 775 RADS, THEN 0.21 W/cm FOR 5 MIN. 

2 6 8 10 1 2 14 

DAYS 
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FIGURE 4. 36. 

AS FOR FIGURE 4. 35 , BUT AT AN AVERAGE INTENSITY OF 

2 0.62 W/cm (CONT. BEAM) AND 775 RADS OF X-RAYS . 

... ... 
2 0.62 W/cm FOR 2 MIN . 

~ 775 RADS OF X-RAYS. 

2 0.62 W/cm FOR 2 MIN., THEN 775 RADS. 

-· -x--x-- 775 RADS, THEN 0.62 W/cm 2 FOR 2 MIN. 

1.0 

G 

0 .5 

0 ..___.____.____.,___.___..___...__....___....__..,___.....__.....__....._ _ _.__~____, 

0 2 4 6 8 10 12 14 

DAYS 
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FIGURE 4. 37 . • 

AS FOR FIGURE 4.35 , BUT AT AN AVERAGE I NTENS ITY OF 

2 
0.21 W/cm ( PULSED BEAM ) AND 775 RAD S OF X-RAYS. 

2 0.21 W/cm FOR 60 MIN. 

--0---0--- 775 RAD S OF X-RAYS. 

2 0.21 W/cm FOR 60 MIN., THEN 775 RADS. 

--><--X--
2 

775 RADS, THEN 0.21 W/cm FOR 60 MIN. 

/ "-------" 

~ " )< 

0 2 4 6 8 10 12 14 

DAYS 
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FIGUTIE4. JS , 

AS FOR FIGURE4,35, BUT AT AN AVERAGE INTENSITY OF 

0 

o.82 w/cm 2 (CONT. BEAM ) AND 775 RADS OF X-RAYS. 

o.82 w/cm 2 FOR JO MIN. 

---0----------0 775 RADS OF X-RAYS . 

2 o.82 W/cm FOR JO MIN., THEN 775 RADS. 

--x--x-- 775 RADS, THEN 0.82 W/cm 2 FOR JO MIN. 

2 /.j. 6 8 10 12 14 

DAYS 
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FIGURE 4. 39 . 

PATTERNS OF THE GROWTH RATE AS A FRACTION OF CONTROLS (G) 

AFTER IRRAD I ATION WITH ULTRASOUND AT THE AVERAGE INTENSITY 

OF 0 . 05 W/cm 2 (PULSED BEAM} AND 775 RADS OF X-RAYS, 

THE RADIATIONS BEING DELIVERED SIMULTANEOUSLY . 

2 0.05 W/cm FOR 40 MIN. 

-0----0-- 775 RADS OF X-RAYS WITH ROOTS 

PARALLEL TO THE BEAM AXIS . 

• 0 775 RADS AND 0.05 W/cm 2 GIVEN IN 40 MIN . 

1.0 

0.5 

0 

0 2 4 6 8 10 12 14 

DAYS 
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FIGURE 4. 40 . • 

AS FOR FIGURE 4. 39 , BUT AT AN AVERAGE INTENSITY OF 

2 
0.10 W/cm (CONT. BEAM ) AND 775 RADS OF X-RAYS. 

2 
0.10 W/cm FOR 40 MIN. 

---0----0---- 775 RADS OF X-RAYS WITH ROOTS 

PARALLEL TO THE BEAM AXIS. 

• • 775 RADS AND 0.10 w/cm 2 GIVEN IN 4o MIN . 

1.0 

0.5 

0 

0 2 6 8 10 12 14 

DAYS 
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FIGURE 4 . 41 . 

AS FOR FIGURE 4.39, BUT AT AN AVERAGE INTENS ITY OF 

2 
0.21 W/ cm (PULSED BEAM ) AND 775 RADS OF X-RAYS . 

2 0.21 W/cm FOR 60 MIN. 

---0---0-- 775 RADS OF X-RAYS WITH ROOTS 

PARALLEL TO THE BEAM AXIS. 

775 RADS AND 0.21 W/cm 2 GIVEN IN 60 MIN. 

1.0 

0. 5 

0 

0 2 4 6 8 10 12 14 

DAYS 
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FIGURE 4. 42 o 

AS FOR FIGURE 4. 39 , BUT AT AN AVERAGE INTENSITY OF 

0.82 W/cm 2 (CONT . BEAM ) AND 775 RADS OF X-RAYS. 

1.0 

0.5 

0 

0 

2 0.82 W/cm FOR JO MINo 

--o---o- 775 RADS OF X-RAYS WITH ROOTS 

PARALLEL TO THE BEAM AXIS. 

• • 775 RADS AND 0.82 W/cm 2 GIVEN IN JO MIN . 

2 4 6 8 10 1 2 

DAYS 
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TABLE 4. 8 . 

AVERAGE GROWTH OF ROOTS IN TEN DAYS POST-IRRADIATION AS A FRACTION 

OF THE CORRESPONDING AVERAGE GROWTH FOR CONTROL ROOTS (G10.h_ 

AVG . ULTRA- SONICATION X-RAY DOSE 

SONIC I NT . MODE TIME GlO 
w/ cm 2 

MIN. RADS 

0.21 PULSED 5 0.99 + 0.05 - -
775 0 . 59 + 0.06 - - - -

0 .21 PULSED 5 775 AFTER SONICATION 0.59 + o.o4 -
0 .21 PULSED 5 775 BEFORE SONICATION 0.57 + 0.06 -

0 .62 CONT. 2 0.97 + 0.06 - -
775 0.59 + 0.06 - - - -

0 .62 CONT. 2 775 AFTER SONICATION o.48 + 0.06 -
0 .62 CONT. 2 775 BEFORE SONICATI ON 0.55 + 0.05 -

0 .21 PULSED 60 0.92 + 0.06 - -
775 0.59 + 0.06 - - - -

0 .21 ·PULSED 60 775 AFTER SONICATION 0 .57 + 0.09 -
0 .21 PULSED 60 775 BEFORE SONICATION 0 . 52 + 0.05 -

0 .82 CONT . 30 0.56 + 0 . 08 - -
775 0.59 + 0 . 06 - - - -

0 .82 CONT . 30 775 AFTER SONICATION o . 47 + 0.07 -
0 .82 CONT . 30 77 5 BEFORE SONICATION 0 . 53 + 0.06 -

0 .21 PULSED 60 775 SIMULTANEOUSLY o.68 + 0.09 -
0 .82 CONT . 30 II II o.44 + 0 . 11 -

775 (ROOTS PARALLEL o . 66 + 0.08 - - - -
TO BEAM AXIS .) 

0 .05 PULSED 4 0 775 SIMULTANEOUSLY 0.63 + 0 . 05 -
0 .10 CONT. l~ O " II 0 . 57 + 0 . 06 -

0 .05 PULSED 40 0 . 98 + 0.10 - -
0 .10 CONT. L~o 1.02 + 0 . 09 - -
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THE RESPONSE OF THE ROOTS OF ZEA TO ULTRASOUND 

GIVEN IN CONJUNCTION WITH VINCRISTINE. 

Effect of vincristine on the roots. 

The two vincristine treatment times chosen, viz. 

one hour and two hours, resulted in growth curves as 

shown in Figure 4.43. The shapes of the curves for the 

two treatment times seem to be identical and are charac-

terized by an initial decrease in growth followed by a 

gradual recovery. The minimum in growth rate as a frac-

tion of controls (G. ) is reached at about 2 - 3 days min 

after treatment in both cases. The value of G . (de­min 

fined on p. 

(~ 0.2) is, 

78 ) for the roots treated for 2 hours 

however, much less than the value of G . 
min 

for the roots treated for 1 hour(~ 0.5). For the 1 hr. 

treatment there was virtually a complete recovery of all 

the roots and the growth curve levels off at about 0.95. 

For the t wo-hour treatment the r e covery was not complete 

and the growth curve l evels off at about o.45. It was 

found that in both experiments in which the roots were 

treated with vincristine for 2 hrs., only about half of 

the roots r e cove red. For those roots that did recover , 

the growth rate was about equal to that of the control 

roots at about ten d ays after treatment . The g rowth 

rate of the roots that did not recover continu e d to de-

crease and gr owth virtua lly ceased after ten days. The 

d -Jarneter o:f such roots had incr eased by about 25<1,, ( a s 

compared to the average diam ete r of the control roots 

at this stage ) at the tim e when g rowth ceased . The 
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response of the roots to vincristine treatment may be 

compared with the curve which represents the correspond­

in g variation in fractional growth rate following an 

X-radiation do se of 775 rads (Figure 4.44). 

Effect of low ultrasonic exposures given in conjunction 

with vincristine treatments. 

For the average ultrasonic intensities which, on 

their own, had virtually no observable effect on the 

growth of the roots, the additional vincristine treat­

ment for 1 or 2 hours before or after sonication resul-

ted in growth curves similar to the ones obtained when 

vincristine treatment was give n alone (Figures4.45,4.46, 

4. 4 7 and 4. 4 8 ) . 

For both the pulsed and continuous beams applied 

for 5 and 2 minutes respectively, the additional vin­

cristine treatment for 1 hour before or after sonication 

resulted in gr owth curves with values of the minimum 

growth rate as a fraction of controls (G . ), which seem min 

to be sli ghtly l ess than that obtained when vincristine 

treatment was given alone ( Figures 4.45 and 4 . 46). There 

is also an indicatio n of a more rapid decrease in growth 

rate durin g the first day in the curves obtained for a 

vincristine treatment of 1 hr. 
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Effect of higher ultra so nic exposure s given in 

conjunction with vincristine treatments. 

For the longe r sonication times (pulsed or con­

tinuous beams) used in conjunction with vincristine 

treatments of one or two hours, the growth curves show 

a more rapid decrease in growth in the first day due to 

the immediate reduced growth resulting from sonication 

(Fi gures 4.50 - 4,53). 

For the vincristine treatment of 1 hour given in 

conjunction with the pulsed ultrasonic irradiation at an 

2 avera ge intensity of 0.21 W/cm for 60 min. the subse-

quent rapid recovery, characteristic for roots treated 

with ultrasound, is modified by the effect of the vin-

cristine treatment given and the growth curves reach a 

minimum equal to that attained if the vincristine treat-

ment was given alone (Fi g ur e 4.50 ). No effect of the 

ultrasound ~s observed in these gr owth curves from about 

the second day onwards. 

The values of G . of the growth curves obtained min 

for a vincristine treatment of 1 hour and the continuous 

:::> 
ultra s onic beam at an average in tens ity of 0,82 W/cm- for 

JO min. , seem to be slightly less t h an that of th e curve 

obtained when vincristine treatment was given alone. 

For the 2-hour vincristine treatments g iven in con­

junction with the pulsed (at an average in tensity of 

0 , 21 W/ cm 2 for 60 min.) or continuous ( at a n avera g e in-

2 
tensity of 0.82 W/cm for JO min .) ultra sonic bearns, th e 

c; rowth curvos nre all similar to those when the roots are 
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treated with vincristine only, except for a more rapid 

decr ease in gr owth in the first day resultin g from soni­

c a tion (F igures4 .5 2 and 4,53 ). 

The various son ication times and the avera g e in-

tensiti es of the pulsed and continuous beams delivered 

in conjunction with the vincristine treatments, are li-

sted in Tables 4. 9 and 4 .10 . Each value of G10 in these 

tables repre s ents the mean obtained for at least two ex-

periments. Al thou gh G10 is a rather doubtful entity if 

an appreciable proportion of the roots in a group die 

and/or grow only slowly as described earlier, the values 

of G10 h ave been calculated for these cases as well. It 

seems, the refore, that it may be more suitable to assess 

the effects of ultrasound and vincristine on the roots 

in term s of G rather than in terms of G10 . 
min The vin-

cristin e treatment did not chan g e the number of roots 

tha t were gr owin g slowly or were dyin g b e cause of treat­

me nt with ultrasound when the ult raso und was the domina-

tin g modality. The ultrasonic dose on the other hand, 

did not change the numb er of roots that were dyin g be-

c ause of the vincristine treatm e nt whe n th e vincri st in e 

was the dominating modality . 

The errors in Figur e 4 . 4Jare sta ndard errors of 

the means for the ratios of the me a ns of the t r eated 

and control groups. The error bars on all other graphs 

have been omitted in order to preserve clarity of pre -

sentntion , but were always of th e same ord er as th o se 

depicted . Each experiment was repeated at least once 
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and all graphs dra wn represent the mean obtained for at 

lea s t two exp e riments. The two graphs in Figure 4.54 

were both obtained for roots of Zea treated with vincris-

tine for 1 hr. as described earlier. The curves indicate 

the consistency in the results obtained when experiments 

were repeated. The consistency in all the other experi-

ments was of the same order as that depicted. 

In Figures 4.55 and 4.56 some of the growth curves 

obtained when X-rays were used in conjunction with ul­

trasound are compared with those obtained when vincris­

tine was used in combination with ultrasound. 



FIGURE 4 . 4 J . • 

PATTERNS OF THE GROWTH RATE AS A FRACTION OF CONTROLS ( G) 

AFTER TREATMENT WITH VINCRISTINE ( 0 . 004% SOLUTION ) 

FOR 1 AND 2 HOURS RESPECTIVELY . 

1. 0 

IHOUR 

G 

0 . 5 

0 

0 2 4 6 8 10 

TIM~ AFTER TREATMENT (DAYS ) 
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FIGURE 4. 44 0 

COMPARISON OF ' THE PATTERNS OF THE GROWTH RATE AS A FRACTION OF 

CONTROLS ( G) WHEN THE ROOTS OF ZEA ARE TREATED WITH ULTRASOUND, 

G 

X-RAYS AND VINCRISTINE RESPECTIVELY. 

A 

---0---0-----

• • 

1.0 

0.5 

0 

0 

EXPOSURE TO ULTRASOUND 

(0.21 W/cm 2 PULSED FOR 150 MIN.). 

EXPOSURE TO X-RAYS 

(775 RADS). 

VINCRISTINE TREATMENT 

(0.004% SOLUTION FOR 2 HRS.). 

2 4 6 8 

TIME AFTER TREATMENT (DAYS ) 

10 12 



FIGURE 4. 45 . 

PAITERNS OF THE GROWTH RATE AS A FRACTION OF CONTROLS ( G) AFTER 

TREATMENT WITH VINCRISTINE FOR 1 HOUR AND SONICATION AT AN 

AVERAGE I NTENS ITY OF 0.21 W/cm 2 FOR 5 MIN, ( PULSED BEAM ). 

• • 

----o------0---

--x--x--

1.0 

G 

0 , 5 

0 

0 

0,21 W/cm 2 PULSED FOR 5 MIN , 

0.004% VINCRISTINE FOR 1 HR . 

• 0,21 W/cm 2 PULSED FOR 5 MIN, 

THEN 0,004% VINCRISTINE FOR 1 HR , 

0,004% VINCRISTINE FOR 1 HR. 

THEN 0,21 W/cm 2 PULSED FOR 5 MIN , 

2 4 6 8 10 

TIMS AFTEH THEATMENT (DAYS ) 
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FIGURE 4. 46 . • 

AS FOR FIGURE 4.45, BUT AT AN AVERAGE ULTRASONIC 

2 INTENSITY OF 0 . 62 W/cm (CONT. BEAM) FOR 2 MIN. 

• • 

------0---0--

--x--x--

1.0 

G 

0.5 

0 

0 2 

0.62 W/cm 2 CONT. FOR 2 MIN. 

0.004% VINCR I STINE F OR 1 HR . 

0.62 W/cm 2 CONT . FOR 2 MIN. 

THEN 0.004% VINCRISTINE FOR l HR. 

0.004% VINCRISTINE FOR 1 HR. 

THEN 0 .62 W/ cm 2 CONT. FOR 2 MIN. 

4 6 8 10 

TIME AFTER TREATMENT ( DAYS ) 



FIGURE 4. 47 . 

AS FOR FIGURE 4. 4 5 , BUT WITH A 2-HOUR VINCRISTINE TREATMENT. 

• • 

--8-----0---

--x--x--

1.0 

G 

0 . 5 

0 

0 

0.21 w/cm 2 PULSED FOR 5 MIN. 

0.004% VINCRISTINE FOR 2 HRS . 

0.21 W/cm 2 PULSED FOR 5 MIN. 

THEN 0.004% VINCRISTINE FOR 2 HRS. 

0.004% VINCRISTINE FOR 2 HRS. 

THEN 0.21 W/cm 2 PULSED FOR 5 MIN. 

2 4 6 8 10 

TIME AFTEH THEATMENT (DAYS ) 
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FIGURE4.l~8 0 

AS FOR FIGURE 4 . 4 6 BUT WITH A 2-HOUR VINCRISTINE TREATMENT. 

• • 

--0--0---

--x-x--

1.0 

G 

0 . 5 

0 

0 

0.62 W/cm 2 CONT. FOR 2 MIN. 

0.004% VINCRISTINE FOR 2 HRS . 

0.62 W/cm 2 CONT. FOR 2 MIN. 

THEN 0.004% VINCRISTINE FOR 2 HRS. 

0.004% VINCRISTINE FOR 2 HRS. 

THEN 0.62 W/cm 2 CONT. FOR 2 MIN. 

2 6 8 10 

TIME AFTER TREATMENT (DAYS ) 
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FIGURE 4. 50 . 

PATTERNS OF THE GROWTH RATE AS A FRACTION OF CONTROLS (G) AFTER 

TREATMENT WITH VINCR I STINE FOR 1 HOUR AND SONICATION AT AN 

2 AVERAGE I NTENS ITY OF 0.21 W/cm (PULSED BEAM) FOR 60 MIN. 

---8-------0---

· --X--X--

1.0 

G 

0. 5 

0 

0 

0.21 W/cm 2 PULSED FOR 60 MIN. 

0.004% VINCRISTINE FOR 1 HR. 

0.21 W/cm 2 PULSED FOR 60 MIN . 

THEN 0.004% VINCRISTINE FOR 1 HR. 

0.004% VINCRISTINE FOR 1 HR. 

THEN 0.21 W/cm 2 PULSED FOR 60 MIN. 

f 
)( 

2 6 8 10 

TIME AFTER TREATMENT (DAYS ) 
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FIGURE 4. 51 . 

AS FOR FIGUHE 4. 50 , BUT AT AN AVERAGE INTENSITY OF 

G 

0.82 W/cm 2 (CONT , BE~M ) FOR JO MIN . 

,l 

• • 

~ 

--x--x--

1.0 

0.5 

0 

0 

0.82 W/cm 2 CONT . FOR JO MIN , 

0.004% VINCRISTINE FOR 1 HR . 

2 o . 82 W/cm CONT . FOR JO MIN . 

THEN 0 . 004% VINCRISTINE FOR 1 HR, 

0.004% VINCRISTINE FOR 1 HR . 

THEN o.82 w/cm 2 CONT . FOR JO MIN . 

2 4 6 8 10 

TIME AFTER TREATMENT (DAYS ) 
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FIGUTIE 4. 52 . 

AS FOR FIGURE 4. 5 0 BUT WITH A 2-HOUR VINCRI STINE TREATMENT. 

... 

• • 

-0------0----

--x--x--

1.0 

G 

0. 5 

0 

0 

0.21 W/cm 2 PULSED FOR 60 MIN . 

0.004% VINCRISTINE FOR 2 HRS . 

0.21 W/cm 2 PULSED FOR 60 MIN. 

THEN 0.004% VINCRISTINE FOR 2 HRS. 

0.004% VINCRISTINE FOR 2 HRS. 

THEN 0.21 W/cm 2 PULSED FOR 60 MIN. 

2 6 8 10 

TIME AFTER TREATMENT ( DAYS ) 



FIGURE 4. 5 3 . 

AS FOR FIGURE 4. 51 , BUT WITH A 2-HOUR VINCRISTINE TREATMENT. 

• • 

--'-------0---0 

--x-x--

1.0 

G 

0. 5 

0 

0 

2 o.82 w/cm CONT. FOR JO MIN. 

0.004% VINCRISTINE FOR 2 HRS . 

o.82 W/cm 2 CONT. FOR JO MIN. 

THEN 0.004% VINCRISTINE FOR 2 HRS. 

0,004% VINCRISTINE FOR 2 HRS. 

THEN 0.82 W/cm 2 CONT. FOR JO MIN. 

2 4 6 8 10 

TIME AFTEH T IU:ATMENT ( DAYS ) 
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FIGURE 4. 54 . • 

VARIATION OF THE GROWTH RATE AS A FRACTION OF CONTROLS ( G) AFTER 

TREATMENT WITH VINCRISTINE FOR 1 HR. TO INDICATE THE VARIATION 

IN THE RESULT OBTAINED WHEN REPEATING EXPERIMENTS . 

• • TWO TREATMENTS ( 1 HOUR EACH) . 

---0---0- MEAN OF THE TWO EXPERIMENTS . 

1.0 GlO = 0. 8J ± 0.10 

GlO = 0.77±. 0.10 

GlO = o. 72 ± 0.16 

G 

0 . 5 

0 

0 2 4 6 8 10 12 

TIME Afi'TER TREATMF-NT (DAYS ) 
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FIGURE 4. 55 . 

COMPARISON OF THE GROWTH CURVES OBTAI NED IN THE EXPERIMENTS 

I N WHICH A VERY LOW EXPOSURE OF ULTRAS OUND WA S USED IN 

CONJ UNCTI ON WI TH X- RAYS AND VINCRI STINE RESPECTIVELY. 

---<>---0--

• • 

1.0 

0 .5 

0 

0 2 

775 RADS OF X-RAYS THEN ULTRASOUND AT THE AVERAGE 

INTENSITY OF 0.21 W/cm 2 (PULSED BEAM) FOR 5 MIN. 

0.004% VINCRISTINE FOR 1 HOUR THEN 0.21 W/cm 2 

PULSED FOR 5 MIN. 

4 6 8 1 0 1 2 14 

TIME AFTER THEJ\.TMJmT ( DAYS ) 
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FIGURE li. 56 . 

COMPARISON OF THE GROWTH CURVES OBTAINED IN THE EXPERIMENTS 

IN wrIICH ULTRASOUND WAS USED IN CONJUNCTION WITH X-RAYS 

------C>----<>-

1.0 

0 . 5 

0 

0 2 

AND VINCRISTINE RESPECTIVELY. 

775 RADS OF X-RAYS THEN ULTRASOUND AT THE AVERAGE 

INTENSITY OF 0.21 W/cm 2 (PULSED BEAM) FOR 60 MIN. 

0.004% VINCRISTINE FOR 1 HOUR THEN 0.21 W/cm 2 

PULSED FOR 60 MIN. 

4 6 8 10 12 14 

TIME APTER TREATMENT (DAYS ) 
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TABLE 4.9 

AVERAGE GROWTH OF ROOTS IN TEN DAYS AFTER SONICATION AND/OR 

VINCRISTINE TREATMENT FOR 1 HR ,, AS A FRACTION OF THE 

CORRESPONDING AVERAGE GROWTH FOR CONTROL ROOTS ( G10)_!.. 

AVG. ULTRA- SONICATION VINCRISTINE TREAT-

SONIC I NT , MODE TIME MENT GlO 
2 

( w/ crn) (MIN.) (0.004% SOLUTION) 

0 .21 PULSED 5 0,99 + 0.05 - -
VINCRISTINE ONLY 0.77 + 0.10 - - - -

0 ,21 PULSED 5 AFTER SONICATION 0.65 + 0,08 -
0 .21 PULSED 5 BEFORE SONICATION 0.70 + 0.10 -

0 . 62 CONT . 2 0,97 + 0.06 - -. 
VINCRI STI NE ONLY 0,77 + 0.10 - - - -

0 .62 CONT . 2 AFTER SONICATION 0.61 + 0.07 -
0 .62 CO IT . 2 BEFORE SONI CATION 0,54 + 0.11 -

0 ,21 PULSED 60 0,9 2 + 0.06 - -
VINCRISTINE ONLY 0 , 77 + 0.10 - - - -

0 .21 PULSED 60 AFTER SONICATION 0 . 65 + 0.10 -
0 .2 1 PULSED 60 BEFORE SONICATION o . 68 + 0 . 08 -

0 .82 CONT . JO 0 . 56 + 0.08 - -
VINCRI STINE ONLY 0 . 77 + 0 ,10 ·- - - -

0. 82 CONT . JO AFTER SONICATION o . 4 5 + 0.09 -
0.8 2 CONT . JO BEFOHE SONICATI ON o.44 + 0 . 09 -

·-

The va lu es of G10 repre sent the mea n of at l east two exp e riment s . 
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TABLE 4 .10 . 

AVERAGE GHOWTH OF RO OTS IN TEN DAYS AFTER SONICATION AND/OR 

VINCRISTINE TREATMENT FOR 2 HRS., AS A FRACTION OF THE 

CORRESPONDING AVERAGE GROWTH FOR CONTROL ROOTS (G10_L_ 

AVG . ULTRA ­

SON IC I NT. 

W/cm 2 

0.21 

-
0 .21 

0 . 21 

0 .62 

-
0 . 62 

0 .62 

0 .2 1 

-
0 . 2 1 

0 . 21 

. 8 2 

-
0 .82 

O. 8 2 

MODE 

PULSED 

-
PULSED 

PULSED 

CONT. 

-
CONT. 

CONT . 

PULSJ.;D 

-
PULSED 

PULSED 

CONT . 

-
CONT . 

CONT . 

SONICATION 

TIME 

MIN. 

5 

-
5 

5 

2 

-
2 

2 

60 

-
60 

60 

JO 

-
JO 

JO 

VINCRISTINE TREAT­

MENT 

(0.004% SOLUTION ) 

-
VINCRISTINE ONLY 

AFTER SONICATION 

BEFORE SONICATION 

-
VINCRISTINE ONLY 

AFTER SONICATION 

BEFORE SONICATION 

-
VINCRISTINE ONLY 

Ali'TER SONICATION 

BEFORE SONICATION 

-
VINCRIST I NE ONLY 

AFTER SONICATION 

DEF 011E SONICATION 

0,99 

O.Jl 

0.28 

0.27 

0.97 

O.Jl 

O.JJ 

0.24 

0,92 

O.Jl 

0.26 

0 . 17 

O. 56 

O.Jl 

0.29 

0 . 20 

+ -
+ -
+ -
+ -

+ -
+ -
+ -
+ -

+ -
+ -
+ -
+ -

+ -
+ -
+ -
+ -

0.05 

o.o4 

o.o4 

0.05 

0.06 

0.04 

0.04 

0.05 

0.06 

o.ol.t 

0,04 

0 . 06 

0.08 

0 , 04 

0.07 

0 , 06 

Th c v c.1 1 u e s of G 10 r ep re s e t1 t the me a n of a t l e a s t two exp er i 111 e n ts . 



260 

RESULTS OF THE AGE - RESPONSE EXPERIMENTS . 

Toxicity of hydroxyu rea . 

Tr eat in g s eedlings in a 1.25 mM solution of hy­

dro xyur ea ( HU ) r es ult e d in s ome root dama g e, as is evi­

dent f rom F i g u re 4. 57 and Tabl e 4 .11 . The dru g reduced 

g rowth by ab out 5 % which is som e what less than the 9% 

redu c tion in g rowth obtained by Hall, Brown and Cavanagh 

(196 8 ) wh e n tr ea ting th e roots of Vicia for 24 hrs. in 

a 1.25 mM s olution of HU. 

The g rowth curve in Fi g ur e 4.57 indicates that 

the g rowth ra t e reach e s a minimum during the first day 

after tr e atm e nt. The subsequent recovery is rapid and 

the g row t h cu r v e leve l s off by about 2-3 days post-treat-

ment. The r e wa s vir t ually a comp lete r e covery of all 

the roots and the g rowth curve l e v e ls off at about unity. 

Degree of synchrony . 

F i g u re 4 . 6 1 shows the mitoti c ind ice s measured at 

differ e nt times after the r emoval of the seed lings from 

HU . A peak i n the M. I . seems to occur at ab out 16 hour s 

after t r ea tm e nt . The M. I . of about 20% at thi s time , 

h ow e ver, is very much l ess than the va lu e of abo u t 40% 

obtain e d by Hall, Brown and Cava na gh ( 1 968 ). Clowes 

(196 5a ), treatin g the r oots of Zea with 5 - Amino - Uraci l, 

also obtained a M. I . of about 40%. 



Effect of an acute dose of ul traso u nd at va ri ous tim e s 

af ter r emoval from HU . 

The a verage u ltraso nic int e nsiti e s 

2 
(cont. beam ) and 0 . 2 1 W/ cm (puls e d beam) 

2 
of o . 82 w/cm 

were chosen 

since Clark e and Hill (1969 ) have found a reduced per­

centa ge (a s compar e d to controls) of cells in mitosis 

in survivo r s of a sonicat e d asynchronous population of 

mouse l e uka em ia cells (usin g a 1 MHz continu o u s beam at 

an avera g e inten s ity of 5 W/cm 2 for ten seconds) . They 

also found tha t a pulsed b e am (at an average intensity 

2 of 5 W/ cm for 5 hours, 1 ms pulses and a mark/space 

ratio of 1:10) did not affect the progress of cells throu gh 

th e c e ll c y cl e , i.e. the labelling index (usin g tritiated 

thy mid ine ) a t various times after sonication was equal to 

that of the c on tr-0ls . 

F i gure 4. 57 and 4.5 8 show th e g rowth cu r ves that 

2 were obtained whe n the r o ots were sonicated at 0. 2 1 W/ cm 

(pul sed beam ) for 1 5 min utes at 2 and 17 h ours af t e r tr e a t-

ment with HU r es pectively . Th ese g r owth c urves a r e s im i-

lar to the one obtained for the roots t reated with HU a l o n e , 

i . e . they reach approximately the s ame min imum g r owt h r at e 

as a fraction of controls (for defi ni t i o n o f G . , see mi n 

pa ge 78 ) in the first day after t r eatme n t and the subse -

quent recovery is also similar . The ultrason ic d ama g e i s 

not apparent in these growth c urves. The effect of so n i -

cation at an average int e nsity of 0 . 21 W/cm 2 (pulsed beam) 

for 15 mi 11ut es , g ive n alone, is also expressed by a mini­

mu,n in the growth r ate in the first day after sonication 



which is, how e v e r, g r e at e r (s e ep. 78 ) than that for 

the root s trea ted with HU alone ( F i g ure 4.57 ). 

Fig ur es 4. 5 9 a nd 4. 60 show the g rowth curves fo ,r 

an ultra s onic e xpo s ure at an average intensity of 0.82 W/cm 2 

(cont. beam) for JO minutes, 1 and 16 hours after the treat­

ment with HU re s pectively. These growth curves are very 

similar to the ones obtain e d when the roots are treated 

with ultra sound alone and the damage due to HU is not ap­

parent in these g rowth curve s (Fi g ure 4.59and 4.60 ). The 

ultrasonic exposur e at an avera g e intensity of 0.82 W/cm 2 

(cont. beam) for JO minutes, g iv~n alone, causes much 

great e r dama g e than treatm e nt with HU alone as shown in 

Fi g ure s 4.59 and 4.60. 
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FIGURE 4. 57 . 

PATTERNS OF THE GROWTH RATE AS A FRACTION OF CONTROLS (G), FOLLOWING 

SONICATION AT AN AVERAGE INTENS ITY OF 0.21 W/cm 2 (PULSED BEAM)FOR 15 

MINUTES 2 HOURS AFTER SYNCHRONIZATION PRE-TREATMENT WITH HYDHOXYUREA. 

• • 

- - - - -0- - - - -0- - - - --

1.0 

G 

0.5 

0 

0 2 

HYDROXYUREA FOR 36 HOURS 

2 0.21 W/cm FOR 15 MINUTES 

2 0.21 W/cm FOR 15 MINUTES 2 HOURS AFTER 

EXPOSURE TO ffYDROXYUREA FOR 36 HOURS 

4 6 8 10 

DAYS 
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FIGUTIE 4. 58 . 

AS FOR FIGUH.E 4. 57 , BUT WITH SONICATION 17 HOURS 

G 

AFTER SYNCHRONIZATION PRE-TREATMENT . 

-----0----0-----

1.0 

0.5 

0 

0 

HYDROXYUREA FOR 36 HOURS 

2 0.21 W/cm FOR 15 MINUTES 

2 0.21 W/cm FOR 15 MINUTES 17 HOURS AFTER 

EXPOSURE TO HYDROXYUREA FOR 36 HOURS 

___ -0- __ _ 

2 4 6 8 10 

DAYS 



FIGURE 4. 59 . 

PATTERNS OF THE GRO WTH RATE AS A FRACTION OF CONTROLS (G), FOLLOWING 

SONICATION AT AN AVERAGE I NTENS ITY OF 0. 8 2 W/cm2 FOR JO MINUTES (CONT. 

BEAM) 1 HOUR AFTER SYNCHRONIZATION PRE-TREATMENT WITH HYDROXYUREA. 

-----0-----0-----
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G 

0. 5 
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0 

HYDROXYUREA FOR 36 HOURS 

2 o.82 w/cm FOR JO MINUTES 

2 0.82 W/cm FOR JO MINUTES 1 HOUR AFTER 

EXPOSURE TO HYDROXYUREA FOR J6 HOURS 

,,.0- - - - - - -0- - - - - - ..,() - -
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FIGURE 4. 60 . 
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TABLE 4.11 

COMPARISON OF THE VALUES OF G10 OBTAINED WHEN THE ROOTS ARE SONICATED 

AT VARIOUS TIMES AFTER TREATMENT IN A 1.25 mM SOLUTION OF HYDROXYUREA 

FOR J6 HOURS, WITH THE VALUES OBTAINED WITH NO HYDROXYUREA TREATMENT. 

AVG. ULTRASONIC SONICATION TIME AFTER REMOVAL 

I NTENSITY MODE TIME FROM HYDROXYUREA M.I. GlO 
2 (w/cm) (MIN.) (HOURS ) 

0 .21 PULSED 15 - - 1.00:0.06 

0 .21 PULSED 15 2 11.5 0 . 9'-+~0.08 

0 . 21 PULSED 15 17 18.1 + 0 . 9J-0.09 

0 .82 CONT. JO - - 0.56:0.08 

0 . 82 CONT . JO 1 14.o 0.62:0.10 

0 .82 CONT o JO 16 19.8 + 0.57-0.10 

HYDROXYUREA FOR + - - - - 0.95-0.05 

J 6 HOURS 

~ch va lu e of G10 represents the mean of at least two experiments . 

The e rr ors in th e Mitotic Index are as indicat ed in Figure 4 . 61. 
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DISCUSS ION. 

The results g iven in Table 4.J and Fi g ures 4.10 

and 4.11 indicate that exposure to continuous and pulsed 

beams of ultrasound at an average intensity ranging from 

2 0.16 to 0 . 82 W/cm produces some inhibition of root growth 

in Zea mays seedlin g s . For sonication times of up to 180 

minutes the fractional growth in ten days (G 10 ) decreases 

with increasin g duration of sonication, but tends to a 

minimum value for any given intensity (Figures 4.10 and 

4.11 ). For a given total exposure (intensity x duration) 

the sonication effect is greater the higher the intensity. 

A similar response is observed (Figures 4.12 and 4.lJ ) 

for the fractional growth in the first day after sonica-

tion (G1 ). These observations are similar to those ob-

tained by Bleaney ~nd Oliver (1972a) in their studies on 

the effects of a continuous beam of ultrasound on the roots 

of Vi c i a fa b a . 

A re s pon se of the kind d e scrib e d above has also been 

obs e rve d wh e n c er tain anima ls we re expos ed to ultrasound. 

F i g ure 5 .1 shows th e " % Surviva l" of Cyclops exposed to 

diff e r en t in te nsi ties of ultra sound for various tim e s. 

The numb er of Cyc l ops s urvivin g a dose of ultrasound also 

d e cr eases with i n creas in g du rat ion of sonication, but tends 

to zer o f or an y g i ve n in tens ity . 

For Zea , the r e i s a n indica tion (Fi g ur es 4.12 a nd 

4.lJ ) t hat at the lower a verage ul tras onic int e n s i t i es , 

so n icat i on dama g e o n ly b ecomes a p pa r e n t i f the root s are 
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treated long enough . For sonicated tadpoles (Figure 1.1) 

a more pronounced threshold for the onset of· sonication 

dama ge has been obs erved , 

By usin g suitable mathematical models of the meri­

stem to interpret the growth curve of X-irradiated roots 

relative to controls it has been possible to derive a dose­

response curve with respect to reproductive integrity for 

the cells of the meristem of Vicia (Hall, Lajtha and Oliver, 

1962) . 

The dose-response curve for Vicia exposed to X-rays 

is shown in Figure 5.2, the log-~urvival linear-dose graph 

being linear after an initial "shoulder" at low doses. The 

curve in this instance has the same general form as those 

obtained with a range of mammalian cell types (Morkovin and 

Feldman, 1960). Such a survival curve is associated with a 

multi-targ et proce~s (Oliver and Shepstone , 1964), the ini­

tial in effect ive shoulder being taken to correspond to the 

build up of latent sub-lethal damage . 

In order to explain the effe ct of ionizing radiation 

on or g~nisms the targe t theory has been formulated (Crowther, 

1924; Lea, 1 955 ), which states tha t the production of ioni­

zation (a "hit") in or very near to some particular mole-

cule or structure ("targe t") i s responsible for the measured 

effect. Certain or ganisms contain more than one target and 

in order to inactiva te the en tir e unit, each of the tar ge ts 

mu st r e c e iv e a hit. Thi s can b e expressed mathema tically 

by th e eq uat ion: 

= 
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where m represents the number of targets in this model, 

N0 is the number of biological entities present initi­

ally and N is the number of entities surviving a dose D. 

The curve described by the above equation is sigmoid and 

the model bas been used to explain the dose-re sponse of 

Vicia ( Figur e 5.2) exposed to X-rays (Oliver, 1964). 

An attempt has been made to use the method by Hall, 

Lajtha and Oliver (1962) to find the initial surviving 

fraction of cells in the meristem after treatment of the 

roots with ultrasound. The method has been found to be 

of limited value for the roots of Zea exposed to ultra­

sound since many of the growth curves level off at values 

of the gr owth rate as a fraction of controls (G) less 

than . unity. Since the sonication damage is expressed 

immediately (Bleaney and Oliver, 1972a) the values of the 

avera ge growth in the first day post-sonication as a frac­

tion of the corresponding average g rowth for control roots 

(G1 ) may provide a good approximation of the initial sur­

vivin g fraction of meristematic cells . 

The lo g -G1 lin ear - exposure graph obtained for the 

root s of Zea exposed to ultrasound ( at an average inten-

2 
sity of 0 .21 W/cm , pulsed b ea m) is non-linear as shown 

in Figure 5.3 . Similar results have been obtained for 

"semi-log " plots of the results for all the other average 

inten s iti es us ed. Thus the ultrasonic exposure (intensity 

multipli ed by duration ) i s not related to dama g e produced 

in the sarne way as do se (rads ) and ~f> survival for ioni­

zing radiation. 
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In Figure 4.15 the average growth in the first 

day following ultrasonic exposure expressed as a fraction 

of the corresponding g rowth for controls, is related to 

th~ average ultrason ic intensity of the pulsed and con-

tinuous beams used (for 60 minutes). The dama ge for the 

pulsed b eams seems to be much greater than that for the 

continuous beams at the same average power. The pulses 

may be long enough for the higher power in the pulse to 

be the relevant parameter rather than the average power 

(Bleaney and Oliver, 1972b). These results are similar 

to those obtained by Bleaney and Oliver (1972b), who have 

also demonstrated that the damage for very short pulses 

(20 jlS with 0.25 duty cycle) is not greater than that 

for the continuous beam of ultrasound at the same average 

power (Fi g ure l.J ). The reduced effectiveness of very 

short pulses is expected to be associated with the time 

required for the build-up of aperiodic (radiation pres­

sure) forces (Blean ey and Oliver, 1972b). 

Figure 5.4 shows the variation of lo g -G 1 with the 

average ultrasonic int ensity of pulsed as well as contin­

uous beams of ultrasound , for various sonication times 

rangin g from 15 minutes to 1 50 minutes. The curves seem 

to have an initial "shoulder" followed by a linear portion. 

Similar curves are also obtained for a "semi-log " plot of 

the results that Blean ey and Oliver (1972b) have published 

in their article on the effect of pulsed ultrasound on 

Vicia ( F i g ur e 5.5 ). The shoulders of the curves in Figures 

s.4 and 5.5 s e em to be more pronounced for the l ower 
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avera ge intensities. These curves may be compared with 

the X-ray dose-r esp onse curve depicted in Figure 5.2 for 

Vicia. In view of the similarity of these curves it may 

be possible to interpret the damage produced by a certain 

intensity of ultras ound in terms of a number of targets 

that have to receive a hit in order to inactivate the en-

tire unit (cell). The hit in the case of ultrasound may 

be a force of a certain ma g nitude required to produce an 

effect on a target, which may be a molecule such as DNA, 

the nucleus or even the entire cell. 

According to Taylor and Dyson (1972) the primary 

sites of action may lie at a subcellular level. Lysoso-

mal damage .has been observed in sonicated liver (Taylor 

and Pond, 1972) and DNA degradation has been described 

in vitro (Hawley, Macleod and Dunn, 1963), but DNA is 

very unstable in solution so that the effects cannot be 

compa red with the situation in vivo (Taylor and Dyson, 

1972). 

The sh ou ld ers of the curves in Fi g ures 5.4 and 

5.5 may correspond to the build up of forc e s until they 

ar e l arge eno u gh to cause a n obs e rvabl e sonication d amage . 

There i s also a n indicat ion that the reduction in growth 

du e to sonication does n ot continue to increase with in­

creasing intensity but starts to level off gra du a lly, 

which may be ascrib ed to the disruptive forces reaching 

a c erta in ma g nitude beyond which any incr ease in the size 

of the forc e only cau ses a smal l increase in sonication 

darnage . 
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Experimental growth rate curve s . 

Except for the very low average intensities (Fig-

ur es 4.8 and 4.15) and some of the short sonication times 

at hi gher int e nsities (Figures 4.J and 4.6 ), the growth 

curve s show an immediate reduc ed g rowth rate after sonica­

tion for the pulsed as we ll as the continuous ultrasonic 

beams ( Figur es 4.1 - 4.7 ), the g rowth rate during the 

first day bein g lower for higher intensity and longer soni­

cation times (Fi g ures 4.12 and 4.lJ ). This may indicate 

int erference with the process of elongation of the already 

differentiated cells in the meristem (Bleaney and Oliver, 

1972a). 

2 For the lower average intensities (up to O.J8 W/cm) 

and the short sonication times at the higher intensities, 

the gr owth rate recovers rapidly immediately after th e ini­

tial decreas e and reaches the control value by some 6 to 8 

d ays a ft e r sonication (Fi g ures 4.1 - 4.7 ). 

In view of th e similarity of the g rowth pattern to 

that following X-irradiat ion ( F i g ure s 4.44 a nd 1.4 ) it 
' 

may aga in b e possible to interpret the inhibition in root 

gr ow t h in terms of d amage to the dividin g cel l s of the 

merist em ( Bleaney and Oliver , 1 9 72a). However , as the 

minimum in the g rowth rate curve is not d e layed, it appear s 

that cell s sterilized by ult rasound are not able to under-

g o any divisions , the radiation damage being expressed 

imm ediately (Bl ea ney a nd Oliver , 1 972a ). 

De l ay e d d ea th of the kind caus e d by i oni zi n g radia­

t ion ( see aJ.,-; o Chapter I ) do es not see m to be present wh e n 
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the roots of Ze a (and Vicia) ar e exposed to ultrasound at 

a frequency of 1 MHz and an avera g e intensity of up to 

0.82 w/cm 2 . Th e damage to cells caused by X-rays is part-

ly due to the formation of short-lived chemical free­

radical species (e.g. Read, 1959) and although such free 

radicals have also been detected in ultrasonic beams which 

are capable of producing transient cavitation (Elpiner, 

1964), cell breaka g e seems to be independent of free ra-

dical formation (Hughes and Rogers, 1960). At the fre-

quency and avera g e ultrasonic intensities of the continuous 

beams used in the present experiments transient cavitation 

is unlikely to occur since the threshold for the onset of 

transient cavitation in air-equilibrated water has been 

2 2 
found to be at about O,J to 10 W/cm for a 1 MHz beam 

(Figure 1.14 ) . Hill (1972) has also found evidence that 

this type of cavitation cannot be readily stimulated in 

mammalian tissues when using a 1 MHz ultrasonic beam. For 

a pulsed b e am, the cavitational activity is less than for 

a continuou s b ea m at the same avera ge intensity (Hill,1968) 

and cavita ti on also decr ea ses rapidly as the pulse length 

is r e duc e d towa rd s 1 ms (Hill, Clarke, Crowe and Hammick, 

Hill, 1 972 ) and thus for the pulsed beams used in 

the p rese n t expe rim e n t s c a vitation can be consider e d as 

bein g ab se nt, 

In F i g ur e 5. 6 the g rowth curve for roots of Zea 

soni c a te d a t a n avera g e int e n s ity of 0, 62 W/ cm 2 (continuou s 

b ea m) f or 1 5 mi nut es i s c ompa r e d with t he curve obt a ined 

b y Blea n ey and Oli ver ( 19 7 2a ) for th e r o o ts of Vicia e x-

2 
posed at a n in t e n s i ty of J.84 W/c m for th e sa me tim e . 
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The shapes of the two curves are similar, but the roots 

of Zea seem to be much more sensitive to ultrasonic ra-

diat ion than the roots of Vicia. The greater susceptibi­

lity to sonication damage of the roots of Zea as compared 

to the roots of Vicia can possibly be explained in terms 

of the geometry of the root tip. Although the diameter 

of the root tip of Zea is about equal to that of Vicia 

(Fi g ure 5.7 ), the meristem of Zea consists of about 

1.25 x 105 cells whereas the meristem of Vicia comprises 

2.5 x 105 cells (Clowes, 1967). Compared to Zea, a larger 

number of cells have to be destroyed in the meristem of 

Vicia to cause the same fractional reduction in its size. 

Clowes (1963) has shown that after X-irradiation 

of the roots of Zea mays the average rate of mitosis falls 

in the n·ormally meristematic cells and increases in the 

quiescent centre; proliferation in the quiescent centre 

then g ives rise to a new meristem which continues the 

growth of the root. The quiescent centre of Zea consists 

of about 600 cells surrounded by 1.25 X 105 c e lls whereas 

the quie sce nt c e ntre of Vicia comprises 103 cells surroun-

<l e d by 2 . 5 X 105 cells (Clow e s, 1967). The quiescent 

centre of Vicia would thus be more protected a ga inst ul­

tra s onic dama ge as compared to Zea . If the behaviour of the 

quiesc e nt centre after sonication is similar to that after 

X-radiation, the g reater shielding may also account for 

th e more rap id repopulation of the meristem of Vicia. 

Maize roots s ee m to be n1uch mor e a ff ected by ultra­

so un d than th e roots of Vici a but they are , on the other 
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hand, much less sensitive to X-rays than bean roots 

(Shepston e , 1964; Fenner, 1970; Hering, 1971). Sparrow 

(1964) has sh own that plant species with big nuclei are 

very sensitive to X-rays; species with small nuclei are 

relatively resistant. The mean DNA content per cell in 

Zea is about 1.8 x 10-5 J1g, with a calculated nuclear 

volume of 230 )1 3 . The equivalent values for Vicia are 

4 x 10-5 pg DNA per cell and 500 ,,.u 3 respectively . Al­

thou gh similar experiments have not been carried out using 

ultrasound, the sonication results seem to indicate that 

DNA content and nuclear volume are not related to damage 

in the same way as for ionizing radiation, i.e. the DNA 

does not seem to be affected by ultrasound in the same way 

as for X-rays. This may be an indication that the DNA is 

not one of the possible "targets" that must be "hit" dur­

ing sonication in order to inactivate the cell . 

It seems that the cells of the meristem play a major 

role in the expressi on of the sonication damage to the roots. 

This is also evident if the elongating and meristematic re­

gions of the root tip are exposed to ultrasound separately, 

the dama g e bein g larg er when the meristematic cells are 

sonicat e d tha n when the elon gating cells are treated as 

shown in Fi g ures 4.23 and 4.24. There is, however, no sharp 

boundary b e tween the meristematici and elongating re gio ns 

(Clow e s, 1961a), and there is also always some penetration 

of ultrasound into th e orifice of the metal cylinder used 

in th e s e e xp e rim e nts (Fi g ur e J.23). Thus a sonication of 

eith e r on e of th ese re g ions will always involve some cells 
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of the adja cent region as well. 

The s urgical experiments in which various lengths 

of the root tips were cut off, have shown that when the 

meristemat ic region is completely removed (i.e. when Jmm 

of the root tip is cut off) the growth as a fraction of 

controls decreases to 0.25 within the first J hours and 

growth ceases altoge ther within the first day (Figure 

4.25 ) . Thus the elongating process does not seem to 

contribute significantly to the length of the root once 

the meristematic region has been removed. Although this 

does not indicate that the ultrasound has no effect on the 

elongating cells (Oliver, personal communication), it does 

seem that dama g e to the meristematic region is primarily 

responsible for the immediate reduced growth after ~oni­

cation. 

For the longer sonication times at the average in­

tensities of o.62 W/cm 2 and 0.82 W/cm 2 (continuous beams) 

the recovery of the root~ is much slower than that for the 

lower ave ra ge intensities and shorter sonication times, 

and the g rowth curves level off at values of G less than 

unity by some 9 to 10 d ays after sonication ( Figures 4.1 

and 4. 2 ) . An appreciable proportion of the roots soni-

cat ed at these in tensit i es g row slowly or die (Table 4.1) 

and have a slightly sma ll er diameter (Tab le 4.2 ) than th e 

control root s . This may indicate a reduction in th e equi-

1ibrium size of the rneristem which may result in a slower 

recove ry and a redu ced steady g rowth rate of the sonicated 

roots . 

A con sta nt reduced growth rate can also be achieve d 
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if the size of the meristem is reduced by some other means, 

e.g. by cuttin g off the terminal o.4 or 0.5 mm portions of 

th e root tip ( F i g ure 4.25). When these lengths are cut 

off the roo t tips, the incision is made at or very near to 

th e meristem (Clowes, 1959). 

For very hi gh exposures (0.82 W/cm 2 for times~ 60 

minutes) the meri~tem seems to loose its ability to recover 

altoge th e r and the roots continue to grow at a constant re-

duced rate. The values at which the growth rates level off, 

or to which they are reduced, decrease with increasing ex­

posure time for a given average intensity or with increa­

sing avera ge intensity for a given exposure time, as shown 

in Figure 4.9 . This response is similar to that observed 

for the roots that recover completely after sonication and 

for which G1 and G10 are the parameters used to assess son­

ication d a mage, indicating possibly that the number of 

cell s which are reproductively intact after sonication de­

t ermines the exte nt to which the meristem will r e cover. 

The thr esh old for this dama g e to the ability of th e meri-

stem to recove r seems to occur when the roots are exposed 

2 2 
at the average in tensities of o.62 W/cm a nd o.82 W/cm 

(c ontinuous b eams ) for 15 and 10 minutes respectively. 

It has be e n observed that when certain tis s u es are 

exposed to a large enough do se of X-rays the subsequent 

recovery is not compl ete , e . g . in the rat eye (Tan s l ey , 

Spear and Gl u ecksman n, 1937), in roots of Zea mays (Fenn er , 

1970 ; Hering , 1971). This is thou ght to b e due to the ap-

p earance of de g e nerati n g cells in the irrad iat e d ti ss ue 

(Lea , 19 5 5 , p . JO 9 ) . The pr ese nc e of d ege nerat e cells ma y 
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also account for th e lower steady growth rate observed 

for the expo s ur e s at the hi gh ultrasonic intensities. 

Theor e tic a l g r ow t h rate curve s. 

Figures 5.8 and 5.9 show the theore~ical growth 

rate curves computed for various values of P (the propor­

tion of meristematic cells lost due to sonication in the 

first one tenth of the first cell cycle), and the results 

usin g Models A and Bare compared. Here it is assumed 

that cell death occurs during and immediately after soni­

cation (interphase death) and that the cell cycle time (T) 

remains constant after exposure to ultrasound. It has 

also been assumed that dying cells are removed from the 
, 

population and do not contribute to root growth . 

The theoretical growth curves have been computed on 

the basis of these assumptions since it is believed that 

cells steriliz e d by ultrasound are not able to undergo any 

division s b e fore dyin g (Bl e aney and Oliver, 1972a). 

Th e cell cycle time has b e en considered as remaining 

const a nt aft e r s onication since th e re is at present no evi­

d e n ce of a cha nge (l e ngth e nin g or short e ni~ g ) of the cell 

cy c l e tim e of th e me ri stemat ic cell s in the root tip of Zea 

or Vic i a whe n t h e l a tt e r a r e e x po se d to ultrasound. Clarke 

a nd Hill (1 969 ) i n t he i r st udi es on th e biolo g ica l action 

of ul tra s o u nd i n r e l atio n t o th e c e ll cycl e did no t find 

a ny d e tect a b l e ch a n g es i n t h e re l a tive dura ti o n of th e 

pha se s of the c e ll cyc l e of mou se l e ukaemia c e ll s expo sed 

i n vit r o to u l tra s o u nd . 
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Delayed effects of the kind that are known to follow 

ionizin g radiation, i.e. that cells are able to undergo one 

or more divisions after being "hit" by the radiation (Puck 

and Marcus, 1956), have not been observed in sonicated mam­

malian cells (Clarke and Hill, 1970). 

Fi g ures 5.8 and 5.9 represent the theoretical 

curves of the growth rate as a fraction of controls with: 

(a) the depleted meristem bein g . repopulated completely and 

the growth curves level off at unity (G = 1) as 
max 

shown in Figure 5. 8 , and 

(b) the depleted meristem being unable to recover com­

pletely and the growth rate reduced by a constant 

fraction (k), resulting in growth curves which level 

off at values of G less than unity (G < 1). max 

From the above comparisons it can be seen that there 

is only a small difference in the growth curves obtained 

usin g Models A and B respectively. The initial reduction 

in the population of cells is a little large r for Model A 

than for Mod el B, resulting in a lower G-value at the end 

of the first one tenth of the first cell cycle in the case 

of Model A . The subsequent r ecovery, however, is more 

rapid for Model A than for Model Band at the time when the 

curves start to l evel off, the growth rate for Model A e -

quals or exceeds that of Model B . Model B, however, seems 

to be more plausible sinc e in this model an attempt is made 

to provid e the ri ght type of feedback control for the re­

population of the merist e m after ultrasonic sterilization 

of some of its c e lls, on the basis of a po s sible biolog ical 
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response to the population change· (Oliver and Shepst one, 

Compari s on of experimental and theoretical growth curves. 

In Figures 5.10-5.15 the curves computed on the 

basis of both models are compared with some selected ex-

perim e ntal results. Here the growth rate as a fraction 

of controls (G) is plotted against the time after treat-

ment in cell cycles. Each value of Pin Figures 5.10-5.15 

is applicable to both curves (for Model A and B) which are 

compared with a particular experimentai curve. 

For the unirradiated meristem the cell cycle time of 

0 these cells in the case of Zea cultivated at 19 Chas been 

taken as Jl.l hours. This value has been determined ex-

perimentally usin g a - metaphase accumulation technique as 

describ ed previously, and it is in close agreement with a 

published determination (Tabl e 1.3 ) in which also a meta-

phase accumulation technique has been used. Also, as a 

general approximation, it is assumed that the cycle time 

derived for cells of the stele just above the meristem is 

representative of the meristem as a whole because they con­

stitute the major proportion of the latter. 

Althou gh the fit to the experimental results is by 

no means ab s olute, the comput e d curve s (on the basis of the 

assumption that the c e lls sterilized by ultrasound are r e­

mov e d in1mediat e ly from the popula tion and do n ot contribut e 

to root g rowth, and that th e ultra sonic dose g iven does not 

chan g e th e c e ll cycle tim e ) h a v e the correct sha pe with 
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r espect to the obs erved resul ts . The hypothes i s that th e 

size of the meristem at equilibrium can be reduced as a 

result of sonication and that the recovery of the soni­

cated meristem t o this reduced equilibrium size is also 

proportional ly slowed down, provides theoretical growth 

curves of the correct ge neral form. This respon se is re-

miniscent of that of a second-order system with a high 

dampin g ratio to a st e p-function input signal. Thus there 

appears to be reasonable agreement between experimental 

results and the application of a simple model system. 

From a comparison of the experimental and theore­

tical g rowth curves it seems that the maximum proportion 

of cells ( P ) that can be removed before a reduction in the 

equilibrium size of the meristem (or in the already re­

duc ed equilibrium s~ze of the meristem) occurs, is of the 

order of 0,50, The lowest P-values are obtained for the 

very short sonicat ion times where there is an immediate 

complete recovery of the sonicated roots (Fi g ure s 5,10 -

5.15 ), and also for the lon g sonication tim e s at the 

2 
highest average intensity of 0 , 82 W/cm (co ntinuous beam) 

where there is a large r eductio n in the steady gr owth 

rat e . reached a fter sonication ( G ~0 . 2 ). max Th ere are most 

probab ly too few cells l eft for any recovery when the 

root s are sonicatecl for a lon g tirne ( ~ 60 minut es ) a t the 

highest average intensity . The hi ghes t P -value s are ob-

tained fdr th e average intensity (0 . 62 W/cm 2 , continuou s 

b ea m) at which a reduction in the steady growth rate just 

b e com es appare nt , 
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Growth curve for the roots of sonicated seeds . 

From F i g ure 4.J4it can be seen that the g rowth 

rate of th e roots of the sonicated seeds of Zea does not 

show t~e si g nificant initial d ec rease which has been ob­

s erve d for so ni ca t e d roots as mentioned previously. Any 

embryonic dama ge c a used by the ultrasound may not be ap­

parent at the time of the first measurement of the root 

len g th since thi s mea s ur e ment and the sonication are sep­

arated in time by about 6 days, which may be long enough 

for compl e t e recove ry to have taken place since the latter 

has been found to comm e nc e immediately after sonication of 

growing roots. On the other hand, the sonication time and 

the inten s ity of the ultrasonic beam may be insufficient 

to affect th e embryo. The intensity of the ultrasonic 

beam u sed in these experiments is the hi ghest that the Im­

pul saphon is capable of producing and from the results ob-

t ained i t seems that a very much longe r sonication time 

would be necessary to ca u se an observable effect at this 

intensity. 2 
The average ult rasonic intensity of 0, 82 W/cm 

used in this experiment is very much low er than that of 35 

W/cm 2 u sed by Ha s kell and Se lman (1 950 ) on maize seeds . 

The only effect observed by these a u thors is a decrease in 

germination rate which has been attributed to a ris e in 

temp e rature durin g sonication . 

\ 

It se e ms that the g rowth rate of the roots of the 

sonicated seeds is sli ghtly hi gh e r than that of the con­

trol roots althou g h the error b a rs shown in Figur e 4.J4 

indica t e tha t th is increased g rowth rate is most probably 
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insignificant. This indication of a higher growth rate 

of the roots of sonicated seeds, however, has been ob­

served in each of the three experiments. 

Tempera ture effects. 

A temperature rise inside the root of 4°c, which 

is the maximum increase measured during sonication at the 

intensities used in the present experiments, is unlikely 

to have any effect on the subsequent growth of the roots 

since damage becomes apparent only when the temperature 

is increased from 19°c to 45°c as reflected in the growth 

curve in Figure 4.28. The temperature of 45°c is also 

quoted by Meyer and Anderson (1949) as being the maximum 

growth temperature for the entire maize plant. These 

authors have also mentioned a minimum growth temperature 

of about 10°c, an optimum temperature of about JO-J5°c, 

0 
and 60 Cat which death occurs. The growth of the roots 

of Zea virtually ceases at 7°c (~ 2mm/day) and a treat­

me nt of shor t duration a t 7 6 c and 30°c has no adverse 

eff e c t on the sub s equ e nt g rowth of roots which have been 

cul t ur e d a t 1 9 °c (Fi g ur es 4.2 8 and 4.JO ). 

wh e n th e r oot s ar e tr eat e d at 6o 0 c. 

Death occurs 

There i s no diff e r e n ce in the g rowth curves ob-

o t a in ed wh e n t h e roo ts a re gr own a t 19 C and s onica ted at 

7 ° C a n d 1 9 ° C r es p e c t i v e 1 y ( Ta b 1 e 4 . 7 ) , a 1 s o ind i c a t in g 

that the te mp erature cha n ge of 4 °c du r in g so nica tion i s 

most p robab l y i n si e nifi ca n t. Bl ea n ey a nd Oliv e r (197 2a ) 

h a v e obtai n ed a s i milar r es ul t , i. e . t h a t t h e f ra cti onal 
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growth in eight days for the roots of Vicia sonicated 

at 7°c is 
0 

not significantly different from that for 19 C. 

At 7°c the cell cycle time will be much longer 

than that for the roots cultured at 19°c since growth 

virtually ceases 0 
at 7 C. This is also evident from the 

results of Evans and Savage (1959) on the cycle time of 

Vicia roots at different temperatures, shown in Figure 

5.16 For a decrease in temperature from 19°c to 7°c 

the percenta ge increase in the cycle time of Zea will 

probably be equal to that for Vicia since the internal 

structure of the root tip of Zea closely resembles that 

for Vicia as mentioned in Chapter I Thus a possible 

effect on the sonication damage due to the progress of 

the cells through the cell cycle during the long expo­

sures at 18 - 22°c should not be present when the roots 

are sonicated at 7°c. Since the growth curves for the 

roots sonicated at 7°c are similar to those for the roots 

sonicat ed at the higher temperature (Figures 4.Jl , 4.32 

and 4.JJ ), progress of the cells through the cell cycle 

does not seem to be sig nificant for the sonication times 

used. 

For th e -roots of Pisum exposed to ionizin g radia­

tion it is believed (Van 1 t Hof and Sparrow, 1963) that 

th e temperature in it se lf is unimportant in determining 

th e amount of dama g e suffe red because, when plottE:d a­

ga inst dose per cycl e , all thei r results fall on the same 

curve . Th u s th e effect of temperature on X-ray d a mage is 

mere ly that of varyin g the duration of the cell cycl e and 
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hence the total do s e received by the average cell (Van't 

Hof and Sparrow, 1963). Following a study on the popu-

lation kin e tics of the root meristem of Vicia faba ex­

posed to continuous ~ - - radiation, Hall, Oliver, 

Shepstone and Bedford (1966) support the hypothesis that 

it is the dose per cell cycle that determines the degree 

of damage produced in a population of dividing cells ex-

posed continuously to ionizing radiation. In the experi-

ments by the above authors the roots were exposed to ion­

izing radiation for times equalling a few cell cycles. 

The sonication times used in the present experiments are 

short (maximum sonication time used equals 180 minutes) 

compared to the cell cycle time of 31.1 hours which has 

been determined using a metaphase accumulation technique 

as described previously. A possible dependence of the 

sonication damage on the dose per cell cycle is unlikely 

to be observed for these short sonication times. 

It is perhaps of interest to note that the growth 

curve for the roots exposed to a temperature of 45°c 

reach e s a minimum during the fir s t day after treatment 

and i s simila r to those obt a ined for th e majority of the 

ultra soni c exp osur es us e d ( F i g ure 4.29). This may in-

dica t e that th e r e is an ana lo gy betwe en the d a mag e caused 

b y both mod a liti e s. Th e d a ma g e t o pla nt c e lls c a used by 

a hi gh t emperat u re h as b ee n ascrib e d t o b e la r g e ly, if 

not e n t i r e l y , du e to the coa g ulat ion of the pr o t oplas m 

(Lepe s chki n, 1935 ; Mey e r and Anderso n, 194 9 ). 

A r ed u ction of viscosity i n pla n t c e ll p r o t oplas m 



u s ing a low ul trasonic intensity bf 0.04 W/cm 2 (1 MHz 

continuou s beam) has been observed by Johnsson and 

Lindvall (1 969 ). The expression of possible dama ge ac-

companying a chan ge in viscosity may be similar to that 

due to coagulation. 

Enzymes in the cells are, however, also destroyed 

by exce s sive heatin g (Meyer and Anderson, 1949). Not all 

enzymes are similarly affect e d by ultrasound (Hogeboom 

and Schneider, 1952). Some show a marked increase in ac-

tivity, e. g . amylase, while for others, e.g. catalase, 

there is a decrease in activity (Rubar and Dol g opolov, 

1953; 0bol ensky, 1957a). The analo g ous results obtained 

may, therefore, be due to the effect of heat and ultra­

sound on certain enzymes. 

Effect of -dissolved oxygen. 

For the various conc e ntrations of dissolved oxyge n 

brou ght about by passing air, helium, oxyge n and nitroge n 

throu gh the water in the son i cat i on tank, there is a 

mark ed reduction in the damage to the roots when compared 

to th e sonicat ion effe ct in air-equilibrated water ( Figu re 

4.26 and Tab 1 e 4 . 6 ) . 

The d amage at the various oxyge n conc e ntrations 

ran g ing from 2 , 0 ml/1 to 22 . 2 ml/1 i s s imilar, except for 

the lowes t oxyge n concentration of 1.4 ml / 1 at which the 

damage is somewhat l a r ge r ( F i g ure 4. 26 , 1:'able 4. 6 ) . 

The growth curve obtain e d when air is passed thro u gh the 

water is s imilar to that for a ll the other gases althou gh 
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the chan ge in oxygen concentration from 6.7 ml/1 in air­

equilibrated water to 6.9 ml/1 in aerated water is very 

small. These results s u gges t that the nature of the am-

bient gas does not influence the sonication damage. 

Rouyer and Grabar (1947) have also found that the percen­

ta g e of B. paradysenteriae of a given titre killed in JO 

minut e s by irradiation with ultrasound is similar in the 

presence of different gases (air, oxygen, nitrogen, argon 

and hydro g en). 

In contrast to this response, the presence of mo­

lecular oxyg en at the time of X-irradiation acts as a 

sensitizing agent, and the biological effects of the ra­

diation are g reater in the presence of oxygen than in its 

abs e nce. This sensitizing effect of oxygen is illustrated 

in Figure 5 .17 , which depicts the survival curves obtained 

by Dewey (1 960 ) when human liver cells in tissue culture 

were irradiated in th e pre se nc e a nd absence of gaseous 

oxygen . In this case the slopes of the two curves differ 

by a factor of 2 . 2, and cel l s in oxygen are 2.2 times as 

sen sitive to radiation as cell s in pure nitro ge n. 

The effect of ultrasound on bio lo g ical mate rial has 

been found to be dependent on the nature of the ambie nt 

gas only under conditions of transient cavitation ( E l pi ner 

and Soko l skaya , 1962 ) . Since transient cavitation is un-

likely to occur in the present situation (di scussed pre ­

viously) any effect du e to the presence of free radicals 

c a n b e rul ed out . 

Althou gh the oxyce n conte nt of th e aerated water is 
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about equal to that of the air-equilibrated water, the 

avera ge ultras onic int e nsity at the position of the roots 

is reduc e d from about 0.82 W/cm 2 in air-equilibrated to 

about 0.68 W/cm 2 in the aerated water . Thus the reduction 

in avera ge intensity seems to be due to the presence of 

gas bubbles formed by the diffuser stone and not so much 

on the amount of dissolved gas. The reduced effectiveness 

of the ultrasound to produce sonication damage to the 

roots may possibly be ascribed to a "filtering effect" of 

the sound by the gas bubbles. Such an effect has, however, 

not been detected with the thermistor probe, 

Dose-fractionation experiments. 

4.17 

The split dose experiments (Table 4.4 and Figure 

) indicate that any possible damage in surviving 

cells produc ed as a result of exposure to ultrasound at 

an avera ge intensity of 0,82 W/cm 2 (continuous beam), is 

not repaired within a period of 24 hours. In fact, the 

values of the fraction a l growth in ten days are lowe r for 

tim e int ervals between doses large r than or equal to 2½ 

hours and there seems to be an indication of an increase 

in dama g e with the time interval between th e dos es . These 

results seem to be again a confirmation of the "all or 

nothin g " effect (see also pa g e 1) of ultra sound, the cells 

eithe r b e in g dama g ed beyond repair or not dama g ed at all, 

Blean e y and Oliver (1 972a ) have found that the son-

ica tion e ff e cts on the roots of Vicia fabn are similar for 

a s in g l e JO n1inut e e xpo s ure and two exposu~ e s of 15 minutes 
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each at the same intensity level but separated in time 

by 4 and 24 hours, i.e. no repair of damage has been ob­

served between dos es . 

F or X-rays , however, it has been found that the 

effect of a sing le dose is larger than that of a dose of 

the same magnitude but g iven in two equal fractions se­

parated by various time intervals as shown in Figure 

5.18 for Vicia, indicating that there is recovery of 

sublethal X-radiation damage between doses (Elkind and 

Sutton, 1959; 1960). 

Age-response of partially synchronized meristematic cells. 

The maximum mitotic index (MI) of 20% (Figure 

4.61 ) obtained when the roots of Zea are partially syn-

chroni zed with hyd;oxyurea (HU) is much less than that 

of 4 0% obtained by Hall, Brown and Cavanagh (1968). The 

conc entration of HU used for Zea is equal to that used 

by Hall et al for Vicia and a lthough the roots of Zea 

hav e been tr ea ted for J6 hours as compared to 24 hours 

for Vicia, the drug h as reduced the growth of Zea by only 

5% compar ed to the 9% for Vicia , This may indicat e that 

the roots of Zea respond differently to HU-treatment than 

tho se of Vicia. Clowes (1965a) obtained a maximum MI of 

86% in the root tip of Zea but he used a different dru g , 

viz. 5-arnino-uracil . 

The g rowth curves (Fi g ur es 4,57 - 4.60) and the 

valu es of G10 (Table 4.11) obtain e d for roots sonicated 

imm ediat e l y after tr ea tment with HU are similar to those 

for the ultras onic irradiations at the time when a p ea k 
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in the MI occurs. This may be an indication that cells 

in mito s is and cells in the other phases of the cell 

cycle are aff ected similarly by ultrasound. On the other 

hand, a possibl e age-response of the meristematic cells 

to ultrasound may not be detected if only 20% of the po­

pulation of cells are in mitosis dtiring sonication. The 

MI of 20% differs only by about 10% from the MI in a con-

trol root (Table J.5 ). Also, hydroxyurea and ultrasound 

seem to act independently of each other, the damage ap­

parent in the growth curve either being due to HU or ul­

trasound depending on the modality which dominates at the 

time. 

Clarke and Hill have found (as described previous­

ly) a reduced percentage of surviving cells in mitosis 

after sonication of an asynchronous population of mouse 

leukaemia cells as compared to control populations. The 

orga nized population of cells in the root meristem may, 

however, respond differently to ultrasound compared with 

cells in tis sue culture. 

The eff e ct of simultaneous X-irradiatio n on the sonication 

dama .e; e. 

The shape of the growth curve obtain ed when the 

roots of Zea are exposed to X-rays (Figure 4.44) is sim-

ilar to that for Vicia (Fi g ure 1.4 ), and is typica l of 

the response to ionizing radiation ( Read, 1959). When 

the roots of Ze a are perpendicular to the X-ray beam axis 

durin g X-irra diation, G . min 
( ~ o.4) is reached at abo ut 
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5 day s post-irradiation whereas when the roots are pa~~ 

allel to the beam axis (n e cessary when ultrasound and 

X-rays were deliv e red simultaneou s ly), G . (r,::::0.6) is min 

reached a lr eady afte r about J days. This difference can 

possibly be ascribed to a gradually decreasing dose rate 

along the leng th of the roots when they are parallel to 

the beam axis. 

When both types of radiation (i.e. ultrasound and 

X-rays) are applied to the roots, the X-rays either being 

given before, after or simultaneously with the continuous 

or pulsed beams of ultrasound, the effects of both moda­

lities are apparent in the growth curves (Figures 

4.42 ) . Durin g _the first one or two days after radia-

tion the effect of the X-ray dose is not expressed fully 

and con sequently t~ e ultrasonic damage is always apparent 

in the g rowth curve at that time. The subsequent imrne-

diate r eco v ery, charact e r is tic for the ~oats treated with 

ultrasound as d es cribed pr eviously, i s modified by the 

X-ray do se g iven a nd the gr owth curve reaches a minimu m 

at about 3-5 d ays after irradiation. Thus the radiation s 

seem to act independently of each othe r, sugge sting that 

the mechan ism of dama g e due to X-rays is diffe r e nt from 

that du e to ul trasound , po ss ibly as a n immedia t e type of 

death in the case of the l at ter, as opp osed to a d e l ayed 

( ? repr oduct ive ) type of death in the ca se of the for-
' 

mer ( Bleaney and Oliver , 1972a). 

An indication of an addit ive e ffect of th e ul trasound 

and X-rays is only apparent in the gr owth of the root s dur­

in g the first day after irradiation , except p erhaps for the 
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. 2 
simultaneous irradiation with 775 rads and 0,82 W/cm 

(continuous beam) for JO minutes (Fi g ure 4.42). Most 

of the val u es of the average gr owth in the first day as 

a fraction of controls (G1 ), after a combined irradia­

tion with ultrasound and X-rays are less than the values 

of G1 for the roots exposed to ultrasound alone (Figures 

4.35 - 4.42 ) . These differences are, however, within 

the inter-experimental error referred to on pages 173 

and 235, and are probably not significant. 

An increase in the X-ray effectiveness by a fac-

tor of 1.7 under the action of ultrasound as reported by 

Woeber (1959, 1965) is not apparent in the growth curves 

nor in the values of G10 (Table 4.8 ) obtained. The 

sensitivity of the experiments is such that a possible 

enhancement in radio-sensitivity of the order of that ob­

tain ed by the various authors listed in Table 1.4 , should 

h ave been detected. These re su lts are in keepin g with 

those obtain e d by Clarke, Hill and Adams (1970) who at-

tribute Woeber 1 s results to a possible increase in the 

temperature of the irradiated tissue. 

Effect of vi n cristine on sonication damage. 

For X-irradiated roots the expression of the ra­

diati on damage is delayed (as described previously) and 

the minimum growth rate i s r each ed at about 5 days post-

irradiation (Fi g ur e 4.44). 

For the vincristine-treated roots there is a l so a 

g radual d ec rease in growth rate, reaching a minimum at 



about 2½ days , and then increases ·gradually and levels 

off by some ten days post-irradiation (Figures 4.43 and 

4.44 ) . Thi s similarity in the expression of the dam-

age produced by vincristine and that due to X-rays in­

dicates that the cells damaged by vincristine may als o 

be able to undergo one or more divisions before dying. 

In fact Read (1959) mentioned that the meristematic cells 

of Vicia are able to undergo some divisions before dying 

when damaged by certain radiomimetic drugs , e.g . 8-ethoxy­

caffeine and nitrogen mustard. The shape of the growth 

curves obtained by Read for these drugs (Read, 1959; Fig­

ure 1.13) are similar to the ones obtained in the pre ­

sent experiments with vincristine (Figure 4 . 4J). 

The minimum growth rate is reached sooner in the 

case of roots of Z(;)a treated with vincristine (2½ days) 

as compared to that of the X-rayed roots (5 days). This 

. result is similar to that obtained for the roots of Vicia 

tr eated with 8-ethoxycaffeine (EOC) and X-rays (R ea d and 

Kihlman , 1956; Read, 1959). 

For ultrasonic exposures sufficiently hi gh to af­

fect the growth rate of the roots, the l at ter falls im­

mediat e ly after sonication, r e cov ers in the next few days 

and l eve ls off by about 10 days post-sonication ( Figure 

). As discussed previously it appears that c e lls 

sterilized by ultrasound are not able to und ergo a ny di­

vi sions and as a result of this the sonica tion dama ge is 

expressed imm ediately, witho u t any delay in the mi nimum 

of the g rowth curve. 

\✓ h e n roots are treated with vincri s tin e in con-
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junction with ultrasound, the curves seem to indicate 

that the d amage due to ultrasound is somewhat masked by 

the damage produced by vincristine. During the first 

day after treatment, however, the effect of the vincris­

tine treatment is not expressed fully and consequently 

the ultra s onic dama ge (i.e. a more rapid decrease in 

growth rate) is always apparent in the growth curves at 

that time. The immediate drop in growth rate seems to 

be greater for the combined treatments with ultrasound 

and vincristine, than when ultrasound is given alone. 

For the experiments in which low exposures of ultrasound 

are used in combination with a vincristine treatment of 

1 hour (Fi g ures 4.45 and 4.46 ), the minimum growth rate 

as a fraction of controls reached after 2-J days is less 

than that obtained -when the vincristine is used alone. 

Most of these differences are, however, within the inter­

experimental error referred to on page 24J and are most 

probably insi g nificant. 

In Figures 4.50 and 4.51 th e rapid recovery after 

the initial drop in growth rate in the first day is modi­

fi ed by the effect of the vincristine treatment and the 

growth curves reach a minimum 2 -J days after treatment. 

The ultrasound a nd vincristine seem to act ind e ­

pendently of each other, su gges ting that the mechanism of 

damage due to vincristine is different from that du e to 

ultrasound, possib l y as an imm ediate typ e of death in the 

case of th e latt er , as opposed to a delayed ( ? reproduc­

tive ) type oI' death in the case of the former if vincris­

tine can be as s u!ll c d to affect cells in th e same way as 
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other radiomimetic dru g s (i.e. the effect being similar 

to that due to X-rays) as described earlier. 

There seems to be a marked similarity between these 

results and those obtain e d in the experiments using ultra­

sound and X-rays (Fi g ure 4.56 ), which can possibly be ex­

plained in terms of the similarity in the expression of 

the damage due to X-rays and that produced by radiomimetic 

agents (Read, 1959; Bruce, 1967; Elkind, Sutton-Gilbert, 

Moses and Kamper, 1967; Berry, 1968; Berry, 1969; Elkind 

and Sakamoto, 1969). The decrease in growth rate of X-

rayed roots is, however, slower than that for vincristine­

treated roots and thus in the experiments in which low ex­

posures of ultrasound are given in conjunction with X-rays 

the recovery from ultrasonic damage is apparent in the 

growth curves, whereas in similar experiments using vincris­

tine the recovery from ultrasonic damage is mostly masked 

by the more r a pid (as compared to X-rays) expression of dam­

a g e by vincristine (Figure 4. 55). 

In contra st to the above response of the roots to 

vincris t in e , th e g rowth curve for the roots treated with 

hydroxy u rea s hows an imm edia te d e crease in growth rate af­

ter tr eatme nt a nd a r a pid subsequ e nt recovery similar to 

the g rowth curve for th e roots tr eated at the lower ultra-

s oni c in te n s i t i es ( F i g ur es 4.57 and 4.58 ) . Vincristine 

c a u ses a n a rrest of mi tos i s a t the me taphase s ta g e (Palm e r, 

L{ ve n g ood , Warre n, S imp so n a nd John s on, 1960) wher eas it 

h as bee n sh own that h ydr oxy u rea kills Chin ese h a mster c e ll s 

t h at ar e sy n t h es i zin g DNA bu t d oes not affe ct th e pro g res­

si o n of c e l l s thro u g h th e n o n -DNA - s ynthesiz in g portion of 
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the cycle ( Sinclair , 1965 and 1967). Such a difference 

in the mechanism of action of these dru gs may be respon-

sible for, th e observed effect. Nevertheless, hydroxyurea 

and ultrasound also seem to act independently of each 

other, the damage apparent in the growth curve either 

being due to hydroxyurea or to ultrasound depending on 

the modality which dominates at the time (Figures 4.57 -

4. 60 ) . 
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FIGURE 5.1 

LETHAL EFFECTS ON CYCLOPS OF ULTRASOUND 

OF DIFFERENT I NTENSITIES . 

(FROM: POHLMAN, 1950) 
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FIGURE 5. 2 o 

INITIAL SURVIVING FRACTION OF CELLS IN THE MERISTEM OF VICIA 

PLOTTED AGAINST X-RAY DOSEo 

(FROM: HALL, LAJTHA AND OLIVER, 1962) 
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FIGURE 5 .3 o 

VARIATION OF' G1 , THE AVERAGE GROWTH IN THE FIRST DAY POST-SONICATION 

AS A FRACTION OF THE CORRESPONDING AVERAGE GROWTH FOR CONTROL ROOTS, 

AS A FUNCTION OF TOTAL EXPOSURE (~/cm2 MULTIPLIED BY DURATION OF 

EXPOSURE IN HOURS) FOR AN AVERAGE ULTRASONIC INTENSITY OF 0.21 W/cm 2 . 
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FIGURE 5. 4 

VARIATION OF G1 , THE AVERAGE GROWTH OF ZEA MAYS ROOTS IN THE FIRST DAY 

POST-SONICATION AS A FRACTION OF THE CORRESPOND ING AVERAGE GROWTH FOR 

CONTROL ROOTS, AS A FUNCTION OF THE AVERAGE ULTRASONIC INTENS ITY 

OF THE PULSED ( DASHED LINES) AND CONTINUOUS (FULL LINES) BEAMS 

FOR VARIOUS SONI CATION TIMES AS INDICATED (PULSED BEAM WITH lms PULSES 

AND 0.2 DUTY CYCLE ). 
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FIGURE 5 • 5 

• AVERI\GE GROWTH ( G8 ) OF VIC IA FABA ROOTS IN EIGHT DAYS FOLLOWING 

EXPOSURE TO 1.5 MHz ULTRASONIC RADIATION AS A FRACTION OF THE 

CORRESPONDING AVERAGE GROWTH FOR CONTROL ROOTS, USING CONTINUOUS 

RADIATION ( ), 1 ms PULSES WITH 0.25 DUTY CYCLE 

( -------o--~- --o------ ) • ABSCISSA REFERS TO AVERAGE POWER IN ALL CASES. 

( FROM: BLEANEY AND OLIVER, 1972b) 
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FIGURE · 5.6 . 

VARIATION OF G WITH TIME AFTER EXPOSURE . 

1.0 MHz ULTRASONIC RADIATION AT THE AVERAGE I NTENSITY 

OF 0.62 W/cm 2 FOR 15 MIN ., CONTINUOUS BEAM , FOR ZEA MAYS. 

2 1.5 MHz ULTRASONIC RADIATION AT J W/cm FOR 15 MIN., 

CONTINUOUS BEAM,FOR VICIA FABA . (BLEANEY & OLIVER ,1972a). 
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FIGURE 5. 7 

CHANGE I N THE DIAMETER ( MEAN OF 5 ROOTS ) OF THE ROOT OF' ZEA WITH 

DI STANCE FROM THE ROOT TIP (J DAYS AFTER TRANSFER I NTO CULTURE TANK ). 

(Th e err ors are standard errors of th e means for 10 roots). 

DISTANCE FROM MEAN DIAMETER 

TIP ( MM ) (MM) 

0.1 0.27 + O.OJ -
0.2 0.36 + 0.05 -
O.J o.45 + 0.06 -
o.4 0.52 . + 0.08 -
o.6 0.61 + 

0.07 -
0. 8 0.65 + 0.06 -
1.0 0.69 + 0.05 -
1.2 0.70 + o.o4 -
1.4 0.75 + 0.02 -
1. 6 0.79 

+ O.OJ -
1.8 0.81 + 0.02 -
2.0 0.82 + 0.02 -
2.5 0.82 + 0.02 -
3.0 0.82 + 0.02 -
3.5 0.82 + 0.02 -

0 1 mm 
0 r \ 

1. 0 
5 
5 

2 . 0 

OUTLJN"E OF Tlrn HOOT OF VICI A ( HEAN OF 4 ROOTS) 

A S MEASUrn~n BY GRAY AND SCHOLES, 1 951 . 
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FIGURE 5. 8 . 

COMPARISON OF THEORETICAL MODELS . 

THEORETICAL CURVES OF THE GROWTH RATE AS A FRACTION 

OF CONTROLS (G) VS . CELL CYCLES . 

-------------- MODEL A 

MODEL B 

ASSUMPTIONS: CELL DEATH DUE TO SONICATION IN THE FIRST ONE TENTH 

OF THE FIRST CELL CYCLE; CONSTANT CELL CYCLE TIME; 

DYING CELLS NOT CONTRIBUTING TO ROOT GROWTH;COMPLETE 

RECOVERY AFTER SONICATION , MAXIMUM G-VALUE = 1.0. 
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FIGURE 5.9 

COMPARI SON OF THEORETICAL MODELS . 

• THEORETICAL CURVES OF THE GROWTH RATE AS A FRACTION 

OF CONTROLS (G) VS. CELL CYCLES . 

- ------- ----- - MODEL A 

MODE L B 

ASSUMPTIONS: CELL DEATH DUE TO SONICATION IN THE FIRST ONE TENTH 

OF THE FIRST CELL CYCLE; CONSTANT CELL CYCLE TINE; 

DYING CELLS NOT CONTRIBUTING TO ROOT GROWTH;INCOMPLETE 

RECOVERY AFTER SONICATI ON , MAXIMUM G-VALUE = 0.5. 
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FIGlffiE 5.10. 

COMPARISON OF EXPERIMENTAL AND THEORETICAL CURVES . 

2 EXPERIMENTAL RESULTS (AVERAGE INTENSITY= o.82 w/cm , 

CONTINUOUS BEAM, SONICATION TIMES AS INDICATED). 

CALCULATED, KINETIC SYSTEM OF MODEL A. 

CALCULATED, KINETIC SYSTEM OF MODEL B. 

ASSUMPTIONS: CONSTANT CELL CYCLE TIME; CELL DEATH IN THE FIRST 

ONE TENTH OF THE FIRST CELL CYCLE; DYING CELLS 

NOT CONTRIBUTING TO ROOT GROWTH, 

1.0 
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FIGURE 5. 11 o 

COMPARISON OF EXPERIMENTAL AND THEORETICAL CURVES. 

? 
EXP ERIMENTAL RESULTS (AVERAGE INTENSITY = O. 62 W/cm-· , 

CONTINUOUS BEAM, SONICATION TIMES AS INDICATED). 

- ----- ---- -- CALCULATED, KINETIC SYSTEM OF MODEL A. 

.............. ......... ..... ............... CA LC ULA TED, KINETIC SYSTEM OF MODEL B. 

ASSUMPTIONS : CONSTANT CELL CYCLE TIME; CELL DEATH IN THE FIRST 
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FIGURE 5.12. 

COMPAR I SON OF EXPERIMENTAL AND THEORETICAL CUHVES . 

2 EXPERIMJ<=:NTAL RESULTS (AVERAGE I NTENSITY = 0.21 W/cm , 

PULSED BEAM , SONICATION TIME = 5 MINUTES). 

- ------------- CALCULATED , KINETIC SYSTEM OF MODEL A . 

········ ·· ·········· ··· ··....... .. CALCULATED, KINETIC SYSTEM OF MODEL B. 

ASSUMPTIONS : CONSTANT CELL CYCLE TIME; CELL DEATH IN THE FIRST 

G 

ONE TENTH OF THE FIRST CELL CYCLE; DYING CELLS 

NOT CONTRIBUTING TO ROOT GROWTH. 

1.0 ·- · - ·- ·- ·- ·-·-·- ·-·-G = 1.0 
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FIGURE 5.lJ . 

BUT FOR A SONICATION TIME OF JO MINUTES . 

-~ 
.;. 

• ·/ 

P=0.15 

2 4 6 

CELL CYCLES 

8 

G =l.O max 

10 



AS FOR FIGURE 5 . 12 

LO 

G 

0.5 

0 

0 

JlJ 

FIGURE 5 . 14 . . 

BUT FOR A SONICATION TIME OF 150 MINUTES, 

2 

/ 
,: 

, 

P=0.J5 

4 6 

CELL CYCLES 

8 10 

G =1.0 max 



314 

FIGURE 5 . 15 . 

COMPARISON OF EXPERIMENTAL AND THEORETICA L CURVES. 

ASSUMPTIONS: 

G 

EXPERIMENTA L RESULTS (AVERAGE INTENS ITY= 0.16 W/cm 2 , 

PULSED BEAM, SONICATION TIME= JO MINUTES). 

CALCULATED, KINETIC SYSTEM OF MODEL A . 

CALCULATED, KINETIC SYSTEM OF MODEL B. 

CONSTANT CELL CYCLE TIME; CELL DEATH IN THE FIRST 

ONE TENTH OF THE FIRST CELL CYCLE; DYING CELLS 

NOT CONTRIBUTING TO ROOT GROWTH. 
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FIGURE 5 . 16 . 

MITOTIC CYCLE TIME AS A FUNCTION Ol" TEMPERATURE . 

( DATA FROM EVANS AND SAVAGE , 1959 .) 
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FIGURE 5 • 1 7 0 • 

SURVIVAL CURVES FOR HUMAN EMBRYO LIVER CELLS IN TISSUE 

CULTURE, IRRADIATED WITH IONIZING RADIATION IN THE 

PRESENCE AND ABSENCE OF OXYGEN . 

(FROM: DEWEY, 1960) 
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FIGURE 5. 18 . 

THE "GROWTH IN TEN DAYS" . FOR ROOTS OF VICIA FABA EXPOSED TO 

TWO DOSES OF 100 RADS SEPARATED BY VARIOUS TIME INTERVALS. 

(FROM: SHEPSTONE, 1964) 
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CHAPTER VI. 

POSSIBLE CLINICAL IMPLICATIONS OF THE RESULTS OBTAINED. 
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POSSIBLE CLINICAL IMPLICATIONS OF THE RESULTS OBTAINED. 

The first therapeutic results of treatment with 

ultrasound were not always those anticipated. Inability 

to measure and control the intensity of the ultrasonic 

beam accurately and inadequate knowledge of the interac­

tion between the beam and the various tissues of the body, 

were both perhaps reasons for the variation in the results 

reported. This led Nelson, Herrick and Krusen to recom-

mend in 1950 that ultrasound should not be used for the 

treatment of any human disease. It was, however, also 

clear that the therapeutic possibilities of ultrasonics 

merited more careful scientific evaluation than had been 

accord e d to them and that there was a need for fundamen­

tal research into ultrasonics. 

The present experiments have provided some infor­

mation on the relationship between damage and dosage pa­

rameters such as intensity, treatment time and pulsin g of 

the radiation. Some tentative explanations have also been 

put forward as to the possible biological action of the 

ultrasonic beams used. The relat ion of such action to the 

position of the sonicated cells in the cell cycle, th e a­

mount of dissolved oxyge n present durin g sonicati o n, the 

temp era tur e of the i rradiated tissue and the fractionation 

of doses has been investi gated . The dosage parameters 

u se d in these experiments are simila r to those employed 

in ultra s ound th erapy ( S umm e r and Patrick, 1964) and th e 

results obtain e d ma y ultimately contribute to a n impro ve ­

me n t of such tr eat me nt . 
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There have b ee n many reports (see Chapter I ) 

of a syner g i stic action betwee n ultrasound and X-rays, 

and it has been thou ght that the u se of ultrasound in 

con junction with X-ray therapy could increas e the effec-

tiveness of the l a tt er in destroyin g tumours. Experi-

ments with Zea h ave shown that the two agents are pos-

sibly acting ind ependently of each other. A similar re-

sult has al s o been obtain e d when vincristine, a stathmo­

kinetic a ge nt us ed in tumour therapy, was used in con-

junction with ultrasound. In the roots of Zea, however, 

one has a homeostatic cell system and for such a system 

the combin e d action of dru g s and X-rays with ultrasound 

may not yield the same results as when a non-ho~eosta tic 

system of c e lls is investiga ted (as is found in certain 

tumours). Further experiments are, however, contemplat-

ed which may provide more information about the response 

of a no n -hom eos tatic cell system to ultrasonic treatment. 

For pulse-echo diagnostic techniques, the maximum 

2 
in stanta n e ou s pulse intensity is typically about 5 W/cm , 

bu t may be as high as 96 W/cm 2 and the avera ge int e n sity 

4 
is smaller by a factor of about 10 ( Wel ls and Ross,1970; 

Hill, 1972a). Sµc h values exceed the in tens i ty thresho l ds 

for da,na ge found in experim e ntal models und er differ e nt 

condition s of treatment (Taylor and Dyson , 1972) and some 

mis g ivings over po ss ible dangers , immediate a nd delayed, 

h a v e arisen (Andrew , 1964; Connolly and Pond, 1967 ; Hil l , 

1968 ; Macintosh and Da ey , 1970 ~nd 1972) . Si nce the av-

eragc rate of del.ivery of e n e r gy is low, thermal dama ge 

is pr e cluded and at these short pulses cavitat ion is 
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probably ab sent (Hill, Clark, Crowe and Hammick, 1969). 

Also, the reduced effectiveness of very short pulses to 

produce damage in Vicia roots supports the use of pulses 

of only a few microseconds duration in diagnostic tech­

nique s at very low avera g e power level (Bleaney and 

Oliver, 1972b). Other effects of ultrasound may, however, 

be active and form damage mechanisms (Taylor and Dyson, 

1972), but recent results of animal experimentation, using 

dia g nostic ultrasonic devices, have failed to disclose any 

deleterious effects (Woodward, Pond and Warwick, 1970; 

Taylor and Dyson, 1972). Ziskin (1973) has reported that 

in over 120,000 patient examinations, there was not one 

ill-effect. Sound intensities, where measured, ranged 

from 1 - 62 W/cm 2 . Duration of exposure ranged from 1 -

240 minutes. 

One line of investigat ion, which has proved of val­

ue in ionizing radiation, has been the search for chromo-

somal aberrations subsequent to insonation. Ma cintosh and 

Davey (1 970) have reported that after exposure of human 

p e riphera l blood cultures to levels of ul trasou nd similar 

to those us ed durin g foet al heart detection a ''considerable 

increase in the number of chromosome aberrations over con-

trol value s was found ." The int e nsities of ultrasound used 

for foetal h eart det ection ar e far bel ow those at which any 

si g nificant biolog ical d a ma ge mi ght be expect e d to occur . 

Hence, their r e port has cau s ed a g reat d eal of concern 

amon gs t tho se u s in g ul trasound machines and ha s stimulated 

other s to publish their early ne ga tive d ata and r e p eat ex ­

p er im e nts, a ll to d ate with n egat ive r es ul ts ( Coak l ey , 
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Hu ghe s , Slade and Laurence, 1971; Boyd, Abdulla , Donald, 

Fleming, Hall and Ferguson-Smith, 1971; Bobrow, Bleaney, 

Blackwell and Unrau, 1971; Buckton and Baker, 1972; 

Abdulla, Talbert, Lucas and Mullarkey , 1972; Coakley , 

Slade,Braeman and Moore, 1972; Hill, Joshi and Revell, 

1972; Watts, Hall and Fleming, 1972). 

Since a decrease in the growth rate of the roots 

of Zea has been detected when exposed to an ultrasoni6 

beam at an average intensity as low as 0.1 W/cm 2 (con­

tinuous beam) for 40 minutes, it was thought possible 

that a diagnostic ultrasonic beam could produce some ob-

servable effect on the roots of Zea. The roots were thus 

exposed to the beam of the Nuclear Enterprises "Diasono­

graph'' (NE 4101) which is used locally in obst etric dia g-

nosis. The sonication procedure followed was sim~lar to 

the one described previously (Chapter III), but the 

sonication jig had to be modified to accommodate the probes 

of the Dia sono graph. Two transducers, viz. the 1.5 MHz 

(NE 41 6 1) a nd 2.5 MH z (NE 4163) focussed probes, were used 

to s onicate the ro o ts for 15 minutes at the ma x imum output 

of th e Diaso n ogr a ph a nd a puls e rate of JOO pulses / sec. 

Th e b ea m p arame t e r s above ar e u se d in routin e pa tient exa ­

mi nat i ons except f or the hi gh es t output of th e ge n e ra t or 

whi c h is n o t n orma lly u sed . No chan ge wa s ob se rved in th e 

gr owth of the so n i cated roots . Although thi s r es ult do es 

n ot excl ud e poss i b l e sonicatio n d amage , it provi d es a ddi­

t i onal evide n ce ( see a l so Watts , Hal l a nd F l eming , 1 9 7 2 ) 

that the Dias o no g raph c a n be safe l y u sed. 
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ADDENDUM. 

EXPOSURE OF THE ROOTS OF ZEA TO ULTRAVIOLET (UV) RADIATION. 
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EXPOSURE OF THE nooTS OF ZEA TO ULTRAVI OLET (uv ) RADIATION. 

Havin g expo se d the roots of Zea to X-rays, ultra­

sound, dru gs a nd e v e n heat, it was thou ght that it would 

b e of int e r es t to s ee how the roots would respond when 

tr e a ted with UV-ra dia tion. 

The roots of Ze a were thus exposed to an intense 

beam of UV-radiation as follows: 

The roots were positioned on a perspex plate at a d istance 

of 18 cm (at the focus) from the source . At the focus the 

diam e t e r of the beam was only about 0,5 cm and the seed ­

ling s were a rran g ed around the beam with only the terminal 

2-3 mm bein g exposed to the UV-radiation . The root t i ps 

were irradiat ed in a few drops of water to prevent them 

from dry i ng during treatm e nt which lasted for 5 minutes . 

0 Ther e was a mark e d incr ea s e in temperatur e from 22 C to 

29°c du ring i rra dia ti o n. This t emperatur e rise was me as-

ur e d wi th a t hermis t or thermome t e r i mmer s ed in a f e w drops 

of water a t the focus of th e so urc e in th e ab s enc e of the 

roots . Five roots were exposed a t a t i me for 5 minut es . 

A t ota l of 15 roots were irra d ia t e d a nd 15 control roots 

we r e treated in exactly the same ma nn e r b u t with t h e s ourc e 

turned off' . The variat i on of t h e d ai ly grow t h r ate as a 

fraction of controls ( G ) with time af t er tr eatme n t is s ho wn 

i n Fi g ur e 1 . 

Imm ediat e ly after exposure many of the roots had 

cha nge d colour from the normal whitish to dark brown . The 

root s curl e d up s li ghtly afte r tr ea tm e nt , bu t strai ghten e d 
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out with subsequent growth. These observations are simi-

lar to those of Tomberg (1950) who treated the roots of 

Vicia faba with UV-radiation. The growth rate of the 

treated roots reached a minimum within the first two days 

after treatment and then recovered gradually back to con­

trol value in the next few days (Figure 1). 

Although there was a steep temperature rise during 

the treatment of the roots, the increase in temperature 

is probably not responsible for the observed effect since 

a temperature rise from 19°c to 30°c has been found to 

have no adverse effect on the subsequent growth of the 

roots (Chapter IV ). 

The root of Zea may rtot be suitable for studies in­

volving UV-radiation since a large proportion of the ra­

diation is probably absorbed before reaching the cells in­

side the root. 
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FIGURE 1. 

PATTERN OF THE GROWTH RATE AS A FRACTION OF CONTROLS (G) 

FOLLOWING EXPOSURE TO ULTRAVIOLET RADIATION FOR 5 MINUTES. 

(The errors are standard errors of the means for 15 roots.) 
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APPENDIX Ao 

METHOD OF CALCULATION OF THE CELL CYCLE TIME FOR 

THE MERISTEMATIC CELLS IN THE ROOT TIP OF ZEA. 
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APPENDIX A 

METHOD OF CALCULATION OF THE CELL CYCLE TIME FOR THE 

MERISTEMATIC CELLS IN THE ROOT TIP OF ZEA. 

The kinetics of the cell popu lation in a portion of the 

root tip: 

From the observed fact that the M.I. in a root-

tip portion of fixed size is constant (p. 158 ), it fol­

lows that this limited cell population is growing expo­

nentially at the instant of observation. The M.I. is 

known to dep end on the len g th of the root tip examined. 

Thus it follows that the instantaneous rate of multipli­

cation of the g rowin g population of cells does not remain 

consta nt. Nevertheless, it is approximately constant over 

short time int erva ls which are small compared with the 

ge n eration time. Therefore, if observations on the rate 

of cell multiplication over short time intervals are made, 

e. g . by means of colchicine, it is poss'ible to make d e ­

ductions about the kinetics of the c e ll population, over 

th ese int erva ls, by using a mathematical formulation cor­

respondin g to a simple exponential increase. It is impor­

t ant to note that within the particular portion of the 

root tip there are variations in M.I. (Gray and Scholes, 

1951; Clowes, 1961 and 1965) , and so the exponential 

growth constant merely represents an effective value. 

When a cell of this particular population divides into 

two dau ghter cells, let L of these cells not divide fur­

ther so that (2 - L) continue as meristematic cells . 
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The division of one parent cell thus brings about a net 

incr ease of L differentiating cells and (1 -L) meriste­

matic cells. Thus the proportion of differentiating 

cells in the total population is L. The number of dif-

feren tiat ing cells in the terminal 0.6 mm portion of the 

root tip of Zea was found to be about 200 for all the 

slides scored (p.156 ). Thus in these populations, L ~ O. 

If mis the total number of meristematic cells in 

the population, and since a constant proportion of these 

cells divide per unit time, the rate of increase of mis 

proportional tom or dm/dt = ~m, therefore 

m = m e 
0 

___________ (Al) 

where ~ is some constant and m is the number of meri­
o 

stematic cell s at • time t = o. If the time interval be-

tween successive divisions, i.e. the complete mitotic 

cycle time, i s T, and if cell division continued according 

to equation (Al), then m merist emati c cells at time 
0 

t = 0 would by t im e t = T have multiplied to (2-L)m . 
0 

Therefore, from equation (Al), 

e = (2 -L), so that 

)., = 
lo g 

e 
(2 -L) 

----------- ( A2 ) 
T 

S inc e a div id in g cell contributes an additional 

(1 - L ) meri s t e ma tic cell s to the popu l at ion, the numb e r 

of c e ll s , R, und e r g oin g c e ll division per unit tim e is 

e qual to th e r a t e of i ncr eas e of the pop u latio n of 
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meri s tematic c e lls divided by (1 ~L) or 

R = 1 
(1-L) 

dm 
dt = (1-L) m e 

0 
(A3) 

It may b e d e duced from equa tion ( AJ) that for an in­

creasing population, the number of cells in various 

sta ges of the mitotic cycle at a given instant is not 

constant. The population is continually increasing by 

division of cells, and the number of cells coming into 

division in successive intervals is also increasing, 

thereby maintaining the M.I. at its observed constant 

value. At a given instant, t, the number of cells in 

the population which will reach the terminal sta g es of 

telopha s e after a further time interval lying between 

sand (s + ds) is the rate R from equation (AJ) at a 

tim e equal to t +· s, multiplied by the infinitesimal 

interval ds, i.e. 

m 
0 

t-..(s+t) 
e ds 

(1 -L) 
(A4) 

There are thus r e la t ive l y mor e cell s in t h e ea rlier 

sta g es of in terphase t ha n in th e l a t e r in te r p h ase s t ages . 

Thi s diff e rence b etwee n t he numb e r of cells in e a r l y or 

l at e i nterphase i s in p ro p ort ion to th e we i gh t in g fac­

t or 
?,... s 

e which f rom equation (A2 ) c a n b e see n to vary 

from ( 2 - L ) a t on e end of the mi tot ic c y cl e ( ear l y in-

t e rphase ), to 1 at th e oth e r ( late te l oph ase ). Thu s , 

from e qu a tions ( Al ) a nd ( A4) we may express the M. I . of 

th e me ri s t e matic cell s a s follow s : 
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1 )S=~ ~ 
AS At 

ds 
M.I. 

m e e 
= At (1 -L) 

0 

m e S=O 
0 

~~ 
e - 1 

= (1 - L ) (AS) 

where Lis the mitotic time, i.e. the time taken for a 

cell to d e v e lop f rom the be g innin g of prophase to the 

end of telopha se. 

Let us a s sume that the action of colchicine may be 

repr e sent e d a s the creation of a barrier in metaphase be-

yond which c e lls cannot pro g ress. Let the time between 

the app lication of colchicine and the production of an 

effective barrier be equal to c, and let the barrier be 

at a point from which cells would normally take a time s 1 

to reach t he end of telophase. Similarly, let s 2 mark 

th e p o i nt of e ntry into me taphase . If the colchicine is 

appli e d at time t = o th e c e ll population will continue 

to in c r e a se norma lly i n the int erval from t = o tot= c. 

In t he i nt e rval t = c tot = (c + s 1 ), the c e lls in ana­

phas e and t e lophas e wi l l p r og ress no rma lly in to int e r­

p ha s e a nd t h e c e l ls which sh ould h a v e tak e n th e ir pla c e 

will be h e l d up at metaphase . In th e p e riod bef or e t = 

(c + s 1 ) the c e ll po p ulatio n will continu e t o mul t iply 

and th e r e will b e n o c h a nge in the M. I . Af t e r t = (c + s 1 ) 

ther e will b e no furth e r cell r e pr oductio n a nd t he tota l 

me r is tema tic c e ll population r e ma ins con sta n t at 

m e ~( c + s , ), b ut c e l l s wil l continu e to e n t e r p r ophase 
0 
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and th e M.I. will accordi ng ly ris e . 

The rate of e ntry of cells into metaphase at 

tim e tis e qual t o the r a t e at which these same cells 

would h ave e me r ged from t e lophase after an interval s 2 , 

i. e . at time t + s 2 if th e y were not held up at meta­

phase. The rate of entry into metapha se, dM/ dt, is there­

fore (from equation AJ) 

dM --dt = (1 -L) m 
0 

e A ( t + s.,_ ) 

where M(t) is the number of cells in metaphase at time t. 

From this we see that the number of cells accumulated at 

metaphase sub s equ e nt to the time (c + s 1 ) is 

(1 -L) 

or, a s a frac tion of the total constant number of meri­

st emat ic c e l ls m e A(c + s,) 
0 

M ( t ) - M ( c + s ,) 

;\.. ( C + S 1 ) 
m e 

e 
= 

(1 - L ) 
[ 

A. ( t - C - s, ) ] ( 6) e - 1 - - A . 

0 

The accumulat i o n of meta phases afte r the tim e (c + s 1 ) 

i s thu s an exponentia lly i nc r easing f unc t i on of tim e , 

although the depa r ture from l inearity i s sma ll f or short 

tim es . Writing x for ( t - c - s 1 ), a very g ood approx i­

mation is 

( A7 ) 
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If the observations on the accumulation are equally 

spaced over a total time interval 2x then the regres­

sion line fitted by least squares to the data will have 

a slope 

(1 -L) 
It has already bee n shown (p. 159) that the period 

(c + s 1 ) is probably not more than 1 hr. and that the 

corrected mean rate of entry into metaphase for times 

of application of colchicine between 1 and 6 hrs. 

(i.e. 2~ = 5 hrs.) is 0.025 ~ 0.0020. It is now pos-

sible to obtain the value for~ by equating this mean 

rate to the mean slope derived from equation (A7), i.e. 

(1 -L) 
;...( 1 + 2½ )... ) = 0.025 ~ 0.0020 - --- (A8) 

The constant s 2 which marks the boundry between pro­

phase and metaphase in a colchicined root is the same 

as in an untreated root, as may be shown from an exa-

mination of the total numb er of cells in metaphase and 

ana-telophase in the first hour . In an untr eated root 

ther e are 51 .3 cells in the se stages per population of 

1000 meristematic cells (Table 3.5 , p. 164 ) , and 

correspondin g to equation A5 we have 

(1 -L) = 
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But 1 - L = 1 - 0 = 1, therefore, 
(1 - o) 

= 1.0513, 

and by substituting this quantity in equation (AS) for?-., 

~ is found to b e 0.0223 hr.-l 

then have 

T = 
log 2 

e = 

From equation (A2) we 

0.693 
0.0223 

+ = Jl.l 1.9 hrs. 

The error is the standard error in T, calculated accor­

din g to the method given by Topping (1971, p. 82). 



335 

APPENDIX B. 

MATHEMATICAL DERIVATION OF MODEL A. 

MATHEMATICAL DERIVATION OF MODEL B. 
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APPENDIX Bo 

MATHEMATICAL DERIVATION OF MODEL A o 

Suppose I is the number of cells in the model 
s 

meristem under steady growth rate conditions. If these 

are assumed to be all in uniform cell cycle, the number 

of cells dividing per unit time is /Is where 

ln 2 (B. 1) 
j = 

intermitotic period 

In order to maintain equilibrium an equal number 

of cells must differentiate per unit time. 

Suppose that after a dose of radiation, the number 

of intege r cells in the meristem is reduced to I, and that 

fatally dama ged tells are removed immediately. 

The number of integer cells dividing per unit time 

is then _r I. Further, suppose that the number of cells 

which differentiate per unit time is no longer equal to 

the numb e r which divides, but is reduced in the ratio I 
I$ 

i.e. the number is given by or 

divid e . 

As a result, I will increase as the integer cells 

The characteristic of the meristem which governs 

th e rate of diff ere ntia tion is thus postulated to be its 

fraction a l s iz e , the ratio of the actual meristem popu­

lation to the equilibrium value. The rate of chan ge with 

tim e of the total numb er of c e ll s , I, in the merist e -

1nati c department, is then the difference between the in-
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crease in the numb e r of cells resulting from division, 

and th e los s du e to di ffe r ent i a tion. 

i.e. (B.2) 

It is evident from this model that the rate of 

dif f er e ntiation is small when I is small and increa-

ses with I. 

When I equals I , the rate of change of the number of 
s 

cells on the meristem becomes zero, i.e. steady g rowth 

rate conditions prevail. The expression in equation (B.2) 

can be inte grated by standard methods and results in the 

followin g expression: 

I I (B.J) 

where I is the value of I just after irradiation. 
0 

The rate of differentiation at any time is given by: -

(B.4) 

Substituting the expres sion for I deduc ed in equa tion 

( B . 3) we have: -

~ 
cL t (B.5) 

Th e area und er t hi s curve over a tim e int e rval of one 

d ay represents the total number of cells differentiating 

durin g that period . The corresponding qu a ntity for a 

c ontrol root is the area under the curve: -

(B.6) 
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It is therefore po ssib le tci evaluate the tota1 

amount of differentiation and, therefore, the growth of 

irradiated roots, as a fraction of controls for each 

succ essive day after the initial depopulation. The 

growth rate is small durin g the early days after irra­

diation or depopulation, while the meristem is being 

repopulat ed, but then increas es to a steady value as 

equilibrium is restored. 

Mathematical Derivation of Model B. 

It is assumed that all meristematic cells are 

preparing for division, but that the proportion of cells 

maintaining their reproductive integrity is proportional 

to th e concentration of a specific substance - in other 

words, the fractton of the population dividing per unit 

time is proportional to this concentration. It is also 

assumed that the maintenance of reproductive inte g rity 

impl ies a 1 con sumption 1 of this substance - so that the 

fall in concentration of this substance in a give n region 

or layer of cells is proportional to the number of cells 

pres e nt which retain their reproductive inte g rity. Cells 

havin g lo s t their reproductive integri ty differentiate; 

for the purpo ses of simplification of the mathematical 

ca 1 cu 1 a ti o n s it is a s sum e d here t ha t s uch c e 11 s a re u n -­

able to divid e eve n onc e . 

Let N be the numb er of cells expect ed to divide 

per un it time in a population with 100 per c e nt r epro­

ductiv e in tegrity (no cells dif fe rentiatin g ) correspondi n g 
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to the concentration, C , of the postulated specific 
0 

substance. As the substance diffuses through such a 

re g ion, its concentration would fall from C 0 to CN. 

From the above assumptions: 

C = C , 
N o 

-KN 
e (where K is a constant) ( B. 7) 

The proportion of cells with reproductive integrity at 

a concentration level of and from equa-

tion ( B. 7) 

= 
-KN 

e 

In any infinitesimal part of the region containing 

(B.8) 

dN cells, (the number expected to divide per unit time 

if 100 per cent reproductive integrity is maintained), 

e-KN dN cells will in fact divide. In the whole regitin, 

therefore, instead of the possible N cells, the total 

number of cells dividing per unit time will be 

SN -KN 
o e dN (B.9) 

1 ( -KN) This corresponds to a proportion KN 1-e . 

For steady state to b e achieved this proportion must be 

0,5 : whence KN = 1.595, 

Consid e rin g now the total population reduced to propor­

tion F (followin g , for example , radiation dama g e) one _is 

conc er n e d with FN instead of N in the above formulae. 

Ther ef or e th e proportion of the po ss ible FN cells to di­

vid e p e r unit time will b e 

X = 
1 

Kl<'N 
( -KFN) 1- e (B.10) 
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and the proportion differentiatin g (1-X). 

The number differentiating , D , will be FN (1-X), 

that is: -

D = 1 
K 

(KFN + e-KFN -1) (B.11) 

This is a measure of growth rate (the corresponding 

value for steady state equilibrium being 0.5N). 

Consequently, G , the growth rate as a fraction of 

that for a steady state population is given by: -

G = 

i.e. G = 

KFN -KFN l + e -
0.5N 

l.595F + e- 1 • 595F-l 
0.7975 

(B.12) 

An approxima te s9lution, taking the first three terms 

only of the exponential term will be 

2 
G = 1. 595 F (B.lJ) 
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APPENDIX Co 

FLOW DIAGRAM AND COMPUTER PROGRAMS FOR THE CALCULATION 

OF THEORETICAL GROWTH CURVES USING THE KINETIC 

SYSTE~S OF MODEL A AND MODEL B. 
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APPENDIX C . 

FLOW DIAGRAM AND COMPUTER PROGRAMS FOR THE CALCULATI ON 

OF THEORETICAL GROWTH CURVES USING THE KI NETIC SYSTEMS 

OF MODEL A AND MODEL B. 

The computer pro g rams writt e n for Model A and 

Mod e l B (with ' the assumption that cell death due to so­

nication occurs in the first one tenth of the first 

cell cycle) are given in Fig ures Cl and CJ respectively. 

The values of G for the various times after the sonica-

tion dose are printed by the computer as shown in Fig­

ures C2 and C4 for Model A and Model B respectively. 

The flow dia g ram for the computation is given in 

F i g ure C5. This dia g ram is applicable to both models 

under con s iderat~on. The growth curves are calculated 

for valu e s of G ran g in g from 0.05 to 1.0 in incre-max 

me n t s of 0. 05, as follows. For a set value of k (=1-P), 

th e number of ce ll s in ea ch compartment are calculat e d 

at t he t i me t=O , u s ing t h e ini t ial condition s for the 

particular mode l under c onside r at ion. The numb e r of 

ce l ls i n each compartment at t he e nd of ea ch s ucc e s s ive 

time interval eq ua lli ng o n e t e nth of the cycl e t im e i s 

e valuated using the appropia t e f ormulae as g i ve n in 

Ch apter I The correspond i ng va lu es of G ar e p r in ted 

( for times up to · 20T ) as shown i n F i g u res C2 and c4 . 

This process is repeated for each i ncreme n t of 0 . 05 in 

the value of k, from 0 . 05 to 1 . 0 . 
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FIGURE Cl . 

COMPUTER PROGRAM FOR MODEL A . 

@RUN 

@FOR,IS 

CSC1,A0605-A005,,25,500 

l 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3 
14 
15 
1 6 
17 
18 
1 9 
20 
21 
,?. 2 
23 
24 
25 
26 
27 
28 
29 
JO 
Jl 
32 
33 
34 
3 
36 
37 
J8 
J9 
4o 
/.j 1 
!~ 2 
1+ J 
li h 
45 

DIMENSION A(lOO),F(lOO),GNCD (lOO) 
C=O.O 
DO 6 Kl5=l,20,l 
C=C+0.05 
DO 1 K=l,20,1 
P=K 
P=P/20.0 
Q=0.933 

100 FORMAT ( l Hl, 2X, 1 FRACTIONAL GROWTH RATE ( G) - MODEL A 1 ) 

WRITE(5,100) 
WRITE(5,101)P 

101 FORMAT(lH ,2X, 'K=' ,1X,F6.J,//) 
WRITE(5,105)C 

105 FORMAT(lH ,2X , 1 MAXIMUM G-VALUE=' ,lX,F6.3,/) 
WRITE(5,102) 

102 FORMAT(lH , /// ,1X, 1 TIME(IN CELL CYCLES)' ,5X, 1 G 1 ) 

A ( 1) =P 
A(l)=A(l)*0.933*20.0 
DO 2 Kl=2,10,l 
L=Kl-1 

2 A(Kl)=A(L)*0.933 
F(l)=l.O 
DO 8 K8=1,20 ,l 
M=ll 
N=20 
DO 3 K2=1,10,l 
IF(M-11)5 0,51 ,50 

51 DO 4 K3=M, N,l 
L2=K3-11 
Ll=K3-1 
X=l.0-((1.0-Q)*F(K2)) 
I F (KJ-M)l0, 11,10 

11 A(K3)=2.0*A (Ll)-~X 
SU}1A=A ( K3) 
GO TO 4 

10 A(KJ)=X*A (L2) 
SU}1A=SUMA+A ( KJ ) 

4 CONTINUE 
M=M-10 
N=N-10 
GO TO 53 

50 DO 5 KJ=M , N,l 
L2=KJ+9 
Ll=KJ+l9 
X= l.0- ( (1. 0-Q)*F ( K2 )) 
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FIGURE Cl CONTINUED.' 

46 IF( K3-M) 54,5 5,54 
47 55 A(K3)=2. 0*A(Ll)*X 
48 SUMA=A(KJ) 
49 GO TO 5 
50 54 A(K3)=X*A(L2) 
51 SUMA=SUMA+A (KJ) 
52 5 CONTI NUE 
53 M=M+lO 
54 N=N+lO 
55 53 F(K2)=SUMA/139.38 
56 GNCD~K2)=F (K2)*F (K2) 
57 GNCD K2)=GNCD(K2)*C 
58 IF(K8-3)70,70,71 
59 70 K20=K8-l 
60 E=K2 
61 E=E/10.0 
62 H=K20 
63 E=E+H 
64 WRITE(5,103)E 
65 103 FORMAT(lH ,8X,F3.1) 
66 WRITE(5,l04)GNCD(K2) 
6 7 104 FORMAT(1H+,25X,F5.J) 
68 71 Kl0=K2+1 
69 3 F(K10)=F(K2) 
70 K2=10 
71 IF( K8- J) 8o ;80,81 
7 2 81 WRITE(5,110)K8 
7 3 110 FORMAT( l H ,8X,I J) 
74 WRITE(5,111)GNCD(K2~ 
75 111 FORMAT(1H+,25X , F5 .3 
7 6 80 F (l) =F(KlO ) 
77 8 CONTINUE 
78 1 CONTINUE 
79 6 CONTINUE 
8 0 CALL EXIT 
81 END 

@XQT 
@FIN 



FIGURE C 2. 

FRACTIONAL GROWTH RATE ( G) - MODEL A. 

K= .500 

MAXIMUM G-VALUE = .500 

TIME (IN CELL CYCLES) G 

. 1 .125 

. 2 .134 

. 3 .143 

.4 .153 

.5 .163 

. 6 .173 

.7 .184 

.8 .194 

. 9 .205 
1.0 .216 
1.1 .226 
1.2 .237 
1.3 .248 
1.4 .258 
1.5 .269 
1.6 .279 
1.7 .289 
1.8 .299 
1.9 .309 
2.0 . .319 
2.1 .328 
2.2 -337 
2.3 .346 
2.4 .354 
2.5 .362 
2.6 .370 
2.7 .377 
2.8 .385 
2.9 .391 
3.0 .398 

4 .447 
5 .473 
6 .487 
7 .493 
8 .497 
9 .498 

10 .499 
11 .499 
12 .499 
13 . 4-99 
14 .499 
15 .500 
16 .500 
17 .500 
18 .500 
19 . 500 
20 . 500 
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FIGURE CJ. 

COMPUTER PROGRAM FOR MODEL B. 

@RUN CSC1,A0605-A005,,25,500 

@FOR,IS 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
JO 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
L~ 2 
43 
4L~ 
45 
46 

DIMENSION A(lOO),F(lOO),GNCD(lOO) 
C=O.O 
DO 6 Kl5=1,20,l 
C=C+0.05 
DO 1 K=l,20,1 
P=K 
P=P/20.0 

100 FORMAT (1Hl,2X, 1 FRACTIONAL GROWTH RATE (G) - MODEL B 1 ) 

WRITE(5,100) 
WRITE(5,101)P 

101 FORMAT(lH ,2X, 1 K=' ,lX,F6.3, // ) 
WRITE(5,105)C 

105 FORMAT(lH ,2X, 1 MAXIMUM G-VALUE=',lX,F6.3,/) 
WRITE(5,102) 

102 FORMAT(lH ,///,1X, 1 TIME(IN CELL CYCLES)' ,5X, 1 G 1 ) 

DO 2 Kl=l,10,1 
2 A(Kl)=P*lo.o 

F(l)=l.O 
DO 8 K8=1,20,l 
M=ll 
N=20 
DO 3 K2=1,10,l 
IF(M-11)50,51,50 

51 DO 4 K3=M,N,l 
L2=K3-11 
Ll=K3-l 
X= (l. O-EXP(-1.595*F ( K2 ))) /( 1.5 95~F (K2)) 
IF(K3-M)10,ll,10 

11 A(K3)=2.0*A(Ll)*X 
SUMA=A(K3) 
GO TO 4 

10 A(K3)=A(L2 ) 
SUMA=SUMA+A (KJ) 

4 CONTINUE 
M=M-10 
N=N-10 
GO TO 53 

50 DO 5 K3=M, N,1 
L2:::K3+9 
Ll:::KJ+l9 
X=(l.O-EXP (-1.5 95*F (K 2 ))) / (1.595~F(K2)) 
I F ( K3-M ) 54,55,54 

55 A(K3) =2 . 0MA(Ll)ax 
SUMA=A ( K3 ) 
GO TO 5 

54 A(K3)=A(L2) 



47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 

@XQT 
@FI N 
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FIGURE C 3 CONTINUED. 

SUMA=SUMA+A(K3) 
5 CONTINUE 

M=M+lO 
N=N+lO 

53 F(K2)=SUMA/100.0 
GNCD(K2)=((1.595*F(K2))+(EXP(-1.595*F(K2)))-1.o)/o.7975 
GNCD(K2)=GNCD(K2)*C 
IF(K8-3)70,70,71 

70 K20=K8-l 
E=K2 
E=E/10.0 
H=K20 
E=E+H 
WRITE(5,103)E 

103 FORMAT(lH ,8X,F3.1) 
WRITE(5,104)GNCD (K2) 

104 FORMAT(1H+,25X,F5.3) 
71 Kl0=K2+1 

3 F(K10)=F(K2) 
K2=10 
IF(K8-3)80,80,81 

81 WRITE(5,110) K8 
110 FORMAT(lH ,8X,I3) 

WRITE (5,lll)GNCD( K2) 
111 FORMAT(1H+;25X,F5.3) 

8 0 F ( 1 ) = F' ( K 10 ) 
8 CONTINUE 
1 CONTINUE 
6 CONTINUE 

CALL EXIT 
END 
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.FIGURE C 4. 

~RACTIONA L GROWTH RATE ( G) - MODEL B . 

K= . 050 

MAXIMUM G-VALUE = 1.000 

TIME (IN CELL CYCLES) G 

.1 .oo4 

. 2 .005 

.3 .005 

.4 .006 

.5 .007 

.6 .008 

.7 .009 

.8 .010 

.9 .011 
1.0 .012 
1.1 .014 
1.2 .016 
1.3 .019 
1.4 .021 
1.5 .024 
1.6 .027 
1.7 .030 
1 .. 8 .033 
1.9 .036 
2.0 .039 
2.1 .043 
2.2 .049 
2.3 . 056 
2.4 .063 
2.5 .070 
2.6 .077 
2.7 .084 
2.8 .09 2 
2.9 .099 
3.0 .106 

4 .233 
5 .411 
6 .594 
7 .744 
8 .848 
9 .913 

10 .951 
11 .97 3 
12 .985 
lJ .991 
14 . 995 
15 . 997 
16 . 998 
17 .998 
18 .999 
19 . 999 
20 . 999 



FIGURE C 5 . 

FLOW DIAGRAM FOR THE CALCULATION OF THEORETICAL GROWTH 

CURVES USING THE KINETIC SYSTEMS OF MODEL A AND MODEL B. 

lsTARTI 

!SET MAX. G-VALUE=O. 05j 
.I 
J, 

ISET k=O. 051 
I. 
[ 

PRINT HEADINGS AND VALUES 
OF k AND G max 

CALCULATE NO. OF CELLS IN 
EACH COMPARTMENT AT t=O 

AND ALLOW FOR CELLS REMOVED 
BY SONICATION 

IPUT F = 11 0 

!SET T = 11 
J 
1 

I SET t = o. 1 I 
.r 

l EVALUATE xt I 

FIND THE NO. OF CELLS IN 
COMPARTMENT A1 

FIND THE NOo OF CELLS IN 
COMPARTMENTS A 

E G =G 2,J .... 10 11 
Jt=t+O. 11 lk=k+o.05\ IT=T+ll n = ma x max 

+0.05 
ICALCULA TE Ft ' Gtl 

IF T.c::.. J, PRINT Gt FOR EACH 
VALUE OF t. 

FOR T::::,.. J, PRINT THE ABOVE VALUE 
CORRESPONDING TO t=T ONLY 

lt-1 ~ o?: 
L 

= 
L.. 

:T-20 ~ O? I 
= 

he ~ I 
L.. 

1. O? 1 

= 
L I G L 1. O?I 

J max 

= 

lsTor l 
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